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Abstract
Some evidence suggests that sex, handedness and disease processes associated with schizophrenia
affect the magnitude and/or direction of structural brain asymmetries. There are mixed findings,
however, on how these factors influence cerebral torque, when torque is assessed with linear or
volumetric measurements. We obtained MRI data from 67 healthy (30 males, 10 non-dextrals) and
84 schizophrenia subjects (60 males; 16 non-dextrals) and applied cortical pattern matching to
spatially relate and compare differences in the surface morphology of the two cerebral
hemispheres at high spatial resolution. Asymmetry indices, computed at thousands of matched
hemispheric locations, were used to examine effects of sex, handedness and schizophrenia on
hemispheric shape asymmetries while controlling for age and the other factors. Highly significant
and discriminative right-frontal and left parietal–occipital surface expansions and protrusions
(petalias) were mapped within groups. Although hemispheric shape asymmetries appeared less
pronounced within female non-dextrals, asymmetry indices were not shown to differ significantly
across sex, hand preference or diagnosis, or to reveal interactions of handedness with sex or
diagnosis. Our 3D maps of spatially detailed anterior and posterior hemispheric shape
asymmetries reflect subtle geometric distortions in hemispheric surface morphology that cannot be
characterized with 2D or volumetric methods. Inter-individual variations in hemispheric torque
appear minimally influenced by sex, dextrality or disease status. Biological factors driving
language dominance or other lateralized brain functions dissociable from handedness, may more
closely relate to hemispheric shape asymmetries, while the lateralization of other discrete brain
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regions may be more influenced by sexually dimorphic factors or by schizophrenia
pathophysiology.

Introduction
Structural asymmetries are a ubiquitous feature of human brain morphology. Well-
documented brain asymmetries identified in postmortem and imaging data include right
frontal and left occipital hemispheric protrusions and petalias (LeMay, 1976; Chui and
Damasio, 1980; Bear et al., 1986; Kertesz et al., 1990; Zilles et al., 1996), a leftward bias in
the volume of the planum temporale, a posterior temporal lobe region and component of
Wernicke’s language area (Geschwind and Levitsky, 1968; Geschwind and Galaburda,
1985; Steinmetz, 1996; Shapleske et al., 1999), and hemispheric differences in Sylvian
fissure (Galaburda et al., 1978; Ide et al., 1996; Thompson et al., 1998; Narr et al., 2001),
planum parietale (Jancke et al., 1994) and parietal operculum (Habib et al., 1995)
morphology. Asymmetries are also reported in anterior language-gifted cortices including
the pars triangularis (Falzi et al., 1982; Foundas et al., 1998a; Amunts et al., 2003), the
approximate site of Broca’s area, the postcentral sulcus that marks primary sensory cortex
(Hustler et al., 1998; Thompson et al., 1998; Narr et al., 2001), and motor cortex (Amunts et
al., 1996; Zilles et al., 1996; Foundas et al., 1998b; Rademacher et al., 2001). Additionally,
tissue density asymmetries in occipital, frontal and temporal regions, including the planum
temporale (Good et al., 2001; Watkins et al., 2001), and projections of brain tissue that
follow the direction of cerebral torque (a composite of right anterior and left posterior
hemispheric protrusions) (Bilder et al., 1994; Mackay et al., 2003; Barrick et al., 2005), have
been documented. Laminar thickness has been described as asymmetric in motor cortices,
anterior temporal, inferior frontal, superior parietal and occipital regions (Luders et al.,
2006).

There is great individual variation in the magnitude, and to a lesser extent, in the direction of
structural brain asymmetries, where factors such as handedness, sex and disease processes
associated with schizophrenia have been shown to modulate the structural lateralization of
the hemispheres. Although less frequently examined, handedness has been shown to
influence structural asymmetries in perisylvian (Steinmetz et al., 1991; Jancke et al., 1994),
anterior language (Falzi et al., 1982; Foundas et al., 1998a) and motor cortices (Amunts et
al., 1996; Amunts et al., 2000) and to affect hemispheric torque (LeMay, 1977; Bear et al.,
1986; Zilles et al., 1996). Handedness is linked with language lateralization, and in most
right-handers asymmetries generally reflect a leftward bias. However, hand preference and
language dominance are only partially correlated. Approximately 95% of right-handers and
60–70% of left-handers are left lateralized for language (Geschwind, 1970; Rasmussen and
Milner, 1977; Woods et al., 1988). Further characterization of the relationships between
handedness and brain asymmetries may thus help to establish morphological phenotypes that
relate to hand preference specifically.

