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Abstract

Structural asymmetry varies across individuals, brain regions, and metrics of cortical organization. 

The current study investigated regional differences in asymmetry of cortical surface area, 

thickness, and local gyrification, and the extent of between-subject variability in these metrics, in a 

sample of healthy young adults (N = 200). Between-subject variability in cortical structure may 

provide a means to assess the extent of biological flexibility or constraint of brain regions, and we 

explored the potential influence of this variability on the phenotypic expression of structural 

asymmetry. The findings demonstrate that structural asymmetries are nearly ubiquitous across the 

cortex, with differing regional organization for the three cortical metrics. This implies that there 

are multiple, only partially overlapping, maps of structural asymmetry. The results further indicate 

that the degree of asymmetry of a brain region can be predicted by the extent of the region’s 

between-subject variability. These findings provide evidence that reduced biological constraint 

promotes the expression of strong structural asymmetry.
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1. Introduction

Asymmetry of function is a hallmark feature of brain organization in the human cortex. It is 

sometimes claimed that structural cerebral asymmetries are small and of minor significance 

compared to strong and prominent functional asymmetries (e.g., Wey et al., 2014). If so, 

then one would need to argue that functional asymmetries arise primarily from differing 

patterns of brain activity that are subserved by similar anatomical substrates (e.g., differing 

functional connectivity networks – see Wey et al., 2014). While this is not entirely 

implausible, function tends to parallel form in many areas of biology. Hence it is worth 
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looking closely at a variety of neurostructural measures before concluding that structural 

bases of hemisphere asymmetries are lacking. Asymmetries can be found at multiple spatial 

scales (cytoarchitecture, cortical morphometrics, structural networks within and across 

hemispheres). In the current investigation, we examine asymmetries of cortical surface area, 

thickness, and local gyrification in a relatively large sample of healthy young adults. We find 

that structural asymmetries vary from region to region but are ubiquitous across all measures 

of cortical organization, suggesting that these structural features can provide a platform for 

the emergence of functional hemisphere differences.

Individual variability is an important component of biological systems. Hence, some 

significant variability in structural asymmetry is to be expected across different brain 

regions, as well as across individuals within the same region. Regional differences in 

asymmetry of surface area (Kang et al., 2012; Koelkebeck et al., 2014; Van Essen, Glasser, 

Dierker, Harwell, & Coalson, 2012) and cortical thickness (Koelkebeck et al., 2014; Plessen 

et al., 2014; Zhou et al., 2013) have been reported, and a few prior studies have reported 

between-subject variability in regional cortical volume (Kennedy et al., 1998) or thickness 

(Mueller et al., 2013). However, there has been no consideration of the relationship between 

these two indices of variation. In other words, are brain regions with high between-subject 

variability more or less likely to be strongly asymmetrical at the population level? 

Answering this question may provide insight into why some regions are more asymmetrical 

than others, as discussed further below. In the current investigation we explore both regional 

and individual variation in the morphometry of left and right cortex, and investigate whether 

the degree of asymmetry of a given region may be predicted by the extent of its phenotypic 

variation.

1.1 Prior Research on Macrostructural Asymmetries

In the modern era, consideration of structural asymmetries was initiated by Geschwind & 

Levistsky’s (1968) discovery, using post-mortem data, of prominent leftward asymmetry of 

the planum temporale. With the advent of MRI scans, these findings were replicated by 

identifying sulcal landmarks to delineate specific regions, and then manually tracing serial 

sections to estimate the surface area of the region. Using these methods, planum temporale 

asymmetries were replicated many times, and some additional perisylvian regions were 

shown to be asymmetrical (e.g., leftward asymmetry of Heschl’s gyrus, rightward 

asymmetry of the planum parietale) (Chiarello, Kacinik, Manowitz, Otto, & Leonard, 2004; 

Foundas, Leonard, & Hanna-Pladdy, 2002; Shapleske, Rossell, Woodruff, & David, 1999). 

However, the need to individually identify anatomical landmarks and manually trace each 

region on serial MRI sections precluded the analysis of asymmetries across the entire brain 

and tended to limit sample size.

Automated methods are now available to measure asymmetries across the entire cortex, 

enabling substantially larger samples to be examined. Further, surface based methods permit 

estimation of multiple aspects of cortical structure (surface area, thickness, gyrification) 

(Dale, Fischl, & Sereno, 1999; Fischl, Sereno, & Dale, 1999; Schaer et al., 2008). It is 

widely acknowledged that cortical surface area (tangential extent), thickness (radial extent), 

and gyrification (surface area folding) can vary independently of each other (Wallace et al., 
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2013), and differ in their genetic bases (Panizzon et al., 2009; Winkler et al., 2010), network 

structure (Sanabria-Diaz et al., 2010) and developmental trajectories (Hogstrom, Westlye, 

Walhovd, & Fjell, 2013; Raznahan et al., 2011). Understanding the structural basis of 

cerebral asymmetry will require exploration of asymmetries for each metric, as well as how 

the various indices of asymmetry relate to each other.

Two general approaches have been used to examine asymmetries across the entire cortex.1 

In one approach, point-to-point comparisons across left and right hemispheres are made 

which requires complex matching algorithms to determine corresponding points despite 

hemisphere differences in cortical surface anatomy (Luders et al., 2006; Plessen et al., 2014; 

Van Essen et al., 2012). After correction for multiple comparisons, a whole-brain asymmetry 

map is then constructed. Here measurement precision is optimized, but quantitative values 

for asymmetry of specific regions are not provided. A second approach uses sulcal 

boundaries to independently demarcate regions within each hemisphere, and then left/right 

asymmetries are computed for each a priori identified region (Koelkebeck et al., 2014). This 

second approach is similar to traditional anatomical methods, but eliminates the need for 

human identification of anatomical regions and manual measurements. The FreeSurfer 

analysis suite (Dale et al., 1999; Fischl et al., 1999; Fischl, Sereno, Tootell, & Dale, 1999) 

provides a standardized method for parcellating the cortex, simplifying quantitative 

comparisons across studies with reference to common anatomical atlases (Desikan et al., 

2006; Destrieux, Fischl, Dale, & Halgren, 2010). However, the sulcal boundaries used to 

parcellate the cortex may not represent the optimal means to reveal regions with differing 

asymmetries, as values are summed or averaged across all vertices/voxels within each 

region. Nevertheless, although early cytoarchitectural work emphasized the lack of 

correspondence between cytoarchitectural and sulcal boundaries (Amunts et al., 1999), more 

recent findings indicate that, for many brain regions, sulci boundaries provide reasonable 

indications of cytoarchitectural transitions (Fischl et al., 2008; Weiner & Ziles, 2015).

Van Essen et al. (2012) examined surface area asymmetries on a point-to-point basis from a 

variety of published data sets (various age groups) and noted statistically significant 

asymmetries across approximately 2/3 of the cortex. Leftward asymmetries included 

posterior perisylvian regions, ventromedial and anterior temporal areas, insula, mid-to-

posterior cingulate, medial and lateral parietal, and some lateral frontal regions. Prominent 

rightward asymmetries were observed near the angular gyrus and dorsomedial prefrontal 

cortex with additional rightward asymmetries in lateral temporal, occipital, and orbitomedial 

prefrontal cortex.

Three additional studies employed varying methods to investigate point-to-point cortical 

thickness asymmetries across the entire adult brain. Luders et al. (2006) examined 60 young 

adults and observed thicker left than right cortex in the ACC, anterior temporal and 

prefrontal cortex, precentral and supramarginal gyri. Rightward thickness asymmetries were 

observed in the IFG, lateral posterior ITG, precuneus and lingual gyrus. Two other 

1Volumetric approaches have also investigated brain-wide structural asymmetries (e.g., Watkins et al., 2001). However, because 
cortical volume is the product of surface area and thickness that have independent biological bases, we limit our review to prior 
surface based studies.
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investigations examined age-related changes in cortical thickness asymmetry from childhood 

to late middle age (Plessen et al., 2014; Zhou et al., 2013). Both studies found region-

specific changes in asymmetry with age, however the presentation of the data does not allow 

regional comparisons of their young adult participants to those studied by Luders et al., 

(2006) or the current investigation.

Several previous studies have reported automated parcellation-level asymmetries within 

specific regions of interest (e.g., surface area of language areas - Chiarello, Vazquez, Felton, 

& Leonard, 2013; thickness and surface area of auditory cortex Meyer et al., 2014). Only 

one prior study has investigated surface area and cortical thickness asymmetries across the 

entire adult brain using an automated parcellation approach (Koelkebeck et al., 2014). In this 

study MRI scans from 101 Japanese individuals (mean age 33.3 yrs) were parcellated into 

33 brain regions using the Desikan et al. (2006) atlas. In this study leftward surface area 
asymmetries were found in the pars opercularis, Heschl’s gyrus, temporal pole, and 

entorhinal cortex, and lateral occipital cortex, postcentral gyrus, SFG, caudal MFG, and 

rostral ACC. Rightward area asymmetries were observed in the IFG, several medial regions, 

MTG, inferior parietal and frontal pole. For cortical thickness, leftward asymmetries were 

found through most regions of the cingulate cortex, and rightward asymmetries were 

obtained in the IFG, several temporal regions (temporal pole, STS, MTG, Heschl’s gyrus), 

as well as entorhinal and lateral occipital regions. Negative correlations were obtained 

between surface area and thickness asymmetries in many regions. This study demonstrated 

that surface area and cortical thickness yield differing, and often opposing, patterns of 

asymmetries, implying that that more than one neurobiological mechanism may underlie the 

lateral organization of the brain. Unfortunately, the parcellation scheme employed by 

Koelkebeck et al. (2014) did not yield a separate measure for the planum temporale, nor for 

gyral vs sulcal cortex that are known to differ anatomically (Deng et al., 2014; Fischl & 

Dale, 2000; Nie et al., 2012).

Prior studies document surface area and cortical thickness asymmetries throughout the adult 

cortex, although variations in methods and subject populations make comparisons across 

studies difficult. Only one investigation explored two metrics of cortical structure in the 

same group of participants (Koelkebeck et al., 2014), permitting cross-metric correlation of 

asymmetry. Furthermore, gyrification asymmetries have not been thoroughly explored. 

