
Evolutionary and developmental implications of asymmetric 
brain folding in a large primate pedigree

Elizabeth G. Atkinson1,*, Jeffrey Rogers2, and James M. Cheverud1

1Department of Anatomy & Neurobiology, Washington University School of Medicine, St. Louis, 
Missouri, 63110

2Human Genome Sequencing Center and Dept. of Molecular and Human Genetics, Baylor 
College of Medicine, Houston, Texas, 77030

Abstract

Bilateral symmetry is a fundamental property of the vertebrate central nervous system. Local 

deviations from symmetry provide various types of information about the development, evolution 

and function of elements within the CNS, especially the cerebral hemispheres. Here, we quantify 

the pattern and extent of asymmetry in cortical folding within the cerebrum of Papio baboons and 

assess the evolutionary and developmental implications of the findings. Analyses of directional 

asymmetry show a population-level trend in length measurements indicating that baboons are 

genetically predisposed to be asymmetrical, with the right side longer than the left in the anterior 

cerebrum while the left side is longer than the right posteriorly. We also find a corresponding bias 

to display a right frontal petalia (overgrowth of the anterior pole of the cerebral cortex on the right 

side). By quantifying fluctuating asymmetry, we assess canalization of brain features and the 

susceptibility of the baboon brain to developmental perturbations. We find that features are 

differentially canalized depending on their ontogenetic timing. We further deduce that 

development of the two hemispheres is to some degree independent. This independence has 

important implications for the evolution of cerebral hemispheres and their separate specialization. 

Asymmetry is a major feature of primate brains and is characteristic of both brain structure and 

function.
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INTRODUCTION

Primate brains exhibit a number of notable characteristics beyond their large relative size 

compared with other mammals. Primate brain organization is different from other mammals, 

with elaboration of specific cortical regions and neural circuits not known in other groups 

(Schenker et al. 2008; Thiebaut de Schotten et al. 2012; Rilling 2014). Human brains have 

long been known to be highly asymmetrical, which has been associated with handedness and 

hemispherical dominance for specific tasks, including language (Broca 1861; Dax 1863; 

Buxhoeveden et al. 2001; Thompson et al. 2001; Sun and Walsh 2006; Corballis et al. 2012; 

Rilling et al. 2012; Rilling 2014). Studies characterizing our closest relatives (the great apes) 

have noted the presence and effects of cortical asymmetries, but much less work has been 

done on primates beyond the hominoid clade, and with varying findings (Hopkins and 

Marino 2000; Hopkins and Rilling 2000; Phillips and Sherwood 2007; Hopkins et al. 2008; 

Balzeau et al. 2011; Fears et al. 2011; Lyn et al. 2011; Bogart et al. 2012; Sweetlove and 

Verniers 2013). Here we investigate asymmetry in cortical folding in the baboon (genus 

Papio), an Old World monkey whose neurological features have previously been examined 

(Rogers et al. 2007; Kochunov et al. 2010; Atkinson et al. 2015) but the asymmetry of which 

has not been characterized in detail.

Baboons are well situated phylogenetically to provide novel insights into human brain 

evolution. The genus Papio is evolutionarily close enough to humans that many genetic and 

developmental similarities exist (Herculano-Houzel 2009).Yet, baboons are distant enough 

from humans that they may exhibit instructive lineage-specific modifications (Zilles et al. 

2013). Our results can thus inform human evolutionary neuroscience by providing an 

independent evolutionary lineage through which to investigate the relationship between the 

developmental timing and morphological integration of the cortex, cortical folding 

asymmetry, and other features relevant to the neurobiology and neuroevolution of primates 

in general and humans specifically.

DIRECTIONAL ASYMMETRY (DA)

The two human brain hemispheres differ dramatically from each other. Consistent 

directional anatomical asymmetries have been noted in the length and depth of specific brain 

sulci, in both the frontal and occipital petalias, and in the anatomical localization of specific 

tasks to particular brain hemispheres and areas (Thompson et al. 2001; Sun and Walsh 2006; 

Im et al. 2010; Oleksiak et al. 2011). One well-documented and functionally significant 

correlate of directional brain morphological asymmetry is language (Sun and Walsh 2006; 

Corballis 2009; Keller et al. 2009; Schenker et al. 2010). Some hemispherical differences 

have been linked to asymmetric gene expression during early development (Sun and Walsh 

2006; Karlebach and Francks 2015).

