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Abstract

Various cognitive differences have been reported between consistent and weak handers (Prichard,
Propper, & Christman, 2013), but little is known about the neurobiological factors that may be
associated with this distinction. The current study examined cortical structural lateralization and
corpus callosum volume in a large, well-matched sample of young adults (N = 164) to explore
potential neurostructural bases for this hand group difference. The groups did not differ in corpus
callosum volume. However, at the global hemispheric level, weak handers had reduced or absent
asymmetries for gray and white matter volume, cortical surface area, thickness, and local
gyrification, relative to consistent handers. Group differences were also observed for some
regional hemispheric asymmetries, the most prominent of which was reduced or absent
gyrification asymmetry for weak handers in a large region surrounding the central sulcus and
extending into parietal association cortex. The findings imply that variations in handedness
strength are associated with differences in structural lateralization, not only in somatomotor
regions, but also in areas associated with high level cognitive control of action.
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Handedness, its expression, measurement, development, and cognitive correlates, was an
abiding interest of M.P. “Phil” Bryden. It was considered in some of his earliest work
(Bryden, 1964, 1965) as well as in one of his final papers (Steenhuis & Bryden, 1999).
Although much of this work investigated the direction of handedness (left- vs right-handers),
Bryden also drew our attention to the importance of the degree of handedness (e.g., Bryden
& Steenhuis, 1991; McManus & Bryden, 1992). More recently, genetic studies have
identified polymorphisms associated with degree, but not, direction of handedness (Arning
et al., 2013). In addition, evidence has been accumulating that groups defined by the strength
or degree of handedness also vary in cognitive functioning. Many studies have used
questionnaires to dichotomize hand preference, contrasting those with strong, consistent
preference for one hand to those with weak or inconsistent hand preferences? (e.g.,
Christman et al., 2004; Jasper & Christman, 2005; Sontam, Christman, & Jasper, 2009).

Correspondence: Christine Chiarello, Ph.D., Dept. of Psychology, University of California, Riverside, Riverside, CA 92521, Fax: 951
827-3985, christine.chiarello@ucr.edu.

lMany prior studies use the term mixed hander to refer to individuals with weak or inconsistent hand preference (Chiarello et al.,
2009; Christman et al., 2004). The term mixed hander is somewhat problematic as this group includes both those who report use of
different hands for different tasks and those who have a consistent, but weak preference for the dominant hand. Here we use the term
weak handers as both mixed and weak consistent handers can be considered to have relatively weak hand preference.
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Such studies have uncovered a broad array of tasks on which these groups differ, and it
appears that the group differences in behavior reflect variations in hand preference rather
than performance (Badzakova-Trajkov, Haberling, & Corballis, 2011; Grimshaw, Yelle,
Schloger, & Bright, 2008). In a recent review of this work, Prichard et al. (2013) describe an
advantage for weak handers over consistent handers across numerous domains: activation of
ambiguous words, free recall of words, divergent creativity, number of episodic memories
recalled, counterfactual production, belief in evolution over creationism, among others. To
our knowledge, no underlying cognitive process has been offered to account for the hand
group differences across these disparate domains.

Instead, the fundamental explanatory mechanism, according to Christman and colleagues, is
the extent of interhemispheric interaction. It is posited that mixed/weak handers rely on
greater crosstalk across hemispheres, and increased access to right hemisphere processes,
than do consistent/strong handers (Prichard et al., 2013). Surprisingly, very little
neurobiological evidence has been gathered to support this conjecture (but see Davidson &
Tremblay, 2013). Instead, degree of handedness is used as a proxy variable for the extent of
hemispheric interaction (Lyle & Orsborn, 2011; Sontam & Christman, 2012; Sontam et al.,
2009) — that is, such handedness differences are taken as the evidence of variations in
interhemispheric interaction. While hemispheric interaction is not an unreasonable
hypothesis, it is certainly possible that other neurobiological differences could be associated
with the handedness distinction. In particular, degree of cortical lateralization might be
expected to vary across these hand groups. Since handedness is itself one overt expression of
degree of lateral asymmetry, one could conjecture that those with weaker hand preference
might have fewer or smaller functional or structural asymmetries. Some prior findings
document reduced functional asymmetry for individuals with weaker hand preference
(Bourne, 2008; Dassonville, P., Zhu, X-H., Ugurbil, K., Kim, S-G., & Ashe, J., 1997; Khedr,
Hamed, Said, & Basahi, 2002). In addition, variations in the degree of cerebral asymmetry
need not necessarily imply differences in hemispheric interaction (or vice versa). If weaker
lateralization implies some duplication of function across hemispheres (i.e., redundancy
rather than sharing of function - see Bernal & Ardila, 2014), then this need not imply a
greater need for crosstalk across hemispheres. Alternatively, if some interhemispheric
interaction is inhibitory (see Chiarello & Maxfield, 1996), then increased interhemispheric
“interaction” could be associated with greater lateralization of function. Hence, when
exploring the bases of handedness differences, it may be useful to seek separate correlates of
hemispheric interaction and degree of lateralization, rather than assuming any particular
relation between them.