Sex differences and/or interactions between sex and handedness are also found to moderate
asymmetries in several cortical areas, most notably in perisylvian regions (Geschwind and
Galaburda, 1985; Ide et al., 1996; Paus et al., 1996; Beaton, 1997; Wisniewski, 1998;
Amunts et al., 2000) and to influence hemispheric torque (Bear et al., 1986; Zilles et al.,
1996). Greater structural lateralization is typically reported in men, although several studies
fail to detect sex differences (Foundas et al., 1999; Watkins et al., 2001). Disease-related
factors associated with schizophrenia are further found to influence structural asymmetry
patterns. Atypical asymmetries of the planum temporale, the superior temporal gyrus, the
Sylvian fissure (Hoff et al., 1992; Shenton et al., 1992; Falkai et al., 1995a; Gur and Chin,
1999), the cerebellum (Szeszko et al., 2003), disturbances of cerebral torque (Luchins and
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Meltzer, 1983; Bilder et al., 1994; Falkai et al., 1995b; DeLisi et al., 1997) and altered
hemispheric gyrification patterns (Kulynych et al., 1997; Vogeley et al., 2000; Narr et al.,
2001; Narr et al., 2004a) have been documented. A non-trivial number of studies, however,
fail to replicate findings of altered structural lateralization in schizophrenia (Harrison, 1999;
Narr et al., 2001; Shenton et al., 2001).

Many of the structural asymmetries described above reflect shape differences in the
morphology of the two hemispheres. Notably, the endocranial cast captures right frontal and
left occipital protrusions called petalias, a term also used to describe the protrusions
themselves, that constitute a widely described, although relatively subtle, index of cerebral
asymmetry. Hemispheric shape asymmetries also encompass geometric distortions referred
to as Yakovlevian anticlockwise torque (Bilder et al., 1994), or cerebral torque, that includes
right-frontal and left-occipital protrusions, but further describes a bending of the
interhemispheric fissure towards the right, an extension of the occipital pole across midline
and shifts of morphology on the lateral aspects of the hemispheres, including the perisylvian
region (Toga et al., in press). In earlier computerized tomography (CT) studies, cerebral
torque was typically measured by examining differences in hemispheric widths and lengths
obtained from arbitrary brain slices, while MRI studies have additionally assessed
volumetric differences obtained from anterior and posterior brain regions in each
hemisphere. Cerebral shape, however, is highly variable among individuals (Woods et al.,
1998) and similarly, shape differences vary considerably in pattern, spatial extent,
magnitude and in direction across hemispheres. 2D or volumetric measures may thus fail to
sufficiently characterize subtle differences in the morphology of the two cerebral
hemispheres.

To characterize individual differences in hemispheric shape as associated with cerebral
torque, we set out to employ a rigorous 3D approach capable of measuring subtle differences
in hemispheric morphology at high spatial resolution. Although prior evidence suggests that
in general, structural asymmetries are less pronounced in left – as compared to right –
handers and in females compared to males, while disturbances in structural lateralization
have been documented in schizophrenia (Toga et al., in press), findings relating to cerebral
torque and/or petalias, specifically, have been mixed and sometimes contradictory. Thus, an
important goal of our investigation was to extend and to clarify mixed evidence concerning
the effects of sex, handedness, and schizophrenia on spatially detailed cerebral torque
patterns in a relatively large sample.