Our understanding of human brain evolution will benefit from a broader perspective on the 

origin and correlates of brain asymmetry across other primate species. As the primate brain 

expanded, the volume of the cerebral cortex increased much faster than the number of 

axonal tracts linking the two hemispheres (Rilling and Insel 1999; Olivares et al. 2000, 

2001). Consequently, there would be a diminished potential for communication between 

hemispheres, resulting from fewer direct connections and an increasing delay in signal 

Atkinson et al. Page 2

Evolution. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



transmission due to the larger distance between opposite hemispheres of a bigger brain 

(Ringo et al. 1994; Olivares et al. 2000, 2001; Oleksiak et al. 2011). As evolution would 

tend to favor the most efficient neural network, it should then theoretically promote a higher 

degree of intra-hemispherical task completion and, correspondingly, a decrease in cross-

hemisphere interaction for accomplishing routine tasks. Such changes may have resulted in 

an increase in regional asymmetry across the hemispheres (Ringo et al. 1994; Hopkins and 

Rilling 2000). Detecting significant DA in the cortex of baboons might suggest that like 

humans and great apes, the two halves of the brain have also developed some degree of 

independent functionality in this species.

In statistical terms, DA, or signed asymmetry, occurs when the frequency distribution of 

right-left (R-L) differences is normal but the mean departs significantly from zero (Palmer 

and Strobeck 1992). This predictability of asymmetry direction results from genetic 

predisposition and is strongly influenced by developmental mechanisms under genetic 

control. The phenomenon of handedness in humans, where 90% of the population is right-

handed, is an example of DA and indeed has neuroanatomical correlates. Population-level 

directionality of the frontal petalia is interpreted as an indication of handedness; i.e. a trend 

towards a right frontal petalia suggests systematic right-handedness and vice versa (Hopkins 

and Morris 1993; Hopkins 1996; Hopkins and Rilling 2000; Dadda et al. 2006; Sun and 

Walsh 2006). Systematic hand preferences have been documented in baboons and other non-

human primates (Reviewed in Hopkins et al. 2011; Meguerditchian et al. 2011), though 

these preferences switch for particular tasks in contrast to the pervasive unidirectional 

handedness of humans. This task-dependency, and debate over whether one can consider 

non-humans to possess handedness at all, has introduced some uncertainty to the topic. 

Discovering DA for the frontal petalia in this baboon population would provide an 

independent neuroanatomical corroboration of behavioral evidence suggesting hand 

preference in this species.

FLUCTUATING ASYMMETRY (FA)

The second type of asymmetry, FA or unsigned asymmetry, involves random asymmetrical 

differences in an organ (Palmer and Strobeck 1992). FA is mathematically defined as the 

absolute value of the difference between measurements taken on the left and right sides of 

individuals in a population and quantifies the variability of a trait within an individual. FA is 

interpreted biologically as a measure of the influence of developmental noise, with the 

underlying assumption that, in the absence of differential developmental effects, the 

correlation between the two sides of the same organ should be 1. Since mirror-image sides 

of an organ share a genome and develop simultaneously in identical uterine environments, 

deviations from a perfect L-R correlation are considered to gauge the susceptibility of 

specific traits to developmental perturbations (Palmer and Strobeck 1986, 1992, 1997; 

Swaddle et al. 1994; Klingenberg and McIntyre 1998,Klingenberg 2003a; Leamy and 

Klingenberg 2005; Klingenberg et al. 2010).

In addition, FA sheds light on the system’s ability to produce a robust, consistent phenotype 

despite genetic variance within a population, which dramatically affects natural selection’s 

ability to shape traits (Palmer and Strobeck 1997; Klingenberg 2008). If traits have little FA, 
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they are strongly canalized and produce a consistent phenotype across genotypic differences. 