Although gyrification increases as cortical surface area expands, both phylogenetically and 

ontogenetically (Zilles, Palomero-Gallager, & Amunts, 2013), there is evidence that groups 

can differ in regional gyrification, despite having similar surface area in the same regions 

(Wallace et al., 2013; McDowell et al., in press). Hence, it is important to independently 

investigate surface area and gyrification asymmetries. The current study investigates surface 

area, thickness, and gyrification asymmetries in the same sample of healthy young adults 

using a regional parcellation approach.

1.2 Prior Research on Regional Differences in Variability of Cortical Morphometry

Individual differences in cortical morphometry are sometimes dismissed as “noise” – 

perhaps reflecting measurement error or insignificant variability around the population 

mean. However, there is increasing recognition that such variation is meaningful and 
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important for understanding the neural bases of individual differences in function, behavior, 

and risk (Kanai & Rees, 2011; Zilles & Amunts, 2013). In addition to promoting better 

understanding of individual differences, the extent to which the anatomy of a given brain 

region varies across persons may provide a metric of biological flexibility and constraint 

during lifelong brain development. Three prior studies have investigated regional differences 

in cortical structure variability (Hill et al., 2010; Kennedy et al., 1998; Mueller et al., 2013).

In an early investigation, individual variability of cortical volume was determined from a 

sample of 20 young adults (Kennedy et al., 1998). The cortex was manually divided into 48 

parcellation units, which generally corresponded to major gyri. The coefficient of variability 

(CV) was reported for each parcellation [CV range: 11.1 (insula) to 49.0 (occipital pole)], 

but regional differences in this variability were not discussed. However, the authors 

determined that overall brain volume or measurement error (inter-rater reliability) were very 

small contributors to the variation of parcellation volume. These findings support the claim 

that the extent of between-subject variability varies substantially from region to region. 

However, there are several factors that limit the generalizability of the findings. First, the 

sample size was very small, making it unlikely that the variability estimates index the true 

range of population variance. Second, because cortical volume is the product of thickness 

and surface area, it is unclear how much each component contributes to the volumetric 

variance. Since cortical thickness and surface area have differing genetic bases and 

developmental trajectories (Hogstrom et al., 2013; Panizzon et al., 2009; Winkler et al., 

2010), it is reasonable to expect that they may also differ in the extent and regional 

distribution of between-subject variability. Third, the parcellation scheme employed in this 

study is not widely used, making comparisons across studies difficult.

Hill et al. (2010) reported variability of sulcal depth (one measure of gyrification) in 10 

newborn infants and compared this to published data on 12 adults (Van Essen, 2005). The 

pattern of sulcal depth variability was similar in both age groups, and was greatest in lateral 

parietal, temporal, and prefrontal regions. A more recent study examined cortical thickness 

and sulcal depth variation as part of an investigation of individual variability in functional 

connectivity (Mueller et al., 2013). Vertex-level analyses of thickness and sulcal depth 

variability were conducted in a sample of 23 middle-aged adults. Although formal 

comparisons were not done, the regional distribution of variability for these two measures of 

cortical structure appeared quite different (see Mueller et al., 2013, Figure 4). Medial frontal 

and parietal regions as well as lateral temporal cortex had high between-subject variability 

for cortical thickness, whereas sulcal depth variability was high for lateral prefrontal and 

temporal-occipital regions. Interestingly, sulcal depth variability correlated positively with 

variability in resting state functional connectivity, while thickness variability did not. The 

authors suggest that higher variability in later maturing association cortex may reflect 

increased exposure to varying environmental experiences.

These prior studies indicate that the extent of individual variability in brain structure is not 

uniform across the cortex, and also hint that variability within a given region may differ 

depending on what aspect of cortical organization is being measured. However, strong 

conclusions about the extent of individual variability must be tempered given the very small 

sample sizes used. In addition, the relationship between variation in cortical surface area, 
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thickness, and gyrification has not been adequately addressed. Finally, whether or not this 

variability is associated with asymmetry is unknown. We now explore why this association 

may be meaningful for our understanding of the biological basis of cerebral asymmetry.

1.3 Potential Associations Between Individual Variability and Structural Asymmetry

Current research indicates that while cortical structural asymmetry is present at birth, it 

changes across the lifespan (Nie et al., 2013; Plessen et al., 2014). These changes no doubt 

reflect gene X environment interactions as, in the proper environment, genetic variation can 

either be expressed or suppressed (e.g., Oleksiak & Crawford, 2012). In addition, 

experiences and learning can sculpt brain structure and the nature of these experiences will 

differ across individuals. One question to be explored in the current investigation is whether 

there is any necessary relationship between the degree of structural asymmetry and the 

extent of individual variability in cortical organization. That is, are brain regions with greater 

individual variability more or less likely to be strongly asymmetrical? This is an interesting 

question because the extent of individual variability may be an index of biological 

constraint: highly constrained brain regions will be more resistant to change and tend to 

limit the extent of phenotypic variation (Olek & Crawford, 2012; Meiklejohn & Hartl, 

2002). To the degree that this is true, we can then examine whether structural asymmetry is 

associated with high or low biological constraint. There are several possible outcomes.

One possibility is a positive association between individual variability and asymmetry the 

most variable brain regions also have the largest asymmetry. This outcome would suggest 

that in regions with less constraint, the hemispheres would be more free to develop 

independently resulting in hemisphere differences in connectivity, pruning, etc. In more 

highly constrained brain regions, the hemispheres would be less likely to vary independently 

thereby reducing asymmetry. A second possibility is a negative association between 

variability among individuals and asymmetry – the least variable regions evidence the 

greatest asymmetry. This could be the case if structural asymmetry is a strongly canalized 

trait, one that is resistant to change (i.e., buffered) regardless of variation in the environment 

or genotype (Siegel & Bergman, 2002; Waddington, 1957). Under this scenario, brain 

regions with less constraint (higher variability) would tend to be less asymmetrical. This is 

because with less constraint, genetic and environmental variation would be more able to 

influence brain organization and “deflect” it away from a developmental pathway favoring 

asymmetry, and towards more symmetrical organization. A final possibility is that there is 

no necessary relationship between asymmetry and between-subject variability. In this case, 

regions would have greater or lesser asymmetry for reasons unrelated to the degree of 

biological constraint. Of course, this third possibility represents the null hypothesis, 

precluding any strong interpretation. By examining the relationship between variability and 

asymmetry, then, we may be able to shed light on factors that promote or resist the 

phenotypic expression of strong cerebral asymmetry.

1.4 Outline of the Current Study

This study had several objectives. First, we wished to identify the extent of regional 

asymmetries across the entire cortex for three different indices of cortical organization: 

surface area, thickness, and local gyrification. No prior study has explored all three measures 
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in a relatively large sample of healthy young adults. We employed a readily available 

parcellation scheme (Destrieux et al., 2010) that will enable future comparisons across large-

scale databases such as BIL&GIN (Mayozer, et al., 2015). This approach can reveal whether 

structural asymmetry is a general feature of the human cerebral cortex, or whether it is 

specific to relatively few regions (e.g., those recognized as having strong functional 

asymmetries). In addition, we examined whether association areas are more structurally 

asymmetrical than unimodal cortex and whether key nodes of the left functional language 

network are similarly lateralized. Second, because each cortical metric represents a different 

organizational feature of the cortex, we investigated the relationship of these asymmetries to 

each other within the predefined cortical parcellations. Uncorrelated asymmetries may 

indicate that the neurobiological factors underlying asymmetry within a given region are 

independent. Third, we also sought to identify the extent of between-subject variability 

across brain regions using the same three measures of cortical structure with a large enough 

sample size to obtain robust estimates of variation. We also examined whether the current 

data would substantiate prior claims that high variability regions predominate in association 

rather than unimodal cortex (Hill, et al., 2010; Mueller, et al., 2014). Finally, we investigated 

the relationship between degree of asymmetry and the extent of between-subject variability 

in order to examine the role of biological constraint on the expression of regional structural 

asymmetry.

2. Method

2.1 Participants

Two hundred university student volunteers (100 male) participated, receiving $100 

compensation (mean age = 21.6 years; range 18–34). They were recruited as part of the 

Biological Substrates for Language project (Chiarello et al., 2009; Leonard et al., 2008). In 

order to recruit a sample that represented the typical range of laterality, participants were 

free to enroll regardless of handedness. Subjects with a history of brain injury or disease or 

conditions incompatible with an MRI scan were excluded. A neuroradiologist reviewed all 

scans for pathology, and four additional participants were excluded from the final sample 

due to abnormal findings on the MRI. All participants were native English speakers with 

normal or corrected-to-normal vision. Handedness 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). Mean handedness score for 

our sample was +.71 (median = +.90), and 26 of the 200 participants (12 female) had left or 

no hand preference.

2.2 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 time 4.36 min). Cortical reconstruction and volumetric segmentation was 

performed using the FreeSurfer v 4.5 analysis suite (Dale et al., 1999; Fischl et al., 1999a,b) 

that 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 
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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 400 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. 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 independently for the left and right hemispheres, using the atlas of Destrieux et al. 

(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)2. The 

individual surfaces are nonlinearly warped back into individual subject space prior to 

analyses (Destrieux et al., 2010).

Cortical surface area (pial area), and thickness values were automatically extracted for left 

and right hemispheres by the FreeSurfer software. Surface area within each parcellation is 

calculated by adding the surface area of all faces of the triangulated mesh. Regional 

measures for thickness and local gyrification (see below) are obtained by averaging the value 

the vertices within each parcellation. 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 et al., 2012).

The extent to which the cortex is folded can be measured in several ways, with common 

approaches examining either the depth of (selected) sulci (Mueller et al., 2013) or a relative 

gyrification index (Zilles, Armstrong, Schleicher, & Kretschmann, 1988; Schaer et al., 2008) 

that compares the total cortical surface area to the extent of cortex on the exposed outer 

surface (larger numbers indicate greater extent of buried sulcal cortex). We utilized the latter 

approach. Local gyrification will increase with both the number and depth of sulci and as 

such is a measure of cortical complexity, whereas sulcal depth is singular dimension of 

folding (Schaer et al., 2008). A 3D local gyrification index (LGI) was computed using the 

procedures outlined by Schaer et al. (2008). This calculation 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. 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.

2The following 6 parcellations were omitted from consideration due to their low concordance with measures obtained from skilled 
neuroanatomists (Destrieux et al., 2010): transverse frontopolar gyri/sulci, orbital part of inferior frontal gyrus, subcallosal gyrus, 
sulcus intermedius primus (of Jensen), anterior occipital sulcus and preoccipital notch, suborbital sulcus.
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2.3 Statistical Analyses

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. 