Methods
Subjects

Subjects included 84 patients experiencing their first episode of schizophrenia (60 males, 12
non-dextral; 24 females, 4 non-dextral) and 67 healthy comparison subjects (30 males, 7
non-dextral; 37 females, 3 non-dextral) similar in age (patients [mean± SD]: 24.26±4.6
years; controls: 28.3±7.1 years). Handedness was determined using a modified 20-item
Edinburgh Handedness Inventory (Oldfield, 1971). Subjects performed each activity while
an examiner observed and recorded whether either a ‘right’, ‘left’ or ‘ambiguous’ response
was made for each item. Laterality quotient (LQ) scores were obtained using the following
formula: (the total number of items performed with the right hand – the total number of
items performed with the left hand) / the total number of items performed by the left and
right hand. LQ calculations were made only on items for which unambiguous responses
were recorded, and thus in rare occasions the denominator was <20. LQ scores have a
distribution of −1 (extremely sinistral) to +1 (extremely dextral). LQ scores of >0.70 were
used to separate dextrals from non-dextrals (Bilder et al., 1994). Study participants
overlapped with subjects included in prior investigations of schizophrenia (Narr et al.,
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2005a,b), but were not identical, since handedness information was not available for all
subjects studied previously. The diagnostic status of patients was confirmed with the
Schedule for Affective Disorders and Schizophrenia (Endicott and Spitzer, 1978) and the
Structured Clinical Interview for Axis I DSM-IV Disorders (First et al., 1997).

Healthy comparison subjects were recruited from local newspaper advertisements and
through word of mouth in the community. To meet inclusion criteria, healthy comparison
subjects were determined to have no history of psychiatric illness as assessed by clinical
interview using the SCID-NP. Exclusion criteria for all subjects included serious
neurological or endocrine disorders, any medical condition or treatment known to affect the
brain, or meeting DSM-IV criteria for mental retardation. The North Shore–Long Island
Jewish Health System Institutional Review Board (IRB) approved all procedures and
informed written consent was obtained from all subjects. Additional approval for image
processing and analysis was received from the UCLA IRB.

Image acquisition and preprocessing
High-resolution 3D SPGR MR images were obtained on a 1.5 Tesla scanner (General
Electric, Milwaukee, WI) as a series of 124 contiguous 1.5 mm coronal brain slices
(256×256 matrix, 0.86 mm×0.86 mm in-plane resolution). Image volumes were prepared for
analysis by removing non-brain tissue (inter-rater reliability for scalp editing procedures,
rI=0.99), correcting for intensity non-uniformity due to magnetic field inhomogeneities
(Zijdenbos and Dawant, 1994; Sled and Pike, 1998), and by reorienting each volume into the
standard position of the ICBM-305 average brain (Mazziotta et al., 1995) using a six-
parameter rigid-body transformation with no scaling (Sowell et al., 1999; Narr et al., 2004b)
to correct for head tilt and alignment. Hemispheric surfaces comprising of 65,536 surface
points were extracted (MacDonald et al., 1994) after manually separating the right from the
left hemisphere. Twenty-nine sulcal and gyral landmarks were then landmarked on each
hemispheric surface using validated anatomic delineation protocols (Ballmaier et al., 2004;
Narr et al., 2005a,b) (Fig. 1). Inter-rater reliability estimates demonstrated less than a 2 mm
root mean square (rms) difference in the matched 3D locations of sulcal landmarks traced on
six test brains relative to a gold standard arrived at by a consensus of raters.

Cortical pattern matching
To compare shape differences between the hemispheres at high-spatial resolution,
previously detailed cortical pattern matching methods (Thompson et al., 2000, 2004) were
first employed to spatially relate homologous regions of cortical surface morphology
between subjects (Narr et al., 2005a,b). Briefly, for matching procedures, a surface-warping
algorithm computes a 3D vector deformation field that records the amount of x, y, and z co-
ordinate shift (or deformation) to associate the same cortical surface locations in each
subject with reference to the average anatomical pattern of the entire study group, using the
manually derived sulcal/gyral curves as landmarks. Notably, the average anatomical pattern
represents anatomy from both hemispheres where the right hemisphere is flipped across
horizontal axis before averaging to further ensure matching of co-ordinate locations across
hemispheres. The cortical pattern matching algorithms thus reparameterize (regrid) each
hemispheric surface, without imposing any scaling, to spatially relate homologous
anatomical regions between hemispheres and across subjects.