This reduces the quantitative response of a phenotype to a given selection gradient, muting 

the effects of natural selection. Though constraints are sometimes viewed as negative, 

canalization can be extremely beneficial to organisms for traits vital for survival. 

Maintaining a narrow range of possible phenotypes despite developmental disturbances or 

varying DNA sequences can prevent essential features from wandering into deleterious 

regions of phenotype space. Furthermore, developmental stability may promote evolutionary 

divergence by allowing increases in genetic variation in populations. If/when canalization is 

then disrupted, which can happen via admixture or a change in the selection gradient, there 

is more genetic diversity on which natural selection can act (Rice 1998).

Significant FA in the brain and endocranium has been documented in a number of non-

human primate species (McGrath et al. 1984; Cheverud et al. 1990; Hutchison and Cheverud 

1992; Balzeau et al. 2011). However, no study has yet investigated as large a sample size of 

Old World monkeys as is presented here. As with DA, findings concerning population-level 

FA can be generalized with implications for the evolutionary history of the cerebral cortex 

and its development beyond the baboon.

CROSS-HEMISPHERE TRAIT CORRELATIONS

We can assess whether features on opposite sides of the cortex are affected by the same 

developmental factors by looking at inter-hemispheric covariation (Cheverud 

1982,Klingenberg 2003a). Since perturbations of a developmental pathway would affect 

only those traits influenced by that pathway, variation of two traits would be random with 

respect to one another if they are produced by separate developmental modules or processes. 

If corresponding landmarks on opposite brain hemispheres are only weakly correlated, we 

can infer a difference in the factors operating to direct their development. If corresponding 

sulci are instead strongly correlated, this implies that perturbations during development are 

generating related variation in both traits, indicating they are influenced by the same 

developmental mechanisms (Klingenberg 2003b). Evolutionarily, traits affected by very 

similar sets of developmental processes would be more difficult to modify independently of 

one another, as a change in a given pathway would affect both features (Cheverud 

1982,Klingenberg 2003a,b, 2005). In this way, FA can reveal the potential for independent 

evolution of the hemispheres by providing a means to assess whether specific traits in the 

two hemispheres respond to the same developmental perturbations in similar or different 

ways.

ANTISYMMETRY

Asymmetry frequency distributions can also exhibit anti-symmetry. This is a bimodal 

pattern that indicates that one side of an organ is generally larger than the other, but which 

side is larger is random across a set of individuals. In this case, individuals are predisposed 

to be asymmetrical but the direction of asymmetry is not specified. Though anti-symmetry is 

rare in biological systems (Palmer and Strobeck 1986), it is important to rule it out from 

data, as it can skew the results of FA testing. Anti-symmetry can be detected mathematically 

by examining the frequency distribution within the sample of departures from normality 

tending towards platykurtosis.
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MATERIALS AND METHODS

STUDY POPULATION

We examined endocranial morphology in 985 pedigreed baboons (genus Papio) from the 

Southwest National Primate Research Center (SNPRC) in San Antonio, Texas. These 

animals can be linked into a single multi-generation pedigree, providing outstanding 

statistical power to detect the influence of genetic variation on phenotypic variation 

(Atkinson et al. 2015). We use the baboon taxonomic scheme that has become the 

consensus, in which Papio baboons are divided into six species (Zinner et al. 2013). Under 

this taxonomy, the SNPRC baboons we examined consist of Papio anubis, P. cynocephalus 

and their hybrids. Animals are kept in near-identical outdoor enclosures with standard diet 

and veterinary care in breeding groups of multiple females and a single adult male per 

enclosure, though some non-breeding males are kept in all male groups. For details about 

maintenance of the colony, please refer to the SNPRC website at http://txbiomed.org/

primate-research-center. This population's pedigree and microsatellite genotypes are 

available as supplemental files in Atkinson et al. (2015).