Only a few previous studies have explored neurostructural correlates of the consistent/weak
hand dichotomy. In prior studies we have observed that weak and consistent handers do not
differ in manual measurements of corpus callosum area (Welcome et al., 2009), in manual
asymmetry measurements of the length of planum temporale or Heschl’s gyrus, (Leonard et
al., 2009), or in automated measures of surface area asymmetry of perisylvian language-
relevant cortex (Chiarello et al., 2013). Another study involving manual measurements
reported reduced planum temporale and posterior ascending ramus asymmetries for mixed/
weak handers relative to consistent (right) handers (Foundas, Leonard, & Hanna-Pladdy,
2002). Luders et al. (2010), employing automated measurements, found a negative
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correlation between the degree (absolute value) of hand preference and the thickness of the
anterior and posterior midbody of the corpus callosum (weaker hand preference associated
with increased callosal thickness). Propper et al. (2010) reported larger left, than right,
hemisphere volume of the arcuate fasciculus for consistent right handers, but no asymmetry
for inconsistent/weak handers, in a very small sample (10 or fewer participants per group)
that utilized diffusion tensor imaging (DTI). These studies do not present a consistent picture
of structural associations related to degree of handedness, and each study investigated only a
small number of brain regions. No prior study has examined both the corpus callosum and
asymmetries across the entire cortex, including measures of cortical thickness, surface area,
or extent of gyrification. Each of these morphometric indices has differing
neurodevelopmental trajectories and genetic bases (Panizzon et al., 2009; Raznahan et al.,
2011), and hence may potentially reveal unique neural signatures of strength/consistency of
hand preference.

Although rarely commented on in the current literature, dichotomous comparisons of weak
and consistent handers generally involve a confound with sex. As noted by Bryden and
others (Tapley & Bryden, 1985; Lai et al., 2014; Papadatou-Patou et al., 2008; Prichard et
al., 2013) somewhat more women than men have strong (right) hand preference, while males
are somewhat more numerous among weaker (and/or left) handers. For example, among
participants in the Biological Substrates for Language Project in our lab (see Chiarello et al.,
2009a,b; Welcome et al., 2009), 59% of the females, but only 44% of the males, were
consistent handers. Hence, one cannot exclude sex differences as contributors to behavioral
differences reported for the hand groups. One approach is to examine the four sex X hand
groups (e.g., Welcome et al., 2009). In the current study we examined weak and consistent
hand groups that were balanced by sex, to better highlight potential brain differences
associated with strength/consistency of handedness.

In the current paper we investigate potential neurostructural correlates of handedness
strength/consistency dichotomy using automated measures provided by the FreeSurfer
processing pipeline (Dale, Fischl, & Sereno, 1999). We examine plausible structural
correlates of both interhemispheric interaction and lateralization: corpus callosum volume
(total and subdivisions) and a variety of cortical structure measurements (cortical surface
area, thickness, gyrification) for which asymmetries can be measured. For each cortical
measure we examined: (1) average values for each hemisphere and hemisphere-wide
asymmetries (global measures), and (2) asymmetries within each of 68 regional parcellations
(regional measures). If weak handers have increased interhemispheric interaction and/or
reduced asymmetries, one might expect some structural differences to be observed (larger
callosum and/or reduced cortical asymmetries). Although the callosal measures are
theoretically motivated by the increased interhemispheric interaction proposal, because of
the broad array of cognitive differences observed between the hand groups (Prichard et al.,
2013), it is difficult to predict which specific cortical regions might differ across groups. For
this reason, we consider the regional comparisons to be exploratory.
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From a larger sample of 200 college students (Chiarello et al., 2009a,b), we selected 82
consistent handers (41 female) and 82 weak handers (41 female). All participants were
native English speakers with normal or corrected-to-normal vision. Hand group was
determined via scores on the 5-item Bryden (1977, 1982) hand preference questionnaire that
yields an index ranging from +1.00 (extreme right handedness) to —1.00 (extreme left-
handedness)z. We considered consistent handers to be those who scored either —=1.0 or +1.0
on the hand preference questionnaire. This division categorizes groups in a similar manner
to that used by Christman and colleagues (see footnote 2 in Chiarello et al., 2013). These
individuals reported no use of the nondominant hand for any activity, and four of them (2
male, 2 female) were consistent left-handers. Weak handers’ mean handedness score was .48
(range -.9 to +.9; mean of absolute value = .68). A 5-point scale was used to assess parental
education; 5 represented the highest level (post-graduate or professional degree). Scores
were averaged across parents to yield the estimate of socio-economic status (SES). The
consistent and weak hand groups did not differ by age or parental education (< 1). The
hand groups were also similar in full scale [{162) = -1.64, p = .10] and performance [4162)
=-1.0] 1Q (Wechsler, 1999). However, weak handers had slightly higher verbal 1Qs,
although this group difference was nonsignificant, 162) = —1.85, p = .07. The participants
also received three subtests of the Woodcock Reading Mastery Test — Revised (Woodcock,
1998) — word attack, word identification, and passage comprehension. There were no group
differences on any subtest (all p-values > .25). Table 1 contains the means, by group, for
these demographic variables, and indicates that the two hand groups were quite well
matched.