Hemispheric shape estimates
To describe hemispheric shape, we used a previously validated ‘distance from the center’ or
DFC measure that has been used to describe local patterns of brain growth during brain
maturation and to characterize cerebral shape differences in children with fetal alcohol
syndrome (Sowell et al., 2001, 2002). This measure was adapted to assess regional shape
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asymmetries within and across groups defined by sex, handedness and schizophrenia. First,
a central point, the anterior commissure set at x=0, y=0, z=0, was located in each brain
volume. To ensure that the definition of midline was not biased to the left or to the right, this
central point was obtained after averaging the left with the right hemisphere flipped along
the horizontal axis. Radial distances (mm) were then computed from this central point to
corresponding co-ordinate locations on the lateral surface of the left and right hemispheres,
respectively, in each brain volume. DFC measures obtained at each hemispheric surface
location, spatially matched using the cortical pattern matching methods described above,
were then compared to provide quantitative measures of relative differences of hemispheric
shape within subjects at high spatial resolution. Since the central point is defined at midline,
DFC measures were not computed for medial hemispheric surface points where distances
represent shape differences in one axis only. Fig. 2 shows slice views, DFC or radial
distance measurements (middle row), and asymmetry indices computed from DFC
measures, from two individuals exhibiting typical (left), and two individuals exhibiting
atypical patterns of cerebral torque (right).

Statistical analyses
To identify relative differences in the surface morphology of the hemispheres, paired
Student’s t-tests were used to compare DFC measures obtained at thousands of equivalent
surface points between the left and right hemisphere. Results were mapped within groups
defined by hand preference, sex and diagnosis. However, since cell sizes for non-dextral
subjects were small, interhemispheric effects were examined by pooling subjects across sex
and separately, across diagnosis.

To examine between group differences in hemispheric shape, an asymmetry index [L − R/
(0.5(L+R))] was computed for DFC measures obtained at spatially equivalent hemispheric
locations in each subject. Using asymmetry indices as dependent measures, the General
Linear Model (GLM) was employed using the statistical package R
(http://www.r-project.org/) to examine effects of schizophrenia, sex and handedness while
controlling for all other factors in the model as well as for age. Two-way interactions
between handedness and sex, and between handedness and diagnosis were also examined.
Three-way interactions were not assessed given that the cell sizes for non-dextrals defined
by sex and diagnosis were considered too small to provide sufficient statistical power.
Statistical mapping results, indexed in color, were projected onto the 3D group-averaged
hemispheric surface models where an uncorrected two-tailed alpha level of p<0.01 was used
as the threshold for interpreting results.

Since statistical tests were performed at thousands of homologous cortical surface co-
ordinate points, permutation testing was used to test the overall significance of within and
between group (diagnosis, sex and handedness) effects and interactions. For within-group
analyses, the number of surface points showing significant hemispheric shape asymmetries
at a statistical threshold of p<0.01 was compared with the number of significant surface
points that occurred by chance when the left and flipped right hemispheres were randomly
assigned labels of left and right, while keeping the numbers of left and right labels the same.
For between-group analyses of shape asymmetry indices, residuals from the reduced model
for each effect were permuted, enabling the significance of each factor of interest and
interaction to be assessed while controlling for the other terms included in the model
(Freedman and Lane, 1983; Anderson and Legendre, 1999; Anderson and Braak, 2003). For
between-group permutation testing, the number of surface points that were significant for
partial regression coefficients obtained for each factor or interaction of interest using an
alpha level of p<0.05, was compared to the number of significant surface points that
occurred by chance when subjects were randomly assigned to groups in 1000 new
randomized analyses.
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Results
Statistical maps in Fig. 3 show significant differences in the relative shapes of the left and
right hemispheres within (1) dextral healthy male and female subjects (top left); (2) dextral
male and female patients with schizophrenia (bottom left); and within (3) non-dextral male
and female subjects irrespective of diagnosis (top right); and (4) non-dextral schizophrenia
and healthy subjects collapsed across sex (bottom right). The significance and the direction
of regional hemispheric shape asymmetries are indexed by the color bars shown at the
bottom of Fig. 3.

Highly significant surface expansions of the frontal lobe were observed in the right
compared to the left hemisphere in dextral subjects irrespective of diagnosis; these reflect
right-frontal hemispheric protrusions or petalias. Right frontal shape asymmetries extended
towards the posterior limits of the Sylvian fissure and included ventral portions of the
postcentral gyrus and rostral portions of the temporal lobe. A similar pattern of results was
observed in male non-dextrals, and in non-dextral subjects defined by diagnostic group.
However, right-frontal shape asymmetries were less pronounced and less spatially diffuse in
female non-dextrals (n=7).