Note that asymmetry coefficients (ACs) are relative indices, allowing us to compare 

asymmetries across different anatomical measures. Univariate t-tests were used to assess 

whether regional asymmetries were significantly different from zero. Reported p-values 

were FDR corrected at p < .05 (Benjamini & Hochberg, 1995) to adjust for multiple 

comparisons. We also examined the correlation of the AC across metrics within each 

parcellation (i.e., surface area/thickness, surface area/LGI, thickness/LGI). FDR-corrected 

Pearson correlations were computed across each participant’s AC for each pair of metrics.

The coefficient of variation (standard deviation/mean) was used to estimate the extent of 

between subject variability since it can be readily compared between measures with very 

different means (Bedeian & Mossholder, 2000). The coefficient of variation (CV) is 

appropriate only for ratio-scale variables that have a naturally occurring fixed zero-point 

(Bedeian & Mossholder, 2000). For this reason, CV was computed separately for left and 

right hemisphere cortical measures, but not for the asymmetry coefficient. Pearson 

correlations examined the strength of association of CV between the 3 cortical measures, 

and these coefficients were statistically compared via the method of Lee & Preacher (2013).

To examine the correlation of degree of asymmetry and variability across regions, within 

each parcellation we first obtained the absolute value of each participant’s asymmetry. These 

unsigned asymmetry values were then averaged across participants within the parcellation, 

and that value was paired with the CV for the region. The Pearson correlation was then 

computed across the 68 brain regions.

3. Results

3.1 Regional Asymmetries in Cortical Surface Area, Thickness, and Local Gyrification

Figure 1 displays the t-values that examined the significance of regional asymmetries for 

cortical surface area (A), thickness (B), and local gyrification (C). Mean asymmetry 

coefficient and relevant statistical data for each parcellation are given in Supplementary 

Table 1. Abbreviations used for the brain regions are defined in the Appendix. We first 

describe the asymmetry findings for each cortical metric and then note some preliminary 

generalizations.

For surface area (Figure 1A) leftward asymmetries were observed for much of the 

dorsolateral prefrontal cortex (including most of the IFG/S) extending to dorsomedial 

prefrontal, anterior insula, superior temporal (including HG and PT), inferior temporal and 

inferomedial temporo-occipital (including ITG/S, lingual gyrus/sulcus and calcarine sulcus), 

anterior dorsolateral parietal (including SPG, SMG, and postcentral gyri), and posterior 

cingulate. Rightward surface area asymmetries were found in much of the orbitofrontal 

cortex, anterior to midposterior cingulate, MTG and STS extending posteriorly to angular 

gyrus and IPS, and posteromedial occipital and parahippocampal regions. Thus, greater left 

than right surface area was observed for perisylvian language regions, although adjacent 

language-relevant cortex (MTG, angular gyrus) had greater right surface area.
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As a check on the reproducibility of our findings, we were able to compare the current 

surface area asymmetry data to that reported by Kang et al. (2012). They examined a sample 

of 138 right-handed young adults (69 female) and reported the mean LH and RH values for 

each of the Destrieux et al. (2010) parcellations. Using their published means, we computed 

hemisphere asymmetries for each parcellation as per the current study. The correlation of 

asymmetries across the two investigations was very strong, r = .914, p < .00001, indicating 

that the methods employed in the current study are robust and reproducible.3

Cortical thickness asymmetries were smaller and somewhat less numerous than surface area 

asymmetries. Much of the medial frontal and parietal cortex was thicker in the left, than the 

right hemisphere, as was the central sulcus. Rightward asymmetries included virtually all of 

the temporal lobe, inferior parietal (including SMG and AG), lateral and medial occipital 

(including IOG/S, MOG, calcarine sulcus, cuneus), and several lateral and orbito-frontal 

regions (including IFG/S, MFG, and much of the orbitofrontal cortex).

Leftward local gyrification asymmetries were observed in middle and inferior temporal 

cortex (STS, ITG/S, MTG, fusiform, parahippocampal gyri), and lateral paracentral regions 

(pre- and postcentral gyri, central sulcus) extending posteriorly to include the supramarginal 

gyrus, and anteriorly to include IFS and pars triangularis. Rightward asymmetries included 

medial frontal (SFG, anterior/midanterior cingulate), parietal (precuneus, posterior 

cingulate, POS, subparietal sulcus), and occipital (SOG, lingual gyrus, cuneus, calcarine 

sulcus, occipital pole) regions, as well as the planum temporale and pars opercularis.

Inspection of these data permits several generalizations. First, structural cortical 

asymmetries are ubiquitous. Of the 68 regions we examined, 64 had significant asymmetries 

for surface area, 48 for thickness, and 44 for gyrification. Every parcellation was 

asymmetrical for at least one cortical measure. Clearly left/right asymmetries are the rule, 

rather than the exception, when one examines various indices of cortical morphometry. 

However, regional surface area asymmetries are most prominent in size and frequency, with 

a larger range of asymmetries (AC range −.386 to + .320) than either thickness (−.140 to + .

094) or LGI (−.073 to +.045).

Second, there is no necessary relationship across the 3 metrics in the presence or direction of 

asymmetry. Only 6 regions had significant asymmetries in the same direction across the 3 

measures. The central sulcus was consistently leftward asymmetrical. Five other regions 

were consistently rightward asymmetrical: the posterior ramus of the lateral sulcus, the 

midanterior cingulate gyrus/sulcus, and 3 adjacent medial to posterior occipital regions 

(cuneus, SOG, POS). In general, however, statements about the direction of asymmetry of a 

given region must take into account the particular metric of cortical organization. For 

example, the well-known leftward asymmetry of the planum temporale reflects greater left, 

than right, surface area (Shapleske et al., 1999). We replicated this asymmetry for surface 

area (AC = +.176), but also found that the right planum was significantly thicker than the left 

(AC = −.041), and also had greater local gyrification (AC = −.014).

3Only 3 of the 68 parcellations we examined had asymmetries that reversed in direction across studies (ventral posterior cingulate, 
temporal pole, lateral occipital temporal sulcus). For these regions, we observed significant leftward asymmetries while Kang et al. 
(2012) obtained rightward asymmetries.
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3.2 Asymmetry Correlations Between Cortical Indices

Although, as noted above, asymmetries differed across the 3 cortical measures, this need not 

preclude associations within at least some regions. To investigate this, within each 

parcellation we examined correlations of asymmetry scores between each pair of cortical 

indices. Figure 2 displays the significant correlations (see Supplementary Table 2 for 

statistics by region), and indicates that for relatively few regions were asymmetries 

correlated across cortical measures.

Although asymmetries for surface area and local gyrification were not correlated across 

much of the cortex, when associations were present they were usually positive (Figure 2A). 

These positive asymmetry associations predominated in sulci within dorsolateral frontal 

(SFS, MFS, central) and posterior medial (parieto-occipital, calcarine, marginal cingulate 

sulci) cortex, as well as ITG/S and superior parietal gyrus.

When area and thickness asymmetries were associated, they were generally negatively 

correlated (Figure 2B). These opposing asymmetries occurred primarily in gyral, rather than 

sulcal, cortex and included all major frontal lobe gyri, lateral (SMG and SPG) and medial 

(precuneus, posterior cingulate) parietal, insula, and inferomedial temporal occipital 

(cuneus, fusiform, lingual gyri) regions. We did not replicate the few regions that 

Koelkebeck et al. (2014) found to be positively correlated, but we did replicate the major 

regions they found to be negatively correlated. It is interesting to note that the area/thickness 

and area/LGI asymmetry association maps are in a near complementary relationship: most 

regions with significant area/thickness asymmetry correlations did not evidence asymmetry 

correlations between area and LGI, and vice versa.

Similarly, thickness and local gyrification asymmetries, when correlated, were nearly always 

negatively related (Figure 2C). These opposing asymmetries predominated in dorsolateral 

and medial frontal (MFG/S, SFG/S, anterior and middle cingulate) and parietal (AG, SPG, 

precuneus, subparietal sulcus) regions, midlateral temporal (MTG/S, temporal pole), and 

Heschl’s gyrus. These regions partly overlapped with those showing negative correlations of 

surface area and thickness asymmetries.

3.3 Between-subject Variability and Relationship to Asymmetry

Figure 3 displays the coefficient of variation for surface area (3A), thickness (3B), and local 

gyrification (3C) for the right hemisphere; Figure 4 shows the same data for the left 

hemisphere. The coefficients of variation for each parcellation are given in Supplementary 

Table 3. As indicated, there are substantial regional differences in between-subject 

variability. There was approximately a 3-fold difference in variability between the least and 

most variable regions for each metric (surface area CV range 10.58–33.92; thickness 4.54–

15.35, LGI 4.05–11.91). However, in general, regions with high variability in the left 

hemisphere also were highly variable in the right hemisphere. The CV correlations across 

hemispheres were substantial: surface area r = .905, thickness r = .904, local gyrification r 
= .928 (p < .0001). Across both hemispheres, CV was larger for surface area than for either 

thickness, t(134) = 23.78, p < .0001, or LGI t(134) = −5.84, p < .0001.
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For surface area (Figures 3A, 4A), regions with relatively high variability included anterior 

inferior frontal and inferior temporal cortex, medial parietal (subparietal sulcus, posterior 

cingulate) and lateral occipital regions, and the superior temporal plane (including HG). 

Areas with the lowest surface area variability included paracentral cortex, lateral superior 

and middle temporal regions, and the SFG.

For cortical thickness (Figures 3B, 4B), high variability regions included the PT and HG 

(and adjacent transverse temporal sulcus), inferior temporal occipital and orbitofrontal sulci, 

and the anterior lateral fissure. The following regions had relatively low variability in 

cortical thickness: middle and superior frontal (SFG/S, MFG, IFS), central sulcus and 

precentral gyrus/sulcus, ITG, STS, SMG, AG, pars opercularis, anterior insula and 

precuneus.

High variability local gyrification areas (Figures 3C, 4C) included the entire insula and 

surrounding sulci, adjacent IFG and anterior lateral fissure, HG and lateral STG, and medial 

parietal occipital areas. Areas with relatively low gyrification variability included paracentral 

cortex, SFG, inferior temporal (fusiform, PHG, ITG), lateral parietal (AG, SPG), and 

anterior cingulate cortex.