Brain Imaging Procedure

Two MRI scans were obtained for each participant on a 1.5-T GE Signa scanner (3-D SPGR,
1.2 mm thick sagittal images, TR 11 ms, TE 2.2 ms, flip angle 25°, field of view 24 cm,
acquisition matrix 256 x 256, acquisition time 4.36 min). Cortical reconstruction and
volumetric segmentation was performed using the FreeSurfer v 4.5 analysis suite (Dale,
Fischl, & Sereno, 1999; Fischl, Sereno, & Dale, 1999; Fischl, Sereno, Tootell, & Dale,
1999) which is documented and freely available for download online (http://
surfer.nmr.mgh.harvard.edu/). Briefly, processing includes motion correction and
coregistration of T1 weighted images, removal of non-brain tissue, automated Talairach
transformation, segmentation of deep grey and subcortical white matter volumetric
structures, intensity normalization, tessellation of gray and white matter boundaries,
automated topology correction, and surface deformation after intensity gradients optimally
identify boundaries based on greatest intensity shifts. Manual inspection of the gray/white
segmentation for all 328 hemispheres was performed.

A variety of surface based data representations were created using both intensity and
continuity information from the entire three-dimensional MR volume. Surface area for an

2The items on this inventory are writing, drawing, throwing a ball, cutting with scissors, and using a toothbrush.
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entire hemisphere (global measure) is calculated by adding the surface area of all faces of
the triangulated mesh. Global hemispheric measures for thickness and local gyrification (see
below) are obtained by averaging the value of each vertex within a hemisphere. Procedures
for the measurement of cortical thickness have been validated against histological analysis
(Rosas et al., 2002) and manual measurements (Kuperberg et al., 2003; Salat et al., 2004).
Freesurfer morphometric procedures have been demonstrated to show good test-retest
reliability across scanner manufacturers and across field strengths (Han et al., 2006; Reuter
etal., 2012).

Cortical surface area (pial area), and thickness values were automatically extracted for left
and right hemispheres by the FreeSurfer software. A 3D local gyrification index (LGI) was
computed using the procedures outlined by Schaer et al. (2008). This calculation essentially
divides the amount of pial surface by the amount of cortex on a closely fitting outer contour
of the brain (hull surface). Computation starts at a given vertex of the tessellated surface and
calculates within a given sphere of designated size (25 mm radius) the amount of surface
area on the outer hull compared to the total amount of pial surface area. This approach is
similar to the 2-D Zilles method of measuring the inner and outer contour of the cortex
(Zilles, Armstrong, Schleicher, & Kretschmann, 1988). Larger LGI values indicate greater
cortical folding within the radius. LGI for each cortical parcellation is estimated by
averaging across all vertices within that parcellation.

During processing, surface images are produced and mapped onto an averaged surface for
each hemisphere. These surfaces are used to parcellate the cerebral cortex into units based
on gyral and sulcal structure, using the atlas of Destrieux, Fischl, Dale, & Halgren (2010).
These parcellations utilize standard anatomical conventions and generally correspond to
accepted anatomical/functional units. We examined 68 cortical parcellations that had
acceptable concordances with manual measurements (Destrieux et al., 2010). The individual
surfaces are nonlinearly warped back into individual subject space prior to analyses
(Destrieux et al., 2010). Asymmetries for each parcellation were calculated by subtracting
the right measure from the left and dividing by the average, so that leftward asymmetries
yielded positive coefficients. Intracranial volume values from FreeSurfer were also extracted
to be used as covariates in some analyses.

Corpus callosum volume and segmentation was obtained from the FreeSurfer volume stream
(aseg) that divides the callosum into five segments of equal length along the primary
eigendirection (long axis) of this structure: anterior, mid-anterior, central, mid-posterior,
posterior (Rosas et al., 2010). Measurements were made for a 5 mm lateral extent centered
on the mid-sagittal plane. Callosum volume was regressed against total intracranial volume
and the residuals were used to obtain callosum volume estimates unbiased by overall brain
size. These residuals were used in all statistical analyses involving corpus callosum volume.

Global Brain Measurements

There were no group differences for within hemisphere measurements of total gray volume,
total white volume, surface area, thickness, or gyrification (see Supplementary Table 1, all
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group contrast £s < 1). Table 2 provides the means, by group, for intracranial volume and
corpus callosum area. As indicated by the #test results in Table 2, the hand groups did not
differ in overall brain size nor in any corpus callosum volume measurement. In order to
more precisely compare our corpus callosum results to those of Luders et al. (2010), we also
computed correlations between the absolute value of the hand preference score and the
corpus callosum measurements. No significant correlations were obtained for total callosal
volume, nor for any callosal subregion (all s <.10).