In posterior parietal–occipital regions, radial surface expansions were greater in the left
compared to the right hemisphere in dextral subjects, reflecting the expected presence of left
occipital protrusions related to cerebral torque. Leftward shape asymmetries, however,
appeared slightly more pronounced in males than in females and in dextral subjects.
Permutation testing confirmed the overall significance of shape asymmetries in all dextral
groups (corrected p-values: p<0.05 for schizophrenia females and p<0.001 for all other
groups), and in non-dextrals (corrected p-values: p<0.01 for non-dextral male subjects, and
p<0.05 for non-dextral patients and controls) with the exception of female non-dextrals
(corrected p-value: p>0.05).

Fig. 4 shows uncorrected statistical mapping results after modeling differences in shape
asymmetry indices between groups while controlling for all other factors and age. When
comparing patients with first episode schizophrenia and healthy comparison subjects
(controlling for sex, handedness and age) (Fig. 4, top left), regional differences in
hemispheric shape asymmetries were largely below the threshold of statistical significance.
Significant differences in shape asymmetries between individuals defined according to hand
preference (Fig. 4, center) revealed some localized increases in shape asymmetries in the
vicinity of the occipital pole in dextral compared to non-dextral subjects. Shape asymmetries
appeared marginally larger in the vicinity of primary motor cortices in males compared to
females (Fig. 4, top right).

Effects of handedness did not differ significantly across diagnostic groups (Fig. 4, bottom
left). Finally, some evidence for significant hand preference by sex interactions were
observed across the frontal lobe and anterior aspects of the temporal lobe indicating
decreases of shape asymmetry in female non-dextrals relative to the other groups (Fig. 4,
bottom right). However, permutation testing failed to confirm significant global differences
in interhemispheric shape asymmetries between groups defined by diagnosis, handedness or
sex, or the presence of diagnosis by handedness and sex by handedness interactions
(corrected p-value>0.05).

Discussion
Statistical mapping results showed highly significant and regionally distinct differences in
the shapes of the two cerebral hemispheres. The patterns of shape asymmetries were similar
across sex and diagnosis and were not significantly influenced by handedness, sex or by
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diagnostic group interactions with hand preference, as determined by permutation testing.
Hemispheric shape asymmetries demonstrated features of cerebral torque that are consistent
with the well-described patterns of right-frontal and left-occipital hemispheric protrusions
documented in earlier imaging and postmortem studies (LeMay, 1976; Chui and Damasio,
1980; Bear et al., 1986; Koff et al., 1986; Zilles et al., 1996). Specifically, radial distance
measures were larger in right compared to left hemisphere frontal regions, and larger in left
compared to right occipital regions, in line with CT observations that frontal aspects of the
right hemispheres are typically wider and longer than the left, and that parietal–occipital
regions are wider and longer in the left hemisphere (LeMay, 1976; Chui and Damasio, 1980;
Koff et al., 1986). CT studies using visual categorizations and/or linear measurements from
arbitrary brain slices to estimate cerebral torque, however, frequently report that right-biased
frontal asymmetries are less frequent and distinct as compared to left-biased occipital
asymmetries (LeMay, 1976; Chui and Damasio, 1980; Bear et al., 1986; Koff et al., 1986).
Our 3D results show pronounced rightward biases of hemispheric shape across the majority
of the frontal lobes, encompassing rostral temporal and perisylvian regions, that are
strikingly similar to the patterns of frontal and parietal–occipital torque asymmetries
observed using a 3D voxel-based, as opposed to a surface-based shape metric, in a smaller
sample of male subjects (Zilles et al., 1996). Our results thus highlight the utility of
employing spatially detailed 3D measurement approaches to capture subtle geometric
features of hemispheric anatomy to describe shape asymmetries in both anterior and
posterior brain regions.

