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Abstract Cortical asymmetry is a ubiquitous feature of brain organization that is subtly 
altered in some neurodevelopmental disorders, yet we lack knowledge of how its development 
proceeds across life in health. Achieving consensus on the precise cortical asymmetries in humans 
is necessary to uncover the developmental timing of asymmetry and the extent to which it arises 
through genetic and later in�uences in childhood. Here, we delineate population-level asym-
metry in cortical thickness and surface area vertex-wise in seven datasets and chart asymmetry 
trajectories longitudinally across life (4�89�years; observations = 3937; 70% longitudinal). We 
�nd replicable asymmetry interrelationships, heritability maps, and test asymmetry associations 
in large�scale data. Cortical asymmetry was robust across datasets. Whereas areal asymmetry 
is predominantly stable across life, thickness asymmetry grows in childhood and peaks in early 
adulthood. Areal asymmetry is low-moderately heritable (max h2

SNP ~19%) and correlates pheno-
typically and genetically in speci�c regions, indicating coordinated development of asymmetries 
partly through genes. In contrast, thickness asymmetry is globally interrelated across the cortex 
in a pattern suggesting highly left-lateralized individuals tend towards left-lateralization also in 
population-level right-asymmetric regions (and vice versa), and exhibits low or absent herita-
bility. We �nd less areal asymmetry in the most consistently lateralized region in humans asso-
ciates with subtly lower cognitive ability, and con�rm small handedness and sex effects. Results 
suggest areal asymmetry is developmentally stable and arises early in life through genetic but 
mainly subject-speci�c stochastic effects, whereas childhood developmental growth shapes thick-
ness asymmetry and may lead to directional variability of global thickness lateralization in the 
population.
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Editor’s evaluation
Roe et al. provide a large-sample analysis of hemispheric lateralisation in brain structure, synthe-
sising local cortical thickness and surface area data from 7 different datasets. The study provides 
a rich descriptive catalogue of phenomena related to hemispheric anatomical asymmetries. These 
results are convincing and will prove an important point of reference to neuroscientists who might 
want to compare their own future results to the ones from this large and varied data set.

Introduction
The brain�s hemispheres exhibit high contralateral symmetry (van Kesteren and Kievit, 2021; Stark 
et�al., 2008), homotopic regions are under similar genetic in�uence (Schmitt et�al., 2018; Chen et�al., 
2013; Eyler et�al., 2014) and show highly correlated developmental change (Schmitt et�al., 2018; 
Raznahan et�al., 2011). Despite this, structural asymmetry is also a ubiquitous aspect of brain orga-
nization (Kong et�al., 2018; Chiarello et�al., 2016). Cortical thickness and surface area are known to 
exhibit distinct asymmetry patterns (Kong et�al., 2018; Meyer et�al., 2014), albeit reported inconsis-
tently (Kong et�al., 2018; Chiarello et�al., 2016; Roe et�al., 2021; Li et�al., 2015; Luders et�al., 2006; 
Lyttelton et�al., 2009; Sha et�al., 2021a; Zhou et�al., 2013; Maingault et�al., 2016; Shaw et�al., 
2009; Lou et�al., 2020; Hamilton et�al., 2007; Zhou et�al., 2018; Koelkebeck et�al., 2014; Plessen 
et�al., 2014). Yet achieving consensus on cortical asymmetries in humans is a prerequisite to uncover 
the genetic-developmental and lifespan in�uences that shape and alter them. Although an extensive 
literature in search of structural asymmetry deviations in various conditions and disorders is in several 
cases being challenged by newer data (Kong et�al., 2022), at least some aspects of cortical asym-
metry are con�rmed to be subtly reduced in neurodevelopmental disorders such as autism (Postema 
et�al., 2019; Sha et�al., 2022), but also through later life in�uences such as aging, and Alzheimer�s 
disease (Roe et� al., 2021; Thompson et� al., 2007). Hence, altered cortical asymmetry at various 
lifespan stages may be associated with reduced brain health. However, it is currently unknown how 
cortical asymmetry development proceeds across life in health, because no previous study has charted 
cortical asymmetry trajectories from childhood to old age using longitudinal data.

Compounding the lack of longitudinal investigation, previous large-scale studies do not delineate 
the precise brain regions exhibiting robust cortical asymmetry, relying on brain atlases with prede�ned 
anatomical boundaries that may not conform well to the underlying asymmetry of cortex (Kong et�al., 
2018; Sha et�al., 2021b). Taking an atlas-free approach to delineate asymmetries that reliably repro-
duce across international samples as starting point (i.e. population-level asymmetries) would better 
enable mapping of the developmental principles underlying structural cortical asymmetries, as well 
as the genetic and individual-speci�c factors associated with cortical lateralization. Furthermore, such 
an approach would help resolve the many reported inconsistencies for cortical asymmetry maps � for 
example reports of both right- (Maingault et�al., 2016; Lou et�al., 2020; Hamilton et�al., 2007; 
Williams et�al., 2022) and left- (Roe et�al., 2021; Li et�al., 2015; Luders et�al., 2006; Plessen et�al., 
2014) thickness lateralization in medial and lateral prefrontal cortex (PFC; Chiarello et�al., 2016; Zhou 
et�al., 2013; Maingault et�al., 2016; Shaw et�al., 2009; Koelkebeck et�al., 2014 and Roe et�al., 
2021; Luders et�al., 2006; Sha et�al., 2021a; Plessen et�al., 2014; Williams et�al., 2023), and of 
right- (Maingault et�al., 2016; Li et�al., 2014) and left areal lateralization of superior temporal sulcus 
(STS) (Kong et�al., 2018; Bain et�al., 2019; Remer et�al., 2017) � while serving as a high-�delity 
phenotype for future brain asymmetry studies to complement existing low-resolution atlases (Kong 
et�al., 2018).

Determining the developmental and lifespan trajectories of cortical asymmetry may shed light on 
how cortical asymmetries are shaped through childhood or set from early life, and provide evidence 
of the timing of expected brain change in normal development. Although important in and of itself, 
this would also provide a useful normative reference, as subtly altered cortical asymmetry � in terms of 
both area and thickness � has been linked at the group-level to neurodevelopmental disorders along 
the autism spectrum, suggesting altered lateralized neurodevelopment may be a relevant outcome 
in at least some cases of developmental perturbation (Postema et�al., 2019; Sha et�al., 2022). For 
areal asymmetry, surprisingly few studies have charted developmental (Li et�al., 2014; Remer et�al., 
2017) or aging-related effects (Kong et�al., 2018; Williams et�al., 2022), although indirect evidence 
in neonates suggests adult-like patterns of areal asymmetry are evident at birth (Li et� al., 2014; 
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Williams et�al., 2023) and may exhibit little change from birth to 2�years (Li et�al., 2014) despite 
rapid and concurrent developmental cortical expansion (Li et�al., 2013). For thickness asymmetry, 
longitudinal increases in asymmetry have been shown during the �rst two years of life (Li et�al., 2015), 
with suggestions of rapid asymmetry growth from birth to 1�year (Li et�al., 2015), and potentially 
continued growth until adolescence (Nie et�al., 2013). However, previous lifespan studies mapped 
thickness asymmetry linearly across cross-sectional developmental and adult age-ranges (Zhou et�al., 
2013; Plessen et�al., 2014), mostly concluding thickness asymmetry is minimal in infancy and maximal 
age�~60. In contrast, recent work established thickness asymmetry shows a non-linear decline from 20 
to 90�years that is reproducible across longitudinal aging cohorts (Roe et�al., 2021). Thus, although 
offering viable developmental insights (Zhou et�al., 2013; Plessen et�al., 2014), previous lifespan 
studies of thickness asymmetry do not accurately capture the aging process, and likely con�ate non-
linear developmental and aging trajectories with linear models. A longitudinal exploration of the 
lifespan trajectories of thickness asymmetry accounting for dynamic change is needed to further 
knowledge of normal human brain development.

Correlations between cortical asymmetries may provide a window on asymmetries formed under 
common genetic or developmental in�uences. Contemporary research suggests brain asymmetries 
are complex, multifactorial and independent (i.e. uncorrelated) traits (Rentería, 2012; Francks, 2015; 
Neubauer et�al., 2020), contrasting earlier theories emphasizing a single (Annett, 1998; Annett, 
1964) or predominating factor controlling various cerebral lateralizations (McManus and Bryden, 
1991; Geschwind and Galaburda, 1985). Yet while there has been much research on whether asym-
metries of various morphometric measures (Chiarello et�al., 2016; Maingault et�al., 2016; Koelke-
beck et�al., 2014) or imaging modalities relate to one another (Bain et�al., 2019), few have focused 
on interregional relationships between asymmetries derived from the same metric. Where reported, 
evidence suggests cortical asymmetries are mostly independent (Sha et�al., 2021b; Guadalupe et�al., 
2015; Chiarello et�al., 2013) � in line with a multifactorial view (Bain et�al., 2019; Rentería, 2012; 
Francks, 2015; Liu et�al., 2009). Currently, it is unknown whether or which cortical asymmetries are 
reliably correlated within individuals, though this may signify coordinated development of left-right 
brain asymmetries through genetic or lifespan in�uences � a genetic or later developmental account 
depending on trait heritability and whether phenotypic correlations are underpinned by genetic 
correlations.

Finally, altered development of cerebral lateralization has been widely hypothesized to relate to 
average poorer cognitive outcomes (Plessen et�al., 2014; Crow et�al., 1998; Hirnstein et�al., 2010). 
Speci�cally in the context of cortical asymmetry, however, although one previous study reported 
larger thickness asymmetry may relate to better verbal and visuospatial cognition (Plessen et� al., 
2014), phenotypic asymmetry-cognition associations have been rarely reported (Plessen et�al., 2014; 
Moodie et� al., 2020; Yeo et� al., 2016), con�icting (Moodie et� al., 2020; Yeo et� al., 2016), not 
comparable (Plessen et�al., 2014; Moodie et�al., 2020), and to date remain untested in large-scale 
data. Still, recent work points to small but signi�cant overlap between genes underlying multivariate 
brain asymmetries and those in�uencing educational attainment and speci�c developmental disor-
ders impacting cognition (Sha et�al., 2021b), indicating either pleiotropy between non-related traits 
or capturing shared genetic susceptibility to altered brain lateralization and cognitive outcomes. 
However, most large-scale studies examining factors widely assumed important for asymmetry have 
used brain atlases with limited spatial precision (Kong et�al., 2018; Kong et�al., 2022; Sha et�al., 
2021b). Accordingly, such studies did not detect associations with handedness (Kong et�al., 2018; 
Wiberg et�al., 2019) that were not found until a recent study applied higher resolution (i.e. vertex-
wise) mapping in big data (Sha et�al., 2021a). Therefore, as a �nal step, we reasoned that combining 
an optimal delineation