Table 3 includes the global asymmetry means by group, and relevant statistics. In these and
further analyses, we report findings from (1) signed asymmetries to test whether there are
group differences when the direction of asymmetry is preserved; (2) absolute value of
asymmetries to test whether the magnitude of asymmetry differs, regardless of direction.
Univariate tests were used to determine whether the reported asymmetries were significantly
different from zero for each group. Several group differences in left/right asymmetry were
evident (see Table 3). With only one exception, all mean asymmetries were significant.
However, in every case, asymmetries were larger for consistent, than for weak, handers. For
signed asymmetries, larger rightward asymmetries were observed for consistent handers for
both gray matter volume and cortical thickness. When examining absolute values, consistent
handers had larger asymmetries for white matter volume, cortical surface area, and
gyrification. These data imply some reduction in overall structural asymmetry for weak,
relative to consistent, handers. However, for some cortical indices the direction of
asymmetry is relevant, while for others the magnitude of asymmetry, independent of
direction, is associated with the hand group difference.

Because our group of weak handers contained more left handed individuals (N = 14) than
the consistent hander group (N = 4), one might question whether the current findings truly
indicate differences in degree of handedness. To examine this possibility, we dropped all
left-handed participants (both consistent and weak handers) from the sample and
recalculated the #tests of the group differences in global asymmetries. As indicated in
Supplementary Table 2, the findings were similar to those of the entire sample — weak right
handers had smaller global asymmetries than consistent right handers.

We also examined correlations between total corpus callosum volume and the global cortical
asymmetries. For signed asymmetries, surface area asymmetries negatively correlated with
corpus callosum volume (i.e., greater callosal volume associated with reduced leftward/
increased rightward asymmetry), for weak handers, r=-.217, p < .05, but not for consistent
handers, r=-.087. No correlations were observed for absolute value asymmetries for either
hand group.

To summarize, there was no evidence for group differences in callosum volume
measurements, nor for within hemisphere measurements of cortical anatomy when
considering global hemisphere-wide indices. However, global asymmetries were reduced for
weak, as compared to consistent, handers.
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Regional Brain Measurements

Our exploratory analyses used a significance value of .01 (uncorrected) to identify potential
regions with differing asymmetries for consistent and weak handers. This cut-off value was
selected to reduce the probability of truly spurious findings, while still permitting leeway for
exploration.

For surface area asymmetry only one isolated parcellation on the dorsolateral surface of the
occipital lobe (superior and transverse occipital sulci) differed by hand group3, {162) =
-2.51, p=.01 (see Supplementary Figure 1). Reliable rightward asymmetries were found for
both consistent (-.160) and weak (-.241) handers but the asymmetry was enhanced in the
weak hand group. Absolute value asymmetry did not differ between groups for this region.
However, the horizontal ramus of the anterior lateral fissure did differ across groups in
absolute value asymmetry, {162) = 2.59, p= .01 with larger asymmetry for consistent than
weak handers (see Supplementary Table 3).

Figure 1 graphically displays the #contrasts between consistent and weak handers regional
signed asymmetries for cortical thickness (A), and local gyrification (B). For cortical
thickness signed asymmetry, three regions on the medial surface differed by hand group:
midanterior cingulate gyrus/sulcus, {162) = —2.58, p= .01, pericallosal sulcus, {162) = 3.1,
p < .005, subparietal sulcus, 162) = 3.61, p < .001. (see Figure 1A)3. Consistent handers
had no reliable asymmetries in any of these regions (see Table 4, upper panel). Weak
handers, in contrast, had reliable leftward asymmetries for the pericallosal and subparietal
regions, and rightward asymmetry for the midanterior cingulate. A 3 (region) X 2
(hemisphere) X 2 (hand group) ANOVA was next conducted to examine whether the
differing asymmetries could be attributed to hand group differences in left or right cortical
thickness. The 3-way interaction was significant, A2, 324) = 11.85, p<.0001, and was
explored further via separate 2 x 2 analyses for each hemisphere. The right hemisphere
analysis indicated that consistent handers had thicker cortex than weak handers across the 3-
regions, A1,162) = 9.51, p<.005 (see Table 5, upper panel). The hand group effects in the
left hemisphere varied by region, A2,324) = 7.85, p< .001.

None of the hand group thickness asymmetry contrasts remained significant when absolute
value asymmetries were examined. One additional region (superior occipital gyrus) differed
across groups 4162) = 2.50, p= .01 for absolute value asymmetry, with larger asymmetry
for consistent handers (see Supplementary Table 3).

As is evident in Figure 1B, asymmetry for local gyrification differed by hand group for
several contiguous parcellations: postcentral gyrus, {162) = —2.59, p= .01, postcentral
sulcus, p=.01, {162) = —2.58, and supramarginal gyrus, {162) = -2.81, p <.01. Similar
trends were obtained in two adjacent regions, precentral gyrus, {162) = -2.38, p< .02, and
central sulcus, £162) = -2.4, p<.02. In each of these regions, consistent handers had
reliable leftward asymmetries (i.e., greater folding in LH than RH), whereas weak handers
had smaller leftward or no asymmetry (see Table 4, lower panel). To explore whether these
asymmetry differences were more attributable to right or left hemisphere gyrification

3The differences remained significant when left handers were dropped from the sample — see Supplementary Table 4.
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differences, we conducted a 5 (region) X 2 (hemisphere) X 2 (hand group) ANOVA on LGI.
These analyses revealed a main effect of hemisphere A1,162) = 42.21, p < .0001, which was
modified by a Hand Group X Hemisphere interaction, A1,162) = 9.86, p < .005. Follow-up
analyses indicated that the reduction of asymmetry for weak handers was attributable to
group differences in right hemisphere gyrification (see Table 5, lower panel). The hand
groups did not differ in LH gyrification in these regions ~< 1, but weak handers had
significantly greater folding than consistent handers in the RH, A1,162) =5.95, p<.02.
These effects did not differ over the 5 brain regions as indicated by the absence of a Region
X Hemisphere X Hand interaction, £ < 1. Finally, there was one region, the lateral occipital
temporal sulcus, that had greater leftward gyrification asymmetry for weak, relative to
consistent, handers, #162) = 2.53, p=.01.