We note that there is not a clear distinction in the amount of variability between unimodal vs 

association areas. One the one hand, primary somatomotor cortex (pre- and postcentral gyri, 

central sulcus) had relatively low variability across all 3 cortical metrics. However, primary 

auditory (HG) cortex had very high variability for all measures, and primary visual cortex 

(calcarine sulcus, cuneus) had intermediate values for CV. Similarly, association cortex 

included both regions with high (pars triangularis, anterior lateral fissure) and low-to-

intermediate (SFG, MTG, SMG) between-subject variability (see Supplementary Table 3).

Table 1 provides the correlations of CV between each measure of cortical structure, by 

hemisphere. All correlations were positive suggesting that highly variable regions for a given 

cortical metric tend to also be highly variable for the other metrics. As indicated, individual 

variability was most strongly correlated for surface area and thickness, for both hemispheres 

regions with high surface area variability also tended to have high variability in cortical 

thickness (see Figures 3A/3B, 4A/4B). These correlations were significantly greater than the 

correlations of thickness and LGI variability, (LH: Z = 2.40, p < .02; RH: Z = 2.46, p < .02), 

and the surface area/LGI correlations (LH: Z = 2.04, p < .05; RH: Z = 1.85, p = .06).

Scatterplots for the correlations between variability and asymmetry are given in Figure 5. As 

is evident, there are strong positive correlations between the degree (absolute value) of 

asymmetry and the extent of between-subject variability, for all 3 measures of cortical 

structure: regions with high variability evidence larger asymmetries than regions with low 

variability. This was found both for left hemisphere variability (Surface Area r = .467, 

Thickness r = .852, LGI: r = .581) and right hemisphere variability (Surface Area r = .518, 

Thickness r = .814, LGI r = .645), all p’s < .0001. The asymmetry/variability correlation was 

significantly larger for thickness than for either surface area (LH: Z = −4.32, p < .0001; RH: 

Z = −3.22, p < .01) or LGI (LH: Z = 3.42, p < .001; RH: Z = 2.12, p < .05). No relation 

between variability and asymmetry was found when CV was correlated with signed 
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asymmetries (r’s between −.014 and −.236, all nonsignificant). Hence, there is a regular 

relationship across brain regions between variability and the magnitude (but not direction) of 

structural asymmetry.

4. Discussion

Structural asymmetry is the norm, rather than the exception, in the human cerebral cortex. In 

a relatively large sample of healthy young adults, we documented significant structural 

asymmetry across most regions of the cortex whether surface area, thickness, or local 

gyrification was measured. Contrary to the claim that structural asymmetries are few and 

insignificant (Wey et al., 2014), asymmetrical organization predominates in the healthy adult 

brain. The same structural indices of cortical organization demonstrated regional differences 

in between-subject variability. Importantly, the extent of between-subject variation predicted 

the degree of asymmetry of a region. If such variability is an indicator of biological 

constraint, then this finding implies that asymmetries will be most prominent in regions that 

have the greatest structural plasticity. Before interpreting our results, we briefly review what 

is known about the neurobiological bases of variations in surface area, thickness, and 

gyrification, in order to better interpret differential asymmetries for these measures. We then 

discuss specific findings in detail, consider the limitations of the current study, and offer 

suggestions for future investigations.

4.1 Neurobiological Bases of Cortical Structure Indices

Although the specific neurobiological interpretation of each cortical metric is still unsettled, 

several proposals have empirical support. For example, across many, but not all, regions 

there is an inverse relationship between neuronal density and cortical thickness (la Fougère 

et al., 2011) – thicker areas have reduced neural density, most likely due to increased 

number of dendrites and synapses per neuron (Wagstyl, Ronan, Goodyer, & Fletcher, 2015). 

In addition, cortical thinning that occurs in later childhood and adolescence is generally 

associated with white matter expansion and increased axonal organization in the same 

regions (Alemán-Gómez et al., 2013; Vandekar et al., 2015). This suggests that in many 

regions cortical thickness is associated with variations in cortical connectivity. Variations in 

surface area are influenced by the number and spacing of cortical columns (Rakic, 1995). 

Cortical columns are not added after birth, yet surface area expands dramatically during 

childhood (Hill et al., 2010). Hence, surface area variations will be strongly influenced by 

columnar spacing and expansion of neuropil between columns. Supporting this 

interpretation Buxthoeveden et al. (2001) demonstrated that minicolumns in the human left 

planum temporale were wider and separated by increased neuropil space relative to the right 

hemisphere. There may also be a white matter contribution to expansion of surface area, 

when this is associated with cortical thinning. According to the “balloon” model, expansion 

of underlying white matter results in stretching and thinning of the overlying cortex, 

increasing surface area and decreasing thickness (Hogstrom et al., 2013; Seldon, 2005; 

Vandekar et al., 2005).

Gyrification has been attributed to both gray and white matter processes. One theory holds 

that differential tangential surface expansion (faster growth of one region relative to an 
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adjacent one) causes the cortex to fold (Xu et al., 2010; Ronan et al., 2014). Alternatively, 

mechanical tension produced by growth of axons may pull together strongly interconnected 

regions, producing cortical folds and thereby reducing wiring length (Van Essen, 1997). 

Another white matter theory posits that developing connections in some cortical regions 

“push” outward in a tangential direction to form gyri (H. 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 et al., 2013). Variations in local gyrification may also 

reflect the extent to which local vs distant connections predominate in a region (Deng et al., 

2014). Although major sulci are present at birth, gyrification continues to increase until at 

least 2 years of age, and is developmentally distinct from expansion of surface area (G. Li et 

al., 2014). Hence, some dissociations between surface area and gyrification are to be 

expected. Because the neural bases may vary across cortical regions, this suggests that no 

single interpretation of the cellular basis of variations in surface area, thickness, or 

gyrification will suffice. However, examination of how asymmetries vary across multiple 

cortical measures may provide hints about underlying neurobiological factors.

4.2 Regional Asymmetries in Cortical Surface Area, Thickness, and Local Gyrification

Above we noted the strong quantitative consistency of our surface area asymmetry results 

with those found by Kang et al. (2012) who also employed the same parcellation methods. 

Although precise comparisons with other prior asymmetry studies are not possible due to 

differences in methods and parcellation approaches, our findings broadly replicate several 

previous reports. With respect to surface area, we replicated the Van Essen et al. (2011) 

findings of leftward asymmetry of posterior perisylvian and lateral prefrontal regions, 

anterior insula, temporal pole, posterior cingulate, SMG, SPG, lingual gyrus/collateral 

sulcus, and rightward asymmetry of angular gyrus, MTG, STS, MOG. Likewise, our 

findings comport with the leftward surface area asymmetry of SFG, MFG, HG, pars 

opercularis, temporal pole, and postcentral gyrus obtained by Koelkebeck et al. (2014), as 

well as their rightward asymmetry of AG, pericalcarine cortex, and MTG. With respect to 

cortical thickness, our asymmetry findings replicate virtually all of the significant 

asymmetries reported by Koelkebeck et al. (2014) (leftward: ACC; rightward: IFG, HG, 

temporal pole, MTG, STS, lateral occipital cortex). However, relative to Koelkebeck et al. 

(2014), the current study also observed additional areas of significant asymmetry for both 

surface area and thickness, perhaps attributable to our larger sample size as well as the larger 

number of discrete areas we examined. Our findings also replicate several of Luders et al. 

(2006) cortical thickness asymmetries (leftward: ACC, dorsomedial and orbitofrontal; 

rightward: IFG, ITG, lingual gyrus), although we obtained opposite asymmetries from that 

report in some areas (anterior temporal, precuneus, SMG).

As noted above, surface area asymmetries were more frequently observed than cortical 

thickness asymmetries, similar to the findings of Koelkebeck et al. (2014). Although these 

authors did not offer an explanation of the more widespread surface area asymmetries, the 

current study suggests one important factor. As discussed further below, regional structural 

asymmetry is positively correlated with the degree of between-subject variability, and the 

coefficient of variation is significantly greater for surface area than for thickness. Hence, the 
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increased variability of surface area could account, at least in part, for the more extensive 

asymmetries observed for this cortical metric.

For many regions a significant leftward surface area asymmetry was associated with a 

significant rightward cortical thickness asymmetry. This pattern was observed throughout 

most of the perisylvian cortex, as well as additional temporal, occipital, and lateral frontal 

regions. This suggests that core regions of the left hemisphere language network are 

characterized by greater surface area but thinner cortex. This structural pattern could be 

produced by greater expansion of underlying white matter in the left hemisphere that thins 

and “stretches” the overlying cortex (Hogstrom et al., 2013; Seldon, 2005).

We also observed a number of regions with rightward asymmetries of both surface area and 

cortical thickness. The pattern was found in lateral posterior regions adjacent to perisylvian 

cortex (MTG, AG, STS) extending to lateral occipital regions, orbitofrontal cortex, and 

several medial regions. Asymmetries in these regions could be due to more extensive 

proliferation of right hemisphere gray matter due to greater neuropil within and between 

cortical columns (Buxthoeveden et al., 2001; Wagstyl et al., 2015).

To our knowledge, there have been no previous reports of adult gyrification asymmetries 

across the entire cortex. Because gyrification tends to increase with surface area, we might 

expect the direction of significant asymmetries to be the same across these measures. This 

was indeed observed across many regions, consistent with tangential expansion as the 

underlying mechanism for gyrification (Xu et al., 2010; Ronan et al., 2014). However, we 

also observed several areas in which the direction of LGI and surface area asymmetries 

reversed. In these regions one could not attribute the hemisphere difference in gyrification to 

a difference in surface area. Perhaps in these regions increased gyrification reflects greater 

local connectivity independent of processes of surface area expansion or pruning (Deng et 

al., 2014).

The structural findings support the view that there are multiple maps of cortical asymmetry, 

and that generalizations cannot be made independent of the specific measure. For example, 

one question is whether association cortex is more asymmetrical than unimodal cortex. On 

the one hand, somatomotor cortex evidences either slight or no asymmetry for all three 

measures. On the other hand, primary auditory cortex has very strong leftward asymmetry 

for surface area, but a slight rightward asymmetry for thickness, and no asymmetry for LGI. 

Unimodal visual cortex presents another pattern: only slight asymmetries for surface area 

and thickness, but very strong rightward gyrification asymmetry. Similarly, a given region of 

association cortex (AG) can have a strong (rightward) surface area asymmetry, slight 

(rightward) thickness asymmetry, and no gyrification asymmetry, while for another (SFG) 

small leftward asymmetries were observed for surface area and thickness, with a larger 

(rightward) LGI asymmetry. In general, however, there is no clear support for the view that 

asymmetries are larger for association, than for unimodal, cortex.