TRAIT MEASUREMENT

Trait measurements were collected on virtual endocasts created from CT scans of baboon 

skulls. A detailed description of the protocol for creating virtual endocasts and collecting 

sulcal length data can be found in Atkinson et al. (2015). For metric traits, points were 

placed along the entire length of 10 “landmark” sulci on the surface of virtual CT-based 

endocasts using the Amira 5 program (Stalling et al. 2005). Euclidean distances along each 

sulcus were calculated separately on the left and right sides. All sulci were double-measured 

on different days to quantify measurement error. The 10 “landmark” sulci measured were: 

Arcuate Rectus Spur (arsp), Central Sulcus (cs), Inferior Arcuate Rectus (iar), Intraparietal 

Sulcus (ips), Lateral Fissure (lf), Lunate Sulcus (lu), Principal Sulcus (ps), Superior Arcuate 

Rectus (sar), Superior Precentral Dimple (spcd), and the Superior Temporal Sulcus (sts) 

(Fig. 1A). After employing an extremely conservative data collection standard, the 

measurements were analyzed from a total of 770 CT scans of the left hemisphere and 800 of 

the right. Approximately 26% of measured endocasts were from males and 74% from 

females. Counts for measurements taken on both hemispheres for each trait can be found in 

Table 1.

The frontal petalia was non-metrically assessed as a separate gross indicator of asymmetry. 

The frontal petalia was defined in its original sense as the protrusion of one hemisphere of 

the brain past the other at the frontal pole. Frontal petalias were logged as present (at least 

1mm visible difference between frontal lobe protrusion) or absent (hemispheres are even at 

frontal pole), with those present categorized as left or right. Endocasts in which the frontal 

pole was poorly resolved were not scored. Cases in which the frontal petalia was omitted 

from the dataset generally involved situations where the skull was damaged.

All traits were initially screened for potentially confounding covariates: age, sex, age2, the 

interaction of age and sex, and cranial capacity (CC). Variation due to statistically 

significant covariates was removed and residual trait values used for all analyses (Atkinson 
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et al. 2015). Age was considered as a covariate because older individuals tend to be larger 

that smaller ones and thus might have longer cerebral sulci. Age-squared accounts for a 

potential non-linear relationship between aging and sulcal lengths. CC provides a control for 

allometry.

Trait distributions were also screened to ensure that they conformed to expectations of 

normality. This included ruling out anti-symmetry and platykurtosis. Screening was done on 

trait residuals after centering the distributions to remove DA. No traits exhibited 

significantly high skewness, but iar showed a statistically significant, though moderate, 

negative skew (Table 2). Kurtosis excesses were generally not high, with some 

demonstrating slight leptokurtosis and others platykurtosis. These skewness and kurtosis 

estimates fall into the range of what has been previously seen for skull and brain traits in 

primates and do not cause concern for further interpretation of asymmetry results (Hutchison 

and Cheverud 1992; Balzeau and Gilissen 2010).

ASYMMETRY CALCULATIONS

For DA, paired two-tailed Student’s t-tests were done on each of the ten metric traits to 

determine if there was a statistically significant deviation (α=0.05) from the two sides being 

of equal length. FA was assessed incorporating repeated measurements for each sulcus, 

since deviation from a side-to-side correlation of 1 could also be due to measurement error. 

As DA can also skew FA testing, measurements were centered, removing DA, prior to FA 

analysis. FA was analyzed using a nested mixed-model ANOVA with the factors of 

Individual (ID), Hemisphere, and Replicate (Hutchison and Cheverud 1992; Swaddle et al. 

1994) where repeated measurements are nested within brain hemisphere and hemispheres 

nested within individuals. The results of this nested analysis provide estimates of the amount 

of variance that can be explained by differences between individuals, between hemispheres 

within individuals (FA), and between replicates for individuals (measurement error). The 

equation specifying the ANOVA is:

The presence of FA is assessed by an F-test of the ratio of the mean square for 

Hemisphere(ID) divided by the mean square of the error for each trait. This tests if the 

variation in estimated FA between individuals is significantly greater than what can be 

explained by measurement error.