The theory of cerebral dominance proposed by Geschwind and Galaburda (1985) suggests
that there are complex relationships between handedness, sex and neuropathology.
Specifically, variations in testosterone levels linked with sex were proposed to differentially
influence the maturation rates of the two cerebral hemispheres (but see Bryden and Bulman-
Fleming, 1994, and McManus and Bryden, 1992 for a critical review of this hypothesis).
Furthermore, abnormal neurodevelopmental events interfering with left hemisphere
development are posited to alter the organization of brain lateralization and to increase the
likelihood of left-handedness and language-related disorders, particularly in males. Indeed,
lateralized brain insults occurring early during neurodevelopment have been shown to
influence the direction of speech lateralization and handedness (Woods et al., 1988), where
harmful environmental events in utero appear twice as likely to affect the left hemisphere
(Geschwind et al., 2002). There is also wide agreement that neurodevelopmental
disturbances induced by harmful genetic or environmental events contribute to
schizophrenia pathophysiology (Harrison, 1999; Bilder, 2001) with some evidence
suggesting a preponderance of left hemisphere pathology (Nopoulos et al., 1995; Gur, 1999;
Petty, 1999). Particularly, it has been posited that disturbances in lateralization constitute a
genetic and evolutionary basis for the disease, which is hypothesized to have developed in
concert with hemispheric specialization for language via a gene influencing the direction
and magnitude of cerebral dominance (Crow, 1997, 2000). A separate thesis, however,
proposes that a single ‘right-shift’ gene (RS+) accounts for speech lateralization, which is
associated with handedness, and that a genetic mutation of the right-shift gene contributes
towards schizophrenia pathophysiology (Annett, 1999).

Sex effects
Although much research has been dedicated to understanding how sex, handedness and
schizophrenia influence structural lateralization, results remain relatively mixed, particularly
at the regional level (Beaton, 1997; Shapleske et al., 1999; Toga et al., in press).
Nonetheless, empirical evidence supporting presence of greater structural asymmetries in
men compared to women are relatively well replicated in perisylvian brain regions (Wada et
al., 1975; Witelson and Kigar, 1992; Kulynych et al., 1994; Good et al., 2001; Knaus et al.,
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2004), where sex effects have also been shown to be influenced by handedness (Witelson
and Kigar, 1992; Jancke et al., 1994; Kulynych et al., 1994). Some evidence also suggests
that sex influences hemispheric torque where greater degrees of right-frontal and left-
occipital width asymmetries have been observed in men compared to women using CT data
(Bear et al., 1986). Other CT findings, however, fail to support the presence of sex
differences in right-frontal and left-occipital width asymmetries or in hemispheric length
asymmetries (Chui and Damasio, 1980; Koff et al., 1986). Similarly, sex-related changes in
hemispheric shape asymmetries were largely below the threshold of significance in our
investigation. Furthermore, although the magnitude and spatial extent of shape asymmetries
within female non-dextrals were less pronounced relative to the other groups, handedness by
sex interactions were not determined as significant after permutation testing.

Handedness effects
In spite of a paucity of data, relationships between handedness and some structural brain
asymmetries are implicated, particularly with regard to planum temporale asymmetries that
are often reported as reduced or more frequently reversed in left-handers (Steinmetz et al.,
1991; Foundas et al., 1995; Habib et al., 1995; Shapleske et al., 1999; Foundas et al., 2002;
Herve et al., 2006). The influences of hand preference on cerebral torque asymmetries are
less conclusive. In left-compared to right-handers determined by self-report, LeMay (1976)
noted that right-frontal and left-occipital hemispheric widths, and skull indentations
reflecting cortical protrusions tended to be more symmetric and/or more frequently reversed.
In partial agreement, Bear et al. (1986) revealed that left-biased occipital, but not right-
biased frontal, hemispheric width and length asymmetries were reduced in non right-handers
compared to right-handers. Conversely, Zilles et al. (1996) showed that frontal as opposed to
occipital regions were largely symmetric in left-compared to right-handers; the method for
determining hand preference was not described. Chui and Damasio (1980) failed to detect
changes in brain torque measures between right-handers and non-right-handers or between
strongly left-handed and ambidextrous individuals. Similarly, results from a large study by
Koff et al. (1986) (right-handers: 146; left-handers: 26) using positive and negative
handedness scores to dichotomize hand preference, failed to support handedness differences
in frontal and occipital hemispheric width and length measures. Although our uncorrected
statistical maps suggested reductions in shape asymmetries within occipital regions in non-
dextrals relative to dexrals, as most consistent with the 2D findings of Bear et al. (1986) who
used the same criteria to classify hand preference, regional effects did not survive
permutation testing. Interestingly, cerebral torque of hemispheric protrusions and lengths
were found reversed in otherwise healthy subjects with situs inversus (asymmetric internal
organs are on the opposite side of the body) (n=3), even though individuals were strongly
right-handed (Kennedy et al., 1999). These findings and our results thus suggest that
cerebral torque asymmetries occur through mechanisms dissociable from those affecting
handedness.