The functional significance of the asymmetries we document here cannot be determined as 

we lack such data for the current sample. However, the fact that regional asymmetries vary 

depending on the particular measure of cortical structure implies that attempts to link 
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structural to functional asymmetries based on single metric can be misleading, and may have 

contributed to conflicting results on the relation between structural and functional 

asymmetry (Chiarello et al., 2004; Eckert, Leonard, Possing, & Binder, 2006). Rather, 

functional asymmetry may be the product of conjoint asymmetries across multiple areas and 

scales of structural organization.

4.3 Regional Asymmetry Correlations Between Cortical Indices

An additional focus of the current investigation was to explore the extent to which 

participants’ asymmetries were associated across the 3 cortical metrics, on a region-by-

region basis. Prior research indicates that when such associations are examined across the 

entire cortex (combined over hemispheres), surface area is generally positively correlated 

with gyrification and negatively correlated or uncorrelated with cortical thickness; similarly, 

thickness and gyrification are reported to be uncorrelated or negatively associated 

(Hogstrom et al., 2012; Klein et al., 2014; Winkler et al., 2010). Our examination of 

asymmetry correlations largely followed these trends (see Figure 2): generally positive 

associations of surface area and LGI asymmetry, and mostly negative correlations of cortical 

thickness with surface area or LGI. Yet these associations were only observed for selected 

regions of the cortex for many regions asymmetries were uncorrelated. This suggests that the 

mechanisms producing each type of asymmetry need not be intrinsically related. This result 

is reminiscent of findings that various types of functional and behavioral asymmetries do not 

highly correlate (Hellige, 1993).

However, it is important to examine the asymmetry correlations that we did observe. One 

unexpected finding was the very different regional patterns of correlation between surface 

area and LGI asymmetries on the one hand, and area and thickness asymmetries on the other 

hand (compare figures 2A and 2B). The former positive correlations tended to predominate 

in sulcal cortex, while the latter negative correlations were mainly observed in gyral cortex. 

Gyral and sulcal cortex have been found to differ in several respects. There are denser 

axonal connections to gyri than to sulci (H. Chen et al., 2013; Nie et al., 2012), and 

structural and functional connectivity data suggest that gyral regions connect rather distantly 

to other gyri while sulcal regions primarily connect locally to adjacent gyri (Deng et al., 

2014). In addition, sulcal cortex is thinner than gyral cortex and differs in its developmental 

trajectory during childhood (Fischl & Dale, 2000; Vandekar et al., 2015). The positive 

correlation of area and LGI asymmetries (Figure 2A) indicates that the hemisphere with 

greater surface area also has greater gyrification, a pattern consistent with expansion of 

surface area; since this was observed more frequently in sulcal than in gyral cortex it may 

reflect hemisphere differences in regions with more local connections. The negative 

correlations of area and thickness (Figure 2B) indicate that the hemisphere with increased 

surface area has thinner cortex, which suggests expansion of underlying white matter as a 

mechanism (Seldon, 2005; Hogstrom et al., 2013). As this pattern was primarily seen in 

gyral cortex, this could reflect greater connectivity across more distant cortical regions in the 

hemisphere with larger surface area and thinner cortex. This interpretation is admittedly 

speculative, but it suggests avenues for further research in the structural bases of hemisphere 

asymmetry. Nevertheless, the current data emphasize the importance of differentiating 

between gyral and sulcal cortex in subsequent investigations of structural asymmetries and 
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their intercorrelations. The only prior study to explore correlations of surface area and 

thickness asymmetries used a parcellation scheme that does not clearly separate gyral and 

sulcal cortex4 (Koelkebeck et al., 2014) and so the current findings, while intriguing, await 

replication.

We also observed negative correlations between LGI and cortical thickness, for both gyral 

and sulcal cortex (Figure 2C). In these regions, the hemisphere with greater gyrification also 

had thinner cortex. This pattern may be consistent with tension theories of cortical folding 

(Van Essen, 1997) if increased connectivity also involves increased intracortical myelination. 

The frequent association of cortical thinning with white matter expansion/organization 

suggests intracortical myelination as a potential contributing mechanism (Sowell et al., 

2004; Vandekar et al., 2015). However, firmer interpretations of the LGI/thickness 

association will require asymmetry investigations that measure these cortical metrics along 

with white matter structure.

To summarize, although asymmetry correlations between cortical metrics are obtained in 

only some regions, the nature of the correlations suggests that different neurobiological 

mechanisms may underlie these associations. It is unlikely that a single explanation can 

account for the diverse pattern of asymmetry correlations observed.

4.4 Regional Differences in Between-subject Variability of Cortical Structure

Individual differences in cortical structure can be attributed to differing genetics, varying life 

experiences, and gene X environment interactions. There is little reason to think that these 

factors will produce similar ranges of individual variability across the entire cortex. A 

unique feature of the current investigation was examination of regional differences in the 

extent of between-subject variability for three different cortical metrics in a relatively large 

sample. Prior studies used very small sample sizes, which may not permit robust estimates 

of between-subject variation (Kennedy et al., 1998; Mueller, et al., 2013). However, we can 

broadly compare our findings to Mueller et al.’s (2013) report of vertex-level cortical 

thickness and sulcal depth variation. Although both studies observed low variability in 

infero-temporal cortex, in general we did not replicate their thickness findings (compare 

current Figures 3B, 4B to their Figure 4B). Our findings for local gyrification also 

substantially depart from Mueller et al. (compare current Figures 3C, 4C to their Figure 4A). 

However, it is important to note that the LGI measure reflects both the depth of sulci as well 

as their frequency within local regions (Schaer et al., 2008). In addition to the differences in 

methods and sample sizes, participants in the Mueller et al. (2013) study were middle-aged 

adults. Given the adult lifespan changes in cortical morphometry (Hogstrom et al., 2013; 

Zhou et al., 2013), the relative lack of correspondence may not be surprising.

As Figures 3 and 4 indicate, there are both differences between the measures in the extent of 

variability, as well as some regions of overlap. However, we cannot conclude that unimodal 

cortex has less variability than association cortex. Somatomotor cortex does evidence low 

4The Desikan et al. (2006) atlas used by Koelkebeck et al. (2014) generally uses the floor of a sulcus as the boundary between 
adjacent parcellations. Hence, thickness or surface area values for cortex within a given sulcus cannot be separately estimated and will 
be associated with the 2 neighboring gyri.
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variability across the board, but auditory and visual regions do not. Similarly, dorsomedial 

prefrontal cortex and some lateral parietal association regions have relatively low between-

subject variation. In general, variability was greater for surface area than for either thickness 

or gyrification, but for all metrics there was a 3-fold difference in the coefficient of variation 

between the least and most variable regions.

Although regional distribution of variability differed across metrics, the correlations of CV 

across each metric were always positive (see Table 1). This suggests that the extent of 

phenotypic variation within a cortical region may be similarly manifest across several 

neurobiological indices. The CV correlation between surface area and thickness was much 

stronger than was the correlation with either variable and LGI. This is surprising given that 

surface area and thickness dissociate developmentally (Raznahan et al., 2011), genetically 

(Panizzon et al., 2009; Winkler, et al., 2010), and in network organization (Sanabria-Diaz et 

al., 2010). Further, when these metrics are related they are often negatively associated. 

Nevertheless, our findings indicate that whatever factors promote/restrict variability in 

surface area also promote/restrict variability in thickness. Because the genetic correlation 

between thickness and surface area is very low (Panizzon et al., 2009; Winkler et al., 2010), 

one intriguing possibility is that some regions are more open to environmental sculpting of 

neuropil in both tangential and radial dimensions. However, regardless of the ultimate 

interpretation, it is reasonable to interpret the extent of between-subject variability as one 

index of the degree of biological constraint. We can now consider the question of whether 

regional differences in such constraint are related to the extent of hemispheric asymmetry.

4.5 Relationship of Regional Variability and Asymmetry

One striking aspect of our findings was the positive association, for all 3 cortical metrics, of 

variability and the degree of asymmetry. This finding suggests that cortical regions with the 

most between-subject variability also have the greatest structural asymmetry, regardless of 

direction. To the extent that such variability indexes the extent of biological constraint, the 

results indicate that highly asymmetrical regions are the least constrained, and hence are 

more open to the expression of genetic and experiential variation. We suggest that in regions 

with high between-subject variability, the left and right hemispheres are more able to take 

somewhat different developmental paths, perhaps via differences in the pruning or 

enhancement of cortical circuits and connectivity. Our findings are not consistent with the 

alternate view that structural asymmetry is strongly canalized trait that is buffered from 

change (Siegel & Bergman, 2002; Waddington, 1957).

The variability/asymmetry association is also consistent with findings from developmental 

research. Although some structural asymmetries arise in fetal life (Habas et al., 2012), 

asymmetries continue to develop during childhood and adolescence (G. Li et al., 2014; Nie 

et al., 2013) and are modulated throughout the adult lifespan (Plessen et al., 2014; Zhou et 

al., 2013). These developmental trajectories of structural asymmetry also vary from region to 

region, and it will be interesting to investigate in future studies whether regions with more or 

less variability differ in the timing and extent of developmental change.

Investigations of the genetics of structural asymmetry have generally found little left/right 

hemisphere difference in genetic determinants, leading to the conclusion that the degree of 
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surface area and thickness asymmetry is not under close genetic control (Eyler et al., 2014; 

Chen et al., 2012, 2013). Such findings suggest that the variability/asymmetry association 

observed in the current study may be a reflection of more experiential sources of variation. It 

has been reported that cortical thickness has somewhat lower heritability estimates than does 

surface area (Eyler et al., 2012; Panizzon et al., 2009; but see also Winkler et al., 2010). If 

this is the case, it could help interpret our finding that the variability/asymmetry correlation 

was stronger for thickness than for surface area or local gyrification. If variations in cortical 

thickness have greater experience-based plasticity than do surface area variations, then its 

stronger association with asymmetry would implicate greater experiential effects on 

thickness asymmetry. This is a speculative interpretation. However, cortical thickness has 

been shown to vary with learning and differences in experience in other domains (e.g., Kang 

et al., 2013; Li, Legault, & Litcofsky, 2014; Wenger et al., 2012), whereas surface area has 

been shown to correlate with more stable indices of general cognitive ability (Colom et al., 

2013; Vuoksimma et al., 2014).