Correlations between the same sulcus on opposite sides of the brain were calculated to 

gauge the potential independence of the two hemispheres. Correlations were also calculated 

between the amount of FA present for individual traits and their embryonic day of first 

appearance (Sawada et al. 2012). The day entered was the average between the day of first 

appearance in gross anatomical dissections and fetal MRI scans. All statistical analyses were 

conducted using the R statistical package (R Core Team 2012).
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RESULTS AND DISCUSSION

FRONTAL PETALIA

We detected a significant population-level trend towards a right frontal petalia in this 

baboon population. Specifically, ~two-thirds (64.4%) of individuals scored possessed a right 

frontal petalia, 15% displayed no asymmetry, and 20.6% had a left frontal petalia (Table 

S1). An example of a typical right frontal petalia can be seen in Figure 1B. Numerous 

studies have shown that macroscopic brain asymmetries can be associated with functional 

differences in the brain (Broca 1861; Thompson et al. 2001; Hopkins and Cantalupo 2004; 

Sun and Walsh 2006). Specifically, the presence of a frontal petalia is an indication of large-

scale torque on the brain due to uneven enlargement of regions devoted to specialized tasks 

and is typically cited as tied to hand preference (Kertesz et al. 1990; Dadda et al. 2006; 

Balzeau et al. 2011; but see Phillips and Sherwood 2007). In humans, most individuals 

possess a right frontal petalia, and 90% of us are right-handed. Large-scale behavioral meta-

datasets in both captive and wild populations have found that most ape species show 

population-level trends to be right handed for the bulk of tasks (chimpanzees, bonobos), 

though hand preference shifts depending on the type of task assigned, and orangutans appear 

to generally be left-handed (Lonsdorf and Hopkins 2005; Hopkins 2006; Cashmore et al. 

2008; Hopkins et al. 2011). The systematic rightward bias in the frontal petalia in these 

pedigreed baboons is an intriguing piece of neuroanatomical support for behavioral 

indications of right hand preference among baboons for most tasks (Meguerditchian and 

Vauclair 2009; Meguerditchian et al. 2011). Intriguingly, baboons have been found to show 

more pronounced right hand preference for communication-related gestures than other types 

of movements (Meguerditchian and Vauclair 2009).

DIRECTIONAL ASYMMETRY

Every trait but cs showed statistically significant DA (Table 1). Partitioning the results by 

brain lobe, sulci are longer on the right anterior and left posterior portions of the brain. The 

only exception to this pattern is lu, which is notoriously difficult to score (Allen et al. 2006; 

Iaria and Petrides 2007) and had a limited sample size. Excluding the occipital lobe for lack 

of sufficient landmarks, there is a clear front-to-back trend over the endocasts with the 

frontal lobe having a R-L enlargement of 0.745 mm, the parietal lobe −1.42 mm, and the 

temporal lobe −5.89 mm (Table 1). The central sulcus is the apparent pivot point, its lack of 

significant DA demarcating the switch from longer to shorter folds. Raw metric trait 

measurements can be found in Table S2.

This distribution of length measurements across the cortex mirrors our petalia findings. The 

baboon brain has a characteristic pattern of torque, with lengthened folding patterns on the 

right side at the frontal pole and on the opposite hemisphere occipitally (Dadda et al. 2006; 

Hopkins et al. 2008; Balzeau et al. 2011). This means that, at this level of resolution, baboon 

cerebral organization generally matches the gross organizational pattern noted in humans 

and most apes.

Our detection of significant, systematic DA has important implications for the underlying 

control over asymmetry. Asymmetry is not completely random; instead, the baboons are 
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genetically predisposed to be cortically lopsided in a particular direction. Asymmetries in 

the human brain are a feature of our highly specialized cerebrums, with the two sides 

functioning in remarkably different ways (Schoenemann 2006; Kanwisher 2010). These 

significant DA findings are circumstantial evidence that baboons might have evolved some 

level of lateralized functional partitioning of tasks (Gómez-Robles et al. 2014; Wey et al. 