These findings indicate increased right hemisphere gyrification and reduced gyrification
asymmetry for weak handers in a large region surrounding the central sulcus and extending
posteriorly into the parietal cortex. Increased local gyrification can reflect deeper sulci
and/or greater number of more superficial sulci. Some prior studies have reported leftward
asymmetry for the depth of the central sulcus in right handers, but no asymmetry or
rightward asymmetry of this feature for left handers (Amunts et al., 1996, 2000). Because
our group of weak handers contained more left handed individuals than the consistent
hander group, we dropped all left-handed participants (both consistent and weak handers)
from the sample and recalculated the local gyrification asymmetry #tests of the group
differences. All group asymmetry contrasts remained significant (p’s < .01, see
Supplementary Table 4, lower panel).

When absolute value asymmetries were examined for local gyrification only the central
sulcus region continued to show a significant group difference, {162) = 2.64, p< .01 (see
Supplementary Table 3), with consistent handers having a larger asymmetry than weak
handers. Additionally, absolute value asymmetry for the anterior transverse collateral sulcus
on inferior temporal surface differed over groups, {162) = -3.18, p < .01, with greater
asymmetry for weak than for consistent handers.

To summarize the exploratory regional asymmetry analyses, there were two major findings.
First, several regions on the medial cortical surface had greater thickness asymmetry for
weak than for consistent handers. Second, when we examined local gyrification, a large
cortical region surrounding the central sulcus and extending into the anterior inferior parietal
cortex was considerably less asymmetrical for weak than for consistent handers. This effect
was due to increased cortical folding for weak handers within right hemisphere regions.

DISCUSSION

Myriad behavioral differences have been reported between weak and consistent handers, but
ideas about neurobiological differences have heretofore been primarily speculative. In the
current study, we took a whole-brain approach to investigate potential neurostructural
associations of these dichotomous hand preference groups, in a well-matched sample
unconfounded by sex differences. Several findings were notable. First, there was no
evidence for group differences in corpus callosum volume. Second, when examining global

Laterality. Author manuscript; available in PMC 2017 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McDowell et al.

Page 9

hemisphere asymmetries, weak handers had smaller asymmetries for all measures (total
gray, total white, surface area, thickness, local gyrification). Finally, there was preliminary
evidence for group differences in regional asymmetry for both cortical thickness and local
gyrification. Because each of these effects remained significant when data from left handers
were omitted, this suggests that the findings reflect group differences in degree of
handedness even when unconfounded by differing numbers of left handed participants. We
now consider the implications of each of these findings.

Increased interhemispheric interaction is frequently invoked to account for the broad array of
cognitive differences between consistent and weak handers (Lyle & Orsborn, 2011; Sontam
& Christman, 2012; Sontam et al., 2009). If cross-hemispheric exchange of information is
indeed more frequent or efficient in those with weaker hand preference, then this conjecture
could be supported by structural adaptations in the major fiber tract connecting the two
hemispheres. To the extent that greater number of axons and/or larger or more myelinated
axons in the corpus callosum mediate such increased interhemispheric interaction, and this
could be associated with volumetric increases in callosal cross-sectional area. However, in
the current large, well-matched sample we observed no hand group differences in total
callosal volume, nor in the volume of any callosal subregion. Similar automated callosal
measures have revealed differences between other subject groups (e.g., monolinguals vs
bilinguals, see Vazquez et al., submitted), implying that our corpus callosum volume
measurements are sensitive to some individual differences in behavior. Although negative
results should always be treated with caution, the current investigation does not provide
support for the view that the wide-ranging behavioral differences between weak and
consistent handers should be attributed to increased interhemispheric interaction and
increased access to right hemisphere processes (Prichard et al., 2013)%.

The increased hemispheric interaction hypothesis is clearly premised on the view that a
major function of interhemispheric cross talk is to facilitate the transfer of information
between hemispheres. However, it is also possible that the corpus callosum serves to allow
one hemisphere to inhibit processing within the other (Chiarello & Maxfield, 1996). A
recent transcranial magnetic stimululation (TMS) study found evidence for more rapid
transcallosal inhibition of motor cortex for mixed/weak as compared to strong/consistent
handers (Davidson & Tremblay, 2013). It is unclear whether such findings can be
generalized to other, more cognitive domains, but if weak handers have increased
transcallosal inhibition a potential structural correlate of this might still be greater callosal
volume for this group, an effect we did not observe. Nevertheless, DTI measures such as
fractional anisotropy could indicate differences in interhemispheric connectivity that are not
revealed by volumetric approaches (Davis & Cabeza, 2015), and this should be explored in
future investigations of consistent/weak handedness.