In our view, there are two important implications of the finding that the degree of structural 

asymmetry is predicted by the extent of between-subject variability. First, the current data 

demonstrate that regional differences in variability have predictive value. This should not be 

the case if such variability were indeed a reflection of “noise” or of random fluctuations 

around the population mean. The degree to which a brain region is variable across 

individuals may be an important expression of biological constraint, and it will be important 

to investigate whether this can help account for other regional differences in brain structure 

and function. Second, our findings imply that regional differences in structural asymmetry 

are related to the extent of biological constraint operating within the region. In other words, 

enhanced asymmetry may be one outcome of structural plasticity. Heschl’s gyrus may be a 

case in point here. This region demonstrated high variability across all 3 cortical metrics in 

the current study, and other research has documented strong individual variability within this 

region using various anatomical methods (e.g., Warrier et al., 2009; Marie et al., 2015). 

Heschl’s gyrus anatomical asymmetry is related to functional asymmetry of auditory 

processing (Tzourio-Mazoyer et al., 2015; Warrier et al., 2009), and anatomical variation of 

this region is associated with experiential differences in bilingual language exposure (Ressel 

et al., 2012), and musical training (Hyde et al., 2009). Concurrent examination of anatomical 

variability, functional and structural asymmetry, and experience-dependent plasticity is 

likely to be a fruitful area of inquiry. The current study contributes to this effort by 

demonstrating a substantial link between structural variation/biological constraint and 

anatomical asymmetry.

4.6 Limitations and Future Directions

We acknowledge several limitations of the current research. The absence of white matter 

data is a significant limitation. Our interpretations of regional and between-subject variations 

in cortical organization often appealed to explanations based on variations in white matter. 

Although these explanations were based on much prior research, simultaneous examination 

of cortical and white matter structure in the same individuals will be needed confirm or 

reject many suggestions made in the current report. In addition, it is important to recognize 

that our conclusions about regional differences in asymmetry and variability are based on a 
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priori defined brain areas, rather than vertex-based approaches that do not pre-specify 

boundaries. Because values for each metric are summed or averaged within parcellations, 

some important regional differences may be obscured. There are some off-setting 

advantages, however, in increased statistical power (many fewer comparisons are made) and 

in the ease of quantitative comparison of results across studies that use the same readily 

available parcellation scheme (c.f. section 3.1).

Our study was also limited to data collected at a single time point. Since each of the three 

cortical measures varies across the life span, we cannot determine how generalizable our 

results are to different age groups. We also report sample-wide findings without considering 

the influence of variables such as sex, handedness, or intellectual ability. It will be important 

to address such influences in subsequent studies. The current study also lacks data on 

functional brain activity, and it remains to be seen whether there are associations between 

structural and functional variability (Mueller et al., 2014) or whether structural variability 

modulates the relationship between structural and functional lateralization.

We further note that the coefficient of variation is not a pure index of between-subject 

variability, as measurement error can also contribute to apparent structural differences 

between individuals. We sought to minimize this influence by removing parcellations with 

low anatomical concordance values (Destrieux et al., 2010) from our analyses, but this will 

not eliminate all measurement error. However, it is worth pointing out that brain regions that 

are difficult to measure reliably are often difficult precisely because there are large 

differences across individuals in the sulcal and gyral anatomy of the region. Hence, the 

coefficient of variability, when applied across a large sample of individuals, may provide a 

reasonable estimate of the true individual variability of a brain region.

In addition to the factors mentioned above, it will be important for future studies to further 

examine potential asymmetry differences between gyral and sulcal cortex, and to consider 

the potential neurobiological bases of structural features such as surface area, cortical 

thickness and gyrification. Although the interpretation of these features is currently an active 

area of inquiry, a complete understanding of the why and the how of hemispheric asymmetry 

will depend on careful analysis of the potential cellular bases of macroscopic asymmetries.

4.7 Conclusions

The current investigation examined regional differences in structural asymmetries and in 

between-subject variability using 3 different cortical metrics in a large sample of healthy 

young adults. The study of regional asymmetry and variability is still relatively young, but 

several conclusions follow from our findings. First, the structure of the human cerebral 

cortex is largely asymmetrical. Surface area, cortical thickness, and local gyrification all 

evidenced significant asymmetries across most regions of the cortex. However, the size and 

direction of asymmetry varies over regions, over the metrics of cortical structure, and across 

individuals. Such variability is to be expected for a complex biological system such as the 

human brain. Second, the differing regional organization of the three cortical metrics implies 

that there are multiple, only partially overlapping, maps of structural asymmetry. We suggest 

that functional asymmetries are likely to emerge from the conjoint contributions of multiple 

brain regions and levels of cortical structural organization. Hence a single explanation 
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cannot account for the diverse patterns of structural asymmetry described here. There are 

likely to be several underlying mechanisms producing structural asymmetries (e.g., pruning 

and elaboration of neuropil, white matter expansion, local vs long range connectivity) that 

can vary across brain regions. Third, the results suggest that between-subject variability in 

cortical structure may provide a means to assess the extent of biological flexibility or 

constraint of brain regions. Finally, our findings imply that reduced biological constraint 

promotes the phenotypic expression of strong structural asymmetry, and that regional 

differences in biological constraint contribute to regional variations in asymmetry. Not only 

is variability not noise, but it may play an important role in understanding the biological 

basis of hemispheric asymmetry.
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Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This research was supported by National Institutes of Health grants DC006957. We thank Ronald Otto, M.D. for 
facilitating this research, and Laura K. Halderman, Suzanne Welcome, and Adam Daily for assistance with data 
collection and/or analysis.

References

Alemán-Gómez Y, Janssen J, Schnack H, Balaban E, Pina-Camacho L, Alfaro-Almagro F, … Desco 
M. The human cerebral cortex flattens during adolescence. The Journal of Neuroscience. 2013; 
3:15004–15010. [PubMed: 24048830] 

Amunts K, Schleicher A, Bürgel U, Mohlberg H, Uylings HBM, Zilles K. Broca’s region revisited: 
cytoarchitecture and inter-subject variability. Journal of Comparative Neurology. 1999; 412:319–
341. [PubMed: 10441759] 

Bedeian AG, Mossholder KW. On the use of the coefficient of variation as a measure of diversity. 
Organizational Research Methods. 2000; 3:285–297.

Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and powerful approach to 
multiple testing. Journal of the Royal Statistical Society. Series B (Methodological). 1995:289–300.

Bryden MP. Measuring handedness with questionnaires. Neuropsychologia. 1977; 15:617–624. DOI: 
10.1016/0028-3932(77)90067-7 [PubMed: 896019] 

Bryden, MP. Laterality: Functional asymmetry in the intact brain. New York: Academic Press; 1982. 

Buxhoeveden DP, Switala AE, Litaker M, Roy E, Casanova MF. Lateralization of minicolumns in 
human planum temporale is absent in nonhuman primate cortex. Brain, Behavior, and Evolution. 
2001; 57:349–358.

Chen H, Zhang T, Guo L, Li K, Yu X, Li L, et al. Coevolution of gyral folding and structural 
connection patterns in primate brains. Cerebral Cortex. 2013; 23:1208–1217. [PubMed: 22586139] 

Chen CH, Fiecas M, Gutierrez ED, Panizzon MS, Eyler LT, Vuoksimaa E, … Kremen WS. Genetic 
topography of brain morphology. Proceedings of the National Academy of Sciences. 2013; 
110:17089–17094.

Chen CH, Gutierrez ED, Thompson W, Panizzon MS, Jernigan TL, Eyler LT, et al. Hierarchical 
organization of human cortical surface area. Science. 2012; 335:1634–1636. [PubMed: 22461613] 

Chiarello C, Kacinik N, Manowitz B, Otto R, Leonard C. Cerebral asymmetries for language: 
Evidence for structural-behavioral correlations. Neuropsychology. 2004; 18:219–231. [PubMed: 
15099144] 

Chiarello C, Welcome SE, Halderman LK, Leonard CM. Does degree of asymmetry relate to 
performance? An investigation of word recognition and reading in consistent and mixed handers. 
Brain and Cognition. 2009; 69:521–530. [PubMed: 19100673] 

Chiarello et al. Page 21

Neuropsychologia. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Chiarello C, Vazquez D, Felton A, Leonard CM. Structural asymmetry of the insula: Behavioral 
correlates and individual differences. Brain and Language. 2013; 126:109–122. [PubMed: 
23681069] 

Colom R, Burgaleta M, Roman FJ, Karama S, Alvarez-Linera J, Abad FJ, et al. Neuroanatomic 
overlap between intelligence and cognitive factors: Morphometry methods provide support for the 
key role of the frontal lobes. NeuroImage. 2013; 72:143–152. [PubMed: 23357078] 

Dale AM, Fischl B, Sereno MI. Cortical surface-based analysis: I. Segmentation and surface 
reconstruction. NeuroImage. 1999; 9:179–194. DOI: 10.1006/nimg.1998.0395 [PubMed: 
9931268] 

Deng F, Jiang X, Zhu D, Zhang T, Li K, Guo L, Liu T. A functional model of cortical gyri and sulci. 
Brain Structure and Function. 2014; 219:1473–1491. DOI: 10.1007/s00429-013-0581-z [PubMed: 
23689502] 

Desikan RS, Ségonne F, Fischl B, Quinn BT, Dickerson BC, Blacker D, et al. An automated labeling 
system for subdividing the human cerebral cortex on MRI scans into gyral based regions of 
interest. NeuroImage. 2006; 31:968–980. [PubMed: 16530430] 

Destrieux C, Fischl B, Dale A, Halgren E. Automatic parcellation of human cortical gyri and sulci 
using standard anatomical nomenclature. NeuroImage. 2010; 53:1–15. DOI: 10.1016/
j.neuroimage.2010.06.010 [PubMed: 20547229] 

Eckert MA, Leonard CM, Possing ET, Binder JR. Uncoupled leftward asymmetries for planum 
morphology and functional language processing. Brain and Language. 2006; 98:102–111. 
[PubMed: 16697453] 

Eyler LT, Chen CH, Panizzon MS, Fennema-Notestine C, Neale MC, Jak A, et al. A comparison of 
heritability maps of cortical surface area and thickness and the influence of adjustment for whole 
brain measures: A magnetic resonance imaging twin study. Twin Research and Human Genetics. 
2012; 15:304–314. [PubMed: 22856366] 

Eyler LT, Vuoksimaa E, Panizzon MS, Fennema-Notestine C, Neale MC, Chen CH, et al. Conceptual 
and data-based investigation of genetic influences and brain asymmetry: A twin study of multiple 
structural phenotypes. Journal of Cognitive Neuroscience. 2014; 26:1100–1117. [PubMed: 
24283492] 

Fischl B, Dale AM. Measuring the thickness of the human cerebral cortex from magnetic resonance 
imaging. Proceedings of National Academy of Sciences. 2000; 97:11050–11055.