Approximately 10% of the population is left-handed (Gilbert and Wysocki, 1992; Perelle
and Ehrman, 2005) and in research studies, the sizes of study groups defined by hand
preference are almost always disparate. Likewise, in our investigation substantially fewer
subjects were determined as non-dextral, where sample sizes were smallest for female non-
dextrals. Since findings for right-handers are less disputed, and our within-group
observations of reduced shape asymmetries in female non-dextrals did not translate into
significant handedness by sex interactions, reductions in statistical power associated with
including fewer left-handed or non-dextral study participants may account for results as well
as previous discrepancies across studies. However, differences in handedness categorization
schemes may also contribute to inconsistencies in findings, as a historical debate concerning
how best to dichotomize handedness remains unresolved (Annett, 1970; Peters and Murphy,
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1992; Corey et al., 2001; Byrne et al., 2004; Dragovic, 2004). In spite of an absence of
unanimity, observations that left-handers are more inconsistent with regard to hand
preference measures than right-handers, that both left- and mixed-handers possess higher
incidences of bihemispheric language lateralization (Rasmussen and Milner, 1977; Woods et
al., 1988; Knecht et al., 2000), and based on theories concerning the origins of handedness
(Annett, 1999), there appears to be a biological basis for categorizing right-handers
separately from non-consistent right-handers (Rasmussen and Milner, 1977; Witelson, 1985;
Schachter et al., 1987; Witelson and Kigar, 1992). Notwithstanding, group differences
associated with hand preference may be underestimated when separating dextral from non-
dextral subjects and therefore by categorizing purely left- and mixed-handers together.
Differences in prior results concerning the influence of handedness on cerebral torque
measures, however, do not appear solely attributable to handedness categorization schemes.

Schizophrenia effects
Many studies have observed schizophrenia-related reductions (or reversals) in asymmetric
perisylvian regions, but negative findings are common, for review see (Toga et al., in press;
Harrison, 1999; Petty, 1999; Shapleske et al., 1999; Shenton et al., 2001; Sommer et al.,
2001). Similarly, some CT studies report significant differences in left-biased occipital
(Luchins et al., 1979; Falkai et al., 1995b) and right-biased frontal hemispheric width
asymmetries (Falkai et al., 1995b), but several investigators have failed to replicate these
findings in schizophrenia (Andreasen et al., 1982; Jernigan et al., 1982; Luchins and
Meltzer, 1983; Crow et al., 1989). A meta-analysis of five CT studies examining the
proportion of individuals exhibiting typical versus reduced/reversed torque-related
asymmetries, rather than the heterogeneous asymmetry measures themselves, however,
concluded that disturbances in the typical asymmetry patterns occur more frequently in
schizophrenia relative to normal (Sommer et al., 2001). One MRI study appears to support
this conclusion reporting reductions of occipital width asymmetries in first episode
schizophrenia patients, although hemispheric lengths were found significantly more
asymmetric in patients relative to controls (DeLisi et al., 1997). A second MRI study failed
to find differences in hemispheric width or length asymmetry indices between schizophrenia
patients and controls (Guerguerian and Lewine, 1998).