40our correlational findings also do not replicate those previously reported by Luders et al. (2010), i.e., we did not find a negative
correlation between degree of hand preference and any callosal measurement. We note that because of the distribution of our
handedness scores (nearly half of the sample had the same score of +1), the current lack of correlation may not be easily interpretable.
In addition, there were several methodological differences between the studies (age and sex distribution of participants, measurement

technique).
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The current study did document reduced structural asymmetry for weak, relative to
consistent, handers, when measuring across entire hemispheres (i.e., global asymmetries).
For measures of gray matter volume and cortical thickness, the direction of asymmetry was
important, with consistent handers having larger rightward asymmetries than weak handers.
However, for white matter volume, surface area, and local gyrification, the hand groups
differed in the size of the asymmetry regardless of direction — consistent handers obtaining
larger hemisphere differences than weak handers. These data are consistent with the view
that weaker hand preference may reflect reduced cortical asymmetry in a more general
sense. However, the group differences in asymmetry, albeit statistically significant, were
small. Nevertheless, the fact that the reduced asymmetry was replicated across 5 distinct
measures of cortical structure implies that the differences may be a true reflection of
variations in structural lateralization. If, as the split brain data suggest, the left and right
hemispheres represent at least partially separable information processing systems, then slight
lateral biases in cortical organization could have cascading effects on functional outcomes. It
is a moot point as to whether these small structural asymmetry differences between
consistent and weak handers could account for any of the varied behavioral associations
(Prichard et al., 2013). The findings do indicate that weaker hand preference is associated
with less neurostructural lateralization at the level of entire hemispheres.

Slight lateral biases at the whole hemisphere level may well conceal a variety of differing
regional asymmetries. We therefore conducted exploratory analyses to investigate potential
regional differences between consistent and weak handers. Several differences were
observed. However, we will focus our discussion on the findings that were similar across
several regions, to avoid interpreting what may well be sporadic, chance results.

Although 3 regions on medial cortical surface (pericallosal and subparietal sulci, mid-
anterior cingulate) had greater cortical thickness asymmetry in weak, relative to consistent,
handers, to our knowledge these regions are not part of a coordinated functional network. In
addition, the direction of the increased asymmetry was not consistent across the areas.
Hence, we do not assume these medial cortical thickness findings are related. There is little
neuroimaging evidence on the functional significance of either the pericallosal or subparietal
sulci (but see Richer et al., 1993). The mid-anterior cingulate may well be involved in
cognitive control functions (see Shenhav, Botvinick, & Cohen, 2013), but we did not observe
similar group differences in thickness asymmetry in other regions known to be involved in
cognitive control (e.g., dorsolateral prefrontal cortex). However, the midanterior cingulate
cortex has recently been identified as an important region in the cognitive control of
movement (Hoffstaedter et al., 2013, 2014). This region was more robustly activated for
intentional self-initiated hand movements®, relative to more reactive hand movements whose
execution was triggered by an external stimulus (Hoffstaedter et al., 2013). The participants
in that study were all right handed, with no information provided about degree of
handedness. We found the midanterior cingulate region to have thicker right, than left, cortex
only for weak handers. It will be important in future functional imaging research to perform
similar motor control studies examining both degree and direction of handedness, and to

5Participants could choose which hand to respond with and when to respond.
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obtain cortical thickness measures as well. The current findings suggest that strength of
handedness may be associated with structural adaptations for regions important for cognitive
control of action. In any case, the fact that the three medial regions showed increased
asymmetry for weak handers underscores the point that the reduced g/oba/thickness
asymmetry reported for this group (see Table 3) does not imply that every cortical region is
more symmetrical for weak handers.

The most striking hand group difference at the regional level involved a large area extending
posteriorly from the precentral gyrus to include the central sulcus, postcentral gyrus and
sulcus and the supramarginal gyrus in the parietal lobe. Across these regions, weak handers
had little or no asymmetry in local gyrification, whereas consistent handers demonstrated
robust leftward asymmetries (i.e., greater gyrification in the left than the right hemisphere).
These differing asymmetries were attributable to increased right hemisphere gyrification in
the weak handed group. It is notable that there were no group differences in surface area
asymmetry in these regions. Hence, the increased right hemisphere gyrification for weak
handers does not reflect greater cortical surface, but rather increased local folding relative to
surface area (i.e., more cortex buried in the sulci than on the outer cortical hull for weak
handers).

Some prior research has documented anatomical differences in the central sulcus related to
handedness. Measures of surface area in the hand area along the central sulcus demonstrated
greater left than right area for consistent right handers, but no asymmetry for left handers
(Foundas, Hong, Leonard, & Heilman, 1998). Amunts et al. (1996) reported deeper left than
right central sulci for right handers, but no asymmetry for left handers. The same study
obtained histological measures from the hand region of the precentral gyrus of 12
postmortem brains (handedness unknown, presumed to be mainly right handers) and found
increased neuropil within the left hemisphere region (Amunts et al., 1996). The authors note
that this would support greater intracortical connectivity within motor cortex of the preferred
hand. A later study by this group measured the depth of the central sulcus in the hand region
and replicated the leftward asymmetry for consistent right handers, but obtained a
nonsignificant rightward asymmetry for consistent left handers and no asymmetry for mixed
handers (Amunts et al., 2000). Increased local gyrification using the measure employed in
the current study reflects the relative extent of buried cortex that could be due to deeper sulci
and/or a greater number of more superficial sulci. Our finding of asymmetry differences
between consistent and weak handers was obtained even among right handers, suggesting
that the gyrification asymmetry is associated with strength of hand preference. Most
importantly, our findings indicate that these gyrification differences are not restricted to one
region of the central sulcus, but extend posteriorly over a large area from the to include
parietal association cortex.