Fischl B, Sereno MI, Dale AM. Cortical surface-based analysis: II. Inflation, flattening, and a surface-
based coordinate system. NeuroImage. 1999a; 9:195–207. DOI: 10.1006/nimg.1998.0396 
[PubMed: 9931269] 

Fischl B, Sereno MI, Tootell RBH, Dale AM. High-resolution intersubject averaging and a coordinate 
system for the cortical surface. Human Brain Mapping. 1999b; 8:272–284. DOI: 10.1002/
(SICI)1097-0193 [PubMed: 10619420] 

Fischl B, Rajendran N, Busa E, Augustinack J, Hinds O, Yeo BTT, et al. Cortical folding patterns and 
predicting cytoarchitecture. Cerebral Cortex. 2008; 18:1973–1980. [PubMed: 18079129] 

Foundas A, Leonard CM, Hanna-Pladdy B. Variability in the anatomy of the planum temporale and 
posterior ascending ramus: Do right and left handers differ? Brain and Language. 2002; 83:403–
424. [PubMed: 12468396] 

Geschwind N, Levitsky W. Human brain: Left-right asymmetries in temporal speech region. Science. 
1968; 161:186–187. [PubMed: 5657070] 

Habas PA, Scott JA, Roosta A, Rajagopalan V, Kim K, Rousseau F, et al. Early folding patterns and 
asymmetries of the normal human brain detected from in utero MRI. Cerebral Cortex. 2012; 
22:13–25. [PubMed: 21571694] 

Han X, Jovicich J, Salat D, van der Kouwe A, Quinn B, Czanner S, et al. Reliability of MRI-derived 
measurements of human cerebral cortical thickness: The effects of field strength, scanner upgrade 
and manufacturer. NeuroImage. 2006; 32:180–194. DOI: 10.1016/j.neuroimage.2006.02.051 
[PubMed: 16651008] 

Hellige, JB. Hemispheric asymmetry: What’s right and what’s left. Cambridge: Harvard University 
Press; 1993. 

Chiarello et al. Page 22

Neuropsychologia. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Hill J, Dierker D, Neil J, Inder T, Knutsen A, Harwell J, et al. A surface-based analysis of hemispheric 
asymmetries and folding of cerebral cortex in term-born infants. Journal of Neuroscience. 2010; 
30:2268–2276. [PubMed: 20147553] 

Hogstrom LJ, Westlye LT, Walhovd KB, Fjell AM. The structure of the cerebral cortex across adult 
life: Age-related patterns of surface area, thickness, and gyrification. Cerebral Cortex. 2013; 
23:2521–2530. [PubMed: 22892423] 

Hyde KL, Lerch J, Norton A, Forgeard M, Winner E, Evans AC, Schlaug G. Musical training shapes 
structural brain development. Journal of Neuroscience. 2009; 29:3019–3025. [PubMed: 19279238] 

Kanai R, Rees G. The structural basis of inter-individual differences in human behavior and cognition. 
Nature Reviews Neuroscience. 2011; 12:231–242.

Kang DH, Jo HJ, Jung WH, Kim SH, Jung YH, Choi CH, et al. The effect of meditation on brain 
structure: cortical thickness mapping and diffusion tensor imaging. Social, Cognitive, and 
Affective Neuroscience. 2013; 8:27–33. [PubMed: 22569185] 

Kang X, Herron TJ, Cate AD, Yund EW, Woods DL. Hemispherically-unified surface maps of human 
cerebral cortex: Reliability and hemispheric asymmetries. PLOS One. 2012; 7:e45582. [PubMed: 
23029115] 

Kennedy DN, Lange N, Makris N, Bates J, Meyer J, Caviness VS. Gyri of the neocortex: an MRI-
based analysis of volume and variance. Cerebral Cortex. 1998; 8:372–384. [PubMed: 9651132] 

Klein D, Rotarska-Jagiela A, Genc E, Sritharan S, Mohr H, et al. Adolescent brain maturation and 
cortical folding: Evidence for reductions in gyrification. PLOS One. 2014; 9:e84914. [PubMed: 
24454765] 

Koelkebeck K, Miyata J, Kubota M, Kohl W, Son S, Fukuyama H, et al. The contribution of cortical 
thickness and surface area to gray matter asymmetries in the healthy brain. Human Brain Mapping. 
2014; 35:6011–6022. [PubMed: 25082171] 

Kuperberg GR, Broome MR, McGuire PK, David AS, Eddy E, Ozawa F, … Fischl B. Regionally 
localized thinning of the cerebral cortex in schizophrenia. Archives of General Psychiatry. 2003; 
60:878–888. DOI: 10.1001/archpsyc.60.9.878 [PubMed: 12963669] 

la Fougère C, Grant S, Kostikov A, Schirrmacher R, Gravel P, Schipper HM, et al. Where in-vivo 
imaging meets cytoarchitectonics: The relationship between cortical thickness and neuronal 
density measured with high-resolution [18F]flumazenil-PET. NeuroImage. 2011; 56:951–960. 
[PubMed: 21073964] 

Lee, IA.; Preacher, KJ. Calculation for the test of the difference between two dependent correlations 
with one variable in common [Computer software]. 2013 Sep. Available from http://quantpsy.org

Leonard CM, Towler S, Welcome S, Halderman LK, Otto R, Eckert MA, Chiarello C. Size matters: 
Cerebral volume influences sex differences in neuroanatomy. Cerebral Cortex. 2008; 18:2920–
2931. [PubMed: 18440950] 

Li G, Nie J, Wang L, Shi F, Lyall AE, Lin W, et al. Mapping longitudinal structural asymmetries of the 
human cerebral cortex from birth to 2 years of age. Cerebral Cortex. 2014; 24:1289–1300. 
[PubMed: 23307634] 

Li P, Legault J, Litcofsky KA. Neuroplasticity as a function of second language learning: Anatomical 
changes in the human brain. Cortex. 2014; 58:301–324. [PubMed: 24996640] 

Luders E, Narr KL, Thompson PM, Rex DE, Jancke L, Toga AW. Hemispheric asymmetries in cortical 
thickness. Cerebral Cortex. 2006; 16:1232–1238. [PubMed: 16267139] 

Marie D, Jobard G, Crivello F, Perchey G, Petit L, Mellet E, et al. Descriptive anatomy of Heschl’s 
gyri in 430 healthy volunteers, including 198 left-handers. Brain Structure and Function. 2015; 
220:729–743. [PubMed: 24310352] 

Mayozer B, et al. BIL&GIN: A neuroimaging, cognitive, behavioral, and genetic database for the 
study of human brain lateralization. Neuroimage. 2015

McDowell A, Felton A, Vazquez D, Chiarello C. Neurostructural correlates of consistent and weak 
handedness. Laterality. In press. 

Meiklejohn CD, Hartl DL. A single mode of canalization. Trends in Ecology and Evolution. 2002; 
17:468–473.

Chiarello et al. Page 23

Neuropsychologia. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://quantpsy.org


Meyer M, Liem F, Hirsinger S, Jäncke L, Hänggi J. Cortical surface area and cortical thickness 
demonstrate differential structural asymmetry in auditory-related areas of the cortex. Cerebral 
Cortex. 2014; 24:2541–2552. [PubMed: 23645712] 

Mueller S, Wang D, Fox MD, Thomas Yeo BT, Sepulcre J, Sabuncu MR, et al. Individual variability in 
functional connectivity architecture of the human brain. Neuron. 2013; 77:586–595. [PubMed: 
23395382] 

Nie J, Guo L, Li K, Wang Y, Chen G, Li L, et al. Axonal fiber terminations concentrate on gyri. 
Cerebral Cortex. 2012; 22:2831–2839. [PubMed: 22190432] 

Nie J, Li G, Shen D. Development of cortical anatomical properties from early childhood to early 
adulthood. NeuroImage. 2013; 76:216–224. [PubMed: 23523806] 

Oleksiak MF, Crawford DL. The relationship between phenotypic and environmental variation: Do 
physiological responses reduce interindividual differences. Physiological and Biochemical 
Zoology. 2012; 85:572–584. [PubMed: 23099455] 

Panizzon MS, Fennema-Notestine C, Eyler LT, Jernigan TL, Prom-Worley E, Neale M, … Kremen 
WS. Distinct genetic influences on cortical surface area and cortical thickness. Cerebral Cortex. 
2009; 19:2728–2735. DOI: 10.1093/cercor/bhp026 [PubMed: 19299253] 

Plessen KJ, Hugdahl K, Bansal R, Hao X, Peterson BS. Sex, age, and cognitive correlates of 
asymmetries in thickness of the cortical mantle across the life span. Journal of Neuroscience. 
2014; 34:6294–6302. [PubMed: 24790200] 

Rakic P. A small step for the cell, a giant leap for mankind: a hypothesis of neocortical expansion 
during evolution. Trends in Neurosciences. 1995; 18:383–388. [PubMed: 7482803] 

Raznahan A, Shaw P, Lalonde F, Stockman M, Wallace GL, Greenstein D, et al. How does your cortex 
grow? Journal of Neuroscience. 2011; 31:7174–7177. [PubMed: 21562281] 

Ressel V, Pallier C, Ventura-Campos N, Diaz B, Roessler A, Ávila C, Sebastián-Gallés N. An effect of 
bilingualism on the auditory cortex. Journal of Neuroscience. 2012; 32:16597–16601. [PubMed: 
23175815] 

Reuter M, Schmansky NJ, Rosas HD, Fischl B. Within-subject template estimation for unbiased 
longitudinal image analysis. Neuroimage. 2012; 61:1402–1418. [PubMed: 22430496] 

Ronan L, Voets N, Rua C, Alexander-Bloch A, Hough M, Mackay C, et al. Differential tangential 
expansion as a mechanism for cortical gyrification. Cerebral Cortex. 2014; 24:2219–2228. DOI: 
10.1093/cercor/bht082 [PubMed: 23542881] 