2014). Thus, baboons represent an evolutionary stage subsequent to the origin of primate 

brain asymmetry, but without the dramatic elaboration of that asymmetry as found in apes 

and humans. These Old World monkeys offer the opportunity to examine the functional 

correlates of hemisphere asymmetry without the overlay of the anatomical and functional 

elaboration underlying human language.

FLUCTUATING ASYMMETRY

Patterns of FA are informative about a variety of biological processes. From the perspective 

of developmental canalization, FA reveals how reliably an organism can produce a 

consistent phenotype in the face of various ontogenetic disturbances.F-values are used to 

assess the significance of FA. For the range of degrees of freedom here, a value over 1 is 

suggestive of significance and values approaching 2 are clear indications of significance. In 

these baboons, we found significant FA for some but not all cortical folding traits (Table 2). 

Six of the ten metric traits showed significant FA, implying that many cortical features are 

subject to a non-trivial amount of developmental noise, while four sulci did not show 

significant FA. Low amounts of population-level FA indicate that features are highly 

canalized; they do not fluctuate substantially in their final phenotypes, even in the face of 

inconsistent developmental environments. Taken together, this means that traits were 

affected in differing degrees by developmental noise, with some traits being more canalized 

than others.

Upon further examination of FA patterns, a good predictor for trait stability was the 

embryonic day on which a given sulcus emerges (Fig. 2). The four most canalized sulci are 

among the first to develop; they all are detectable before fetal day 100 (Sawada et al. 2012; 

Table S3). Indeed, among the first five sulci to appear, the only trait that has significant FA 

is sts, for which the F statistic is borderline (Table 2). Generally, baboon sulcal features 

appearing later in the developmental process are significantly more variable than early-

emerging traits, as evidenced by a highly significant correlation between trait FA and the 

embryonic day of appearance (r2 = 0.638, p = 0.008).

CROSS-HEMISPHERE CORRELATIONS

Patterns of correlation between sulci hint at the pattern of shared developmental influences 

or mechanisms. Correlated patterns of variation suggest that mirror-image sulci are being 

affected by the same perturbations during development. Here, we find moderate to low 

correlations for homologous sulci (average r2=0.172; Table 1), which implies that disruptive 

developmental effects for at least some cortical traits do not seem to span the midline of the 

brain.

In humans, increased asymmetry in homologous contra-lateral brain areas corresponds to 

fewer white matter projections physically linking the sulci (Galaburda et al. 1990). Moderate 
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to low cross-hemisphere correlations, coupled with significant FA and DA for most traits, 

imply that developmental mechanisms do not generally exert equivalent effects across the 

midline of the cerebrum. A Mantel’s test comparing the similarity between the two 

hemisphere’s phenotypic variation resulted in a non-significant, low Monte-Carlo matrix 

correlation of 0.178 (p = 0.078), further confirming the differential variability of the two 

halves of the brain in this baboon population (Atkinson et al. 2015). Altogether, this implies 

that, despite clearly interacting for many tasks and sharing much of their ontogenetic 

programs, the two hemispheres of the baboon’s cerebral cortex are not tightly constrained 

with respect to one another in terms of future evolutionary potential. It is possible that 

natural selection favoring greater asymmetry could drive further specialization and 

independence between brain hemispheres in baboons. The degree of independence between 

baboon brain hemispheres also provides another lineage’s perspective on the likely basal 

condition of hominoid brains.

CONCLUSIONS

We find several significant indications of biologically meaningful asymmetry in the cerebral 

hemispheres of baboons. This set of animals displayed a population-wide predominance for 

a right frontal petalia. These neuroanatomical data are consistent with behavioral 

suggestions of general right hand preference in baboons. Significant DA was found for 

nearly all traits in this population, indicating a genetic predisposition to cortical asymmetry. 