It is perhaps not surprising to find neurostructural differences based on handedness strength
in sensorimotor regions. However, the same gyrification difference was obtained in the
adjacent supramarginal gyrus, with a similar trend in the superior parietal cortex (see Figure
1B). DTI data indicate that the supramarginal gyrus is densely connected to the pre- and
post-central gyri, as well as the inferior frontal and lateral temporal regions (Ruschel et al.,
2014). Functional imaging, TMS, and voxel lesion studies implicate the supramarginal gyrus
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and/or postcentral gyrus in a variety of cognitive functions. This parietal region is important
for phonological processing during object naming and reading (Schwartz, Faseyitan, Kim, &
Coslett, 2012; Hartwigsen et al., 2010; Sliwinska et al., 2012), and speech reading (Chu et
al., 2013). In addition, this region is implicated in knowledge of object functions
(Leshinskaya & Caramazza, 2015), tool use (Brandi, Wohlschélger, Sorg, & Hersdorfer,
2014; Vingerhoets, 2008), and visual object decoding (Smith & Goodale, 2015). These
functions do not appear to overlap with the various behavioral differences found between
consistent and mixed handers (Prichard et al., 2013). However, phonology and functional
knowledge of object and tool use both involve high level, relatively abstract processing of
information that may have its basis in somato-motor systems. It will be important to
determine whether the more bilateral gyrification pattern we observed for weak handers in
these areas is associated with variations in higher level “action” functions.

Because the group differences in gyrification could not be attributed to differences in surface
area, we should consider the neurobiological factors that could produce cortical folding.
Currently, both gray and white matter theories have been proposed. One theory argues that
differential tangential surface expansion (faster growth of one region relative to an adjacent
one) causes the cortex to fold (Xu et al., 2010; Ronan et al., 2014). Another theory argues
that mechanical tension produced by growth of axons acts to pull together strongly
interconnected regions, producing cortical folds and thereby reducing wiring length (Van
Essen, 1997). An additional white matter theory posits that developing connections in some
cortical regions “push” outward in a tangential direction to form gyri (Chen et al., 2013). A
recent review notes that gyrification is likely caused by the interaction of cell generation
processes and evolving fiber tract connectivity (Zilles, Palomero-Gallagher, & Amunts,
2013). It should also be noted that, although major sulci are present at birth, gyrification
continues to increase at least until 2 years of age, and is developmentally distinct from
expansion of surface area (Li et al., 2014). This suggests that connectivity differences may
play an important role in individual differences in gyrification.

How then to interpret the increased right hemisphere gyrification among weak handers in
somatomotor and anterior parietal cortex? One speculative interpretation derives from a
recent structural and functional connectivity study that investigated connectivity differences
between gyral and sulcal cortex (Deng et al., 2014). This study found that relative to sulci,
gyri had greater connectivity to distant cortical regions; connections within sulcal regions
tended to be more local with neighboring areas. The study only compared cortex in major
sulci to that at the crown of the gyri. However, if the Deng et al. (2014) connectivity results
can be extended to more superficial sulci (such as those that occur within gyri), then the
current findings could suggest that weak handers have increased local connectivity within
the right hemisphere somatomotor/anterior parietal cortex, as compared to consistent
handers. Perhaps this local connectivity is more asymmetrical in consistent handers
promoting greater reliance on the dominant hand, whereas the more bilateral local
connectivity among weak handers is associated with less pronounced hand preference.
However, since the same gyrification differences were observed in adjacent association
cortex, the hypothesized differences in connectivity could extend to functions less obviously
related to hand dominance.
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Before concluding, it is important to acknowledge the limitations of the current study. First,
our regional analyses were exploratory and should be replicated in a new sample. Second, in
order to examine whether there were any neurostructural differences between groups for
whom many behavioral difference had been found (Prichard et al., 2013), we adopted a
dichotomous approach to handedness. However, strength of hand preference can also be
conceptualized as a continuum and a less categorical approach could yield additional
insights about structural variations which themselves vary on a continuum. Third, we
examined degree of handedness regardless of direction. Since the majority of our
participants were right handed, our data cannot speak to issues regarding neural correlates of
left handedness. Fourth, structural and functional connectivity data will be needed to provide
a more comprehensive picture of brain organization related to strength of hand preference.
Our data, except for corpus callosum volume, was restricted to morphometric indices of
cortical organization. Fifth, the absence of functional data from our participants is a
significant limitation. We cannot determine the functional significance of the structural
differences we reported between consistent and weak handers. It is an open empirical
question as to whether variations in structural asymmetry between consistent and mixed
handers correspond to asymmetry of brain activity. But we note that even if there is such a
correspondence, this need not imply group differences in ability, as it is possible that
differing types of brain organization could be equally effective. In addition, some research
indicates that familial sinistrality may moderate the relationship between handedness
strength and functional lateralization or cognitive ability (Mellet et al., 2014; Tzourio-
Mazoyer et al., 2010). It will be important to examine the influence of this variable in future
studies.