Rosas HD, Liu AK, Hersch S, Glessner M, Ferrante RJ, Salat DH, … Fischl B. Regional and 
progressive thinning of the cortical ribbon in Huntington’s disease. Neurology. 2002; 58:695–701. 
DOI: 10.1212/WNL.58.5.695 [PubMed: 11889230] 

Salat DH, Buckner RL, Snyder AZ, Greve DN, Desikan RSR, Busa E, … Fischl B. Thinning of the 
cerebral cortex in aging. Cerebral Cortex. 2004; 14:721–730. DOI: 10.1093/cercor/bhh032 
[PubMed: 15054051] 

Sanabria-Diaz G, Melie-García L, Iturria-Medina Y, Alemán-Gómez Y, Hernández-González G, 
Valdés-Urrutia L, et al. Surface area and cortical thickness descriptors reveal different attributes of 
the structural human brain networks. Neuroimage. 2010; 50:1497–1510. [PubMed: 20083210] 

Schaer M, Cuadra MB, Tamarit L, Lazeyras F, Eliez S, Thiran JP. A surface-based approach to 
quantify local cortical gyrification. IEEE Transactions on Medical Imaging. 2008; 27:161–170. 
DOI: 10.1109/TMI.2007.903576 [PubMed: 18334438] 

Seldon HL. Does brain white matter growth expand the cortex like a balloon? Hypothesis and 
consequences. Laterality. 2005; 10:81–95. [PubMed: 15841825] 

Shapleske J, Rossell SL, Woodruff PWR, David AS. The planum temporale: a systematic, quantitative 
review of its structural, functional and clinical significance. Brain Research Reviews. 1999; 29:26–
49. [PubMed: 9974150] 

Shaw P, Kabani NJ, Lerch JP, Eckstrand K, Lenroot R, Gogtay N, et al. Neurodevelopmental 
trajectories of the human cerebral cortex. The Journal of Neuroscience. 2008; 28:3586–3594. 
[PubMed: 18385317] 

Siegel ML, Bergman A. Waddington’s canalization revisited: Developmental stability and evolution. 
Proceedings of National Academy of Sciences. 2002; 99:10528–10532.

Chiarello et al. Page 24

Neuropsychologia. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Sowell ER, Thompson PM, Leonard CM, Welcome SE, Kan E, Toga AW. Longitudinal mapping of 
cortical thickness and brain growth in normal children. Journal of Neuroscience. 2004; 24:8223–
8231. [PubMed: 15385605] 

Tzourio-Mazoyer N, Marie D, Zago L, Jobard G, Perchey G, Leroux G, et al. Heschl’s gyrification 
pattern is related to speech-listening hemispheric lateralization: fMRI investigation in 281 healthy 
volunteers. Brain Structure and Function. 2015; 220:1585–1599. [PubMed: 24638878] 

Vandekar SN, Shinohara RT, Raznahan A, Roalf DR, Ross M, DeLeo N, et al. Topologically 
dissociable patterns of development of the human cerebral cortex. Journal of Neuroscience. 2015; 
35:599–609. [PubMed: 25589754] 

Van Essen DC. A tension-based theory of morphogenesis and compact wiring in the central nervous 
system. Nature. 1997; 385:313–318. [PubMed: 9002514] 

Van Essen DC. A population-average, landmark- and surface-based (PALS) atlas of human cerebral 
cortex. Neuroimage. 2005; 28:635–662. [PubMed: 16172003] 

Van Essen DC, Glasser MF, Dierker DL, Harwell J, Coalson T. Parcellations and hemispheric 
asymmetries of human cerebral cortex analyzed on surface-based atlases. Cerebral Cortex. 2012; 
22:2241–2262. [PubMed: 22047963] 

Vuoksimaa E, Panizzon MS, Chen C-H, Fiecas M, Eyler LT, Fennema-Notestine C, et al. The genetic 
association between neocortical volume and general cognitive ability is driven by global surface 
area rather than thickness. Cerebral Cortex. 2014; doi: 10.1093/cercor/bhu018

Waddington, CH. The strategy of genes. London: George Allen & Unwin; 1957. 

Wagstyl K, Ronan L, Goodyer IM, Fletcher PC. Cortical thickness gradients in structural hierarchies. 
NeuroImage. 2015; 111:241–250. [PubMed: 25725468] 

Wallace GL, Robustelli B, Dankner N, Kenworthy L, Giedd JN, Martin A. Increased gyrification, but 
comparable surface area in adolescents with autism spectrum disorders. Brain. 2013; 136:1956–
1967. [PubMed: 23715094] 

Warrier C, Wong P, Penhune V, Zatorre R, Parrish T, Abrams D, Kraus N. Relating structure to 
function: Heschl’s Gyrus and auditory temporal processing. Journal of Neuroscience. 2009; 
29:61–69. [PubMed: 19129385] 

Watkins KE, Paus T, Lerch JP, Zijdenbos A, Collins DL, Neelin P, et al. Structural asymmetries in the 
human brain: a voxel-based statistical analysis of 142 MRI scans. Cerebral Cortex. 2001; 11:868–
877. [PubMed: 11532891] 

Weiner KS, Zilles K. The anatomical and functional specialization of the fusiform gyrus. 
Neuropsychologia. 2015; Epub ahead of print. doi: 10.1016/j.neuropsychologia.2015.06.033

Wenger E, Schaefer S, Noack H, Kuhn S, Martensson J, Heinze HJ, et al. Cortical thickness changes 
following spatial navigation training in adulthood and aging. NeuroImage. 2012; 59:3389–3397. 
[PubMed: 22108645] 

Wey HY, Phillips KA, McKay DR, Laird AR, Kochunov P, Davis MD, et al. Multi-region hemispheric 
specialization differentiates human from nonhuman primate brain function. Brain Structure and 
Function. 2014; 219:2187–2194. [PubMed: 23928747] 

Winkler AM, Kochunov P, Blangero J, Almasy L, Zilles K, Fox PT, et al. Cortical thickness or grey 
matter volume? The importance of selecting the phenotype for imaging genetics studies. 
NeuroImage. 2010; 53:1135–1146. [PubMed: 20006715] 

Xu G, Knutsen AK, Dikranian K, Kroenke CD, Bayly PV, Taber LA. Axons pull on the brain, but 
tension does not drive cortical folding. Journal of Biomedical Engineering. 2010; 132:071013.doi: 
10.1115/1.4001683

Zhou D, Lebel C, Evans A, Beaulieu C. Cortical thickness asymmetry from childhood to older 
adulthood. NeuroImage. 2013; 83:66–74. [PubMed: 23827331] 

Zilles K, Amunts K. Individual variability is not noise. Trends in Cognitive Sciences. 2013; 17:153–
155. [PubMed: 23507449] 

Zilles K, Armstrong E, Schleicher A, Kretschmann HJ. The human pattern of gyrification in the 
cerebral cortex. Anatomy and Embryology. 1988; 179:173–179. DOI: 10.1007/BF00304699 
[PubMed: 3232854] 

Chiarello et al. Page 25

Neuropsychologia. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Zilles K, Palomero-Gallagher N, Amunts K. Development of cortical folding during evolution and 
ontogeny. Trends in Neurosciences. 2013; 36:275–284. DOI: 10.1016/j.tins.2013.01.006 [PubMed: 
23415112] 

Appendix

Abbreviations used for Brain Regions:

ACC Anterior cingulate cortex

AG Angular gyrus

HG Heschl’s gyrus

IFG Inferior frontal gyrus (pars triangularis + pars opercularis)

IFS Inferior frontal sulcus

IOG Inferior occipital gyrus

IOS Inferior occipital sulcus

IPS Intraparietal sulcus

ITG Inferior temporal gyrus

ITS Inferior temporal sulcus

MFG Middle frontal gyrus

MFS Middle frontal sulcus

MOG Middle occipital gyrus

MTG Middle temporal gyrus

MTS Middle temporal sulcus

PHG Parahippocampal gyrus

POS Parieto-occipital sulcus

Pars T Pars triangularus

PT Planum temporale

SFG Superior frontal gyrus

SFS Superior frontal sulcus

SMG Supramarginal gyrus

SOG Superior occipital gyrus

SPG Superior parietal gyrus

STG Superior temporal gyrus
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STS Superior temporal sulcus
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Highlights

• Asymmetries in cortical surface area, thickness, and gyrification are 

ubiquitous

• Asymmetry varies over regions, across cortical metrics, and across 

individuals

• There are multiple, partially overlapping maps of structural asymmetry

• Between-subject variability in cortical structure can index biological 

constraint

• Reduced constraint promotes regional expression of strong structural 

asymmetry
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Figure 1. 
Statistical map of univariate t-values testing the significance of regional asymmetries. 

Positive values (warm colors) indicate leftward asymmetry, negative values (cool colors) 

indicate rightward asymmetries. Areas with nonsignificant asymmetries are shown in purple. 

Regions not examined due to low concordance indices (Destrieux et al., 2010) are indicated 

in gray.
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Figure 2. 
Correlation of asymmetries across each cortical metric (only FDR-corrected statistically 

significant correlations are shown). A. Surface area X local gyrification asymmetry 

correlation. B. Surface area X Thickness asymmetry correlation. C. Thickness by local 

gyrification asymmetry correlation.
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Figure 3. 
Regional coefficient of variation for the right hemisphere. Cool colors indicate coefficients 

below the median value; warm colors indicate coefficients above the median value. Regions 

not examined due to low concordance indices (Destrieux et al., 2010) are indicated in gray.
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Figure 4. 
Regional coefficient of variation for the left hemisphere. Cool colors indicate coefficients 

below the median value; warm colors indicate coefficients above the median value. Regions 

not examined due to low concordance indices (Destrieux et al., 2010) are indicated in gray.
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Figure 5. 
Scatterplots of the correlations between the absolute value of asymmetry and the coefficient 

of variation. Each correlation coefficient was computed over the 68 regional parcellations.
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Table 1

Pearson Correlation of the Coefficient of Variation Across Measures of Cortical Structure, By Hemisphere. 

Each correlation coefficient was computed over the 68 regional parcellations.

Surface Area/Thickness Surface Area/Local Gyrification Thickness/Local Gyrification

Left hemisphere .512*** .226 .182

Right Hemisphere .585*** .361** .295*

***
p < .0001

**
p < .01

*
p < .05
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