Significant FA for some but not all traits implies that anatomical features differ in their 

susceptibility to developmental noise. The observed differences in FA correlate with 

ontogenetic timing, with traits that appear earlier in development being more highly 

canalized and those appearing later more susceptible to environmental effects. Cross-

hemisphere sulcal correlations were generally low, implying that traits on opposite 

hemispheres can be affected by different developmental perturbations or mechanisms, 

and/or that corresponding traits on opposite hemispheres react differently to the same 

perturbation. The baboon brain thus seems to be open to the evolution of greater asymmetry. 

As far as developmental independence between the two hemispheres is concerned, natural 

selection has the potential to modify the hemispheres separately from one another.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Fully annotated CT-based virtual endocast displaying the ten landmark metric sulci on 

the individual’s left hemisphere. White lines represent the sulcal length paths collected, 

labeled with the sulcus name. (B) Fronto-superior view of an annotated CT-based virtual 

endocast showing an example of a typical right frontal petalia. Note the protrusion of the 

right hemisphere beyond the left at the frontal pole. Landmark points used in data collection 

appear as yellow dots along the sulcus curvature.
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Figure 2. 
Fluctuating asymmetry is correlated with timing in ontogeny. A high amount of FA implies 

a large amount of trait variability, and consequently more susceptibility to perturbations 

during development. Low amounts of FA suggest increased trait canalization. Timing in 

ontogeny is defined as the first embryonic day on which the sulcus was visible. r2=0.638, 

p=0.008.
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Table 1

Cross-hemisphere trait correlations, the average and difference of sulcus lengths on the left (L) and right (R) 

hemispheres, and results of paired Student’s t-tests of homologous sulci on opposite hemispheres of the brain. 

All lengths are shown in millimeters. Significant p values at α=0.05 are signified with bold text. Sulci are 

arranged from most frontal to most occipital to highlight changes in measurements across this horizontal axis.

Sulcus Trait r Avg. L Avg. R Avg. R–L t-Test p N

ps 0.632 29.5 30.0 0.45 <.001 670

sar 0.078 12.4 15.1 2.62 <.001 491

iar 0.518 29.3 30.9 1.68 <.001 621

arsp 0.388 7.75 8.15 0.398 <.001 675

spcd 0.297 18.6 17.2 −1.43 <.001 429

cs 0.585 47.9 48.0 0.08 0.823 360

ips 0.471 39.3 36.4 −2.92 <.001 541

lf 0.405 50.9 48.4 −2.52 <.001 574

sts 0.301 62.6 53.3 −9.26 <.001 507

lu 0.472 36.7 39.0 2.33 <.001 359

Avg 0.415 335 326 −8.56 0.230 522.7
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Table 2

Fluctuating asymmetry of cortical sulci. F-test results and their corresponding degrees of freedom (d.f.) are 

shown followed by the inter-individual trait variance, average percent of phenotypic variation that could be 

attributed to measurement error, and the FA value. F-test values that are clearly significant are signified with 

bold text. Values and standard errors (SE) for skewness and kurtosis of the individual R-L differences for 

metric traits are also provided. An asterisk indicates a significant, moderate skew to the distribution.

Sulcus F ratio d.f. Trait var. % error FA Skew Skew SE Kurtosis Kurtosis SE

arsp 5.50 481 3.53 11.25 2.33 0.138 0.106 0.065 0.212

cs 1.88 502 3.39 2.96 2.14 0.035 0.116 −0.012 0.232

iar 0.874 501 3.71 4.80 3.71 0.958* 0.109 −0.174 0.217

ips 1.56 300 9.26 3.93 2.93 −0.377 0.144 −1.367 0.287

lf 1.01 266 18.36 3.36 3.51 −0.393 0.158 −1.517 0.315

lu 4.97 214 7.28 4.07 3.08 −0.082 0.191 −0.446 0.380

ps 3.12 393 1.61 2.65 2.13 0.118 0.130 0.254 0.260

sar 8.31 395 27.88 7.13 4.39 0.508 0.127 −1.128 0.253

spcd 3.09 253 11.79 7.57 4.14 0.015 0.156 −0.011 0.310

sts 2.71 208 125.99 3.479 6.21 −0.454 0.194 −1.483 0.386
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