In our investigation, cerebral shape asymmetries appeared undisturbed in first episode
schizophrenia compared to normal. These results contrast with our earlier findings
suggesting reductions of cerebral torque in an independent sample of first episode patients
compared to healthy subjects (Bilder et al., 1994). Prior measurements, however, were based
on volumetric asymmetries for large parcellated regions comprising both gray and white
matter, as opposed to shape measures, and torque was quantified using a composite
asymmetry index summing volume asymmetries across different regions (Bilder et al.,
1994). These results were replicated in another sample of patients with schizophrenia and in
their first degree relatives, suggesting these findings are related to genetic risk for
schizophrenia (Sharma et al., 1999). But using the same approach to quantify volumetric
torque asymmetries, results of Bilder et al. (1994) were not replicated in a smaller
schizophrenia study (Guerguerian and Lewine, 1998). Likewise, differences in cerebral
torque, estimated using a 3D method to extract and measure local volume asymmetries, were
not shown to differ significantly between patients with schizophrenia and healthy subjects
(Mackay et al., 2003). Inconsistencies in findings concerning disturbances of torque-related
asymmetries in schizophrenia are perhaps not surprising given that measurements used to
describe cerebral torque have varied substantially across studies. Since the area or volume of
an object can be independent of that object’s shape, it seems reasonable to hypothesize that
the volume and shape of the cerebral hemispheres are only moderately related. Since
cerebral torque more closely describes 3D changes of hemispheric morphology rather than
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of volume, volume asymmetry indices may result from different underlying biological
factors. In our investigation, main effects of schizophrenia were determined after correcting
for all other factors including handedness, and diagnosis by handedness effects were not
determined as significant. Thus, it is unlikely that increases in left- and/or mixed-handedness
as have been reported in schizophrenia (Satz and Green, 1999; Dragovic and Hammond,
2005) influenced the results.

Conclusion
Subtle geometric distortions of hemispheric surface morphology manifest as right-frontal
and left-occipital shape asymmetries that characterize cerebral torque and are consistent with
the patterns of petalias. Although the magnitude, spatial extent and directions of hemispheric
shape asymmetries vary substantially between individuals, factors including sex, hand
preference or a diagnosis for schizophrenia are not shown to measurably alter cerebral
torque. Thus, hemispheric shape differences may be more closely associated with language
dominance and/or other lateralized functions in the brain that are at least partially
independent of hand preference. Alternatively, processes separate from those determining
functional lateralization of language or handedness, but which affect anatomic asymmetries
of the viscera, may influence cerebral torque (Kennedy et al., 1999). The failure to replicate
disturbances of cerebral torque in schizophrenia may reflect differences in measurement
techniques previously used to define such asymmetries. However, it may still be plausible
that disease processes in schizophrenia are lateralized resulting in disproportionate tissue
loss in one hemisphere with respect to the other, although whether localized tissue loss
relates to changes in brain shape remains to be determined. Finally, our failure to confirm
differences in hemispheric shape asymmetries between men and women does not exclude
the presence of sex effects on perisylvian asymmetries, but implies that some non-
overlapping biological mechanisms account for these asymmetries.
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Fig. 1.
Sulcal and gyral curves, which are subsequently used as anchors in warping procedures to
match anatomy between hemispheres and subjects, are shown on the extracted left
hemisphere cortical surfaces of three individuals. Detailed anatomical protocols for defining
sulcal/gyral landmarks are available at:
http://www.loni.ucla.edu/~esowell/edevel/proto.html.
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Fig. 2.
The top row shows axial brain slices from two brain volumes exhibiting the typical patterns
of right frontal and left parieto-occipital cerebral torque (left) and brain slices from two
brain volumes that show reversals in the typical patterns of cerebral torque (right). The
second row shows radial distance or DFC measurements encoded in color at thousands of
locations on the left and right hemispheric surfaces corresponding to each brain volume
above. The last row shows asymmetry indices of DFC measures projected onto the average
surface of the left and right hemisphere flipped along the x-axis for each respective brain
volume. Warm colors indicate right hemisphere biased surface expansions while cool colors
index left hemisphere biased hemispheric torque.
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Fig. 3.
Significant differences in the relative shapes of the left and right hemispheres are shown
within dextral healthy male and female subjects (top left), dextral male and female patients
with schizophrenia (bottom left), non-dextral male and female subjects collapsed across
diagnosis (top right), and non-dextral schizophrenia and healthy subjects collapsed across
sex (bottom right). The significance and the direction of regional hemispheric shape
asymmetries are indexed by the color bar.
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Fig. 4.
Statistical maps show significant effects (uncorrected) of diagnosis (top left), dextrality (top
center), and sex (top right) for hemispheric shape asymmetry indices compared at thousands
of hemispheric surface locations. The color bars encode the probability value and the
direction of regional group effects. Effects showing significant regional interactions between
diagnosis and dextrality (bottom left) and sex and dextrality (bottom right) are mapped
below.
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