To summarize, we provided evidence for differences in lateral brain structure between
consistent and weak handers. At the global hemispheric level, weak handers had reduced or
absent asymmetry for every cortical metric we examined (gray and white matter volume,
surface area, thickness, and local gyrification). We suggest that these slight biases in cortical
organization could provide a substrate for functional differences in lateral brain organization.
At a more regional level, some asymmetry differences between hand groups were observed
for cortical thickness and local gyrification. These regions were those associated with
somatomotor function, as well as with higher level functions relating to the cognitive control
of action or to access of action-related information about objects. Although these functions
do not overlap with the behavioral differences that originally motivated our study, the
findings do suggest that further research into the behavioral correlates of handedness
strength should examine the processing of more abstract action-related information.

Phil Bryden, more than any other scientist of his time, understood that handedness was an
important dimension of human variation, one worthy of close empirical examination. The
current neuroimaging era provides us with many new tools to examine Bryden’s prescient
questions. We offer the current study as one small contribution to his enduring legacy.
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Figure 1.
Statistical map of the #test contrast of hand group differences in signed asymmetry for

cortical thickness (A) and local gyrification index (B). Hot colors indicate a greater leftward
asymmetry for consistent, relative to weak, handers. Findings are projected onto the pial
surface of the FreeSurfer average brain.
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Demographic and Psychometric Data for the Consistent and Weak Handedness Groups.

Table 1

Consistent Handers | Weak Handers

(N=82) (N=82)
Mean Age (years) 21.4 21.4
Number Female 41 41
Mean Parental Education (SES) 3.35 3.33
Mean Full Scale 1Q 108.6 111.3
Mean Performance 1Q 107.3 110.6
Mean Verbal 1Q 107.8 109.6
Mean Word Attack (scaled score) 100.1 98.4
Mean Word Identification (scaled score) 99.8 100.3
Mean Passage Comprehension (scaled score) | 108.2 108.2
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Table 2

Mean Values of Intracranial Volume and Corpus Callosum Volume (Total and Subregion) for Consistent and
Weak Handers and t-Test of the Group Difference

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Consistent Handers | Weak Handers | t(162)

Intracranial Volume (mm3) 1,565,708 1,585,299 -0.69
Total Corpus Callosum (mm?3) 3130 3165 -0.52
Anterior 839.1 848.3 -0.41
Mid-Anterior 465.5 472.2 -0.49
Central 480.5 485.2 -0.30
Mid-Posterior 446.8 445.1 0.13
Posterior 897.6 913.8 -0.75
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Mean Values for the Global Asymmetry Comparisons of Brain Structure for Consistent and Weak Handers and

t-Test of the Group Difference (significant asymmetries in bold)

Consistent Handers | Weak Handers | 1(162) | p

Signed Asymmetries

Gray volume -.010 -.004 =2.75 | .007
White Volume -.008 -.006 -111 | .27
Surface Area -.003 -.0002 -1.50 13
Thickness -.013 -.009 -2.18 | .03
Local Gyrification .009 .004 1.68 .10
Absolute Value Asymmetries
Gray volume .013 .011 0.93 .35
White Volume .013 011 1.97 .05
Surface Area .011 .008 3.25 .001
Thickness .015 .013 1.64 .10
Local Gyrification .018 .013 2.45 .02
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Regional Signed Asymmetry Means for Cortical Thickness and Local Gyrification (significant asymmetries in
bold) Which Differ by Hand Group

Consistent Handers | Weak Handers

Cortical Thickness

Midanterior Cingulate Gyrus/Sulcus -.007 -.034
Pericallosal Sulcus .013 .071
Subparietal Sulcus -.014 .033

Local Gyrification Index

Precentral Gyrus .019 .005
Central Sulcus .027 .013
Postcentral Gyrus .020 .006
Postcentral Sulcus .024 .008
Supramarginal Gyrus .028 .009
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Mean Cortical Thickness and Local Gyrification Index by Hemisphere for Consistent and Weak Handers.

Left Hemisphere Right Hemisphere
Consistent | Weak | Consistent | Weak
Cortical Thickness

Mid-anterior cingulate
gyrus/sulcus 2.95 2.86 2.97 2.96
Pericallosal Sulcus 2.45 2.52 2.42 2.34
Subparietal Sulcus 2.44 2.44 2.47 2.36

Local Gyrification Index

Precentral Gyrus 3.26 3.26 3.20 3.24
Central Sulcus 3.27 3.28 3.19 3.23
Postcentral Gyrus 3.27 3.27 3.20 3.25
Postcentral Sulcus 3.23 3.25 3.16 3.23
Supramarginal Gyrus 3.60 3.61 321 3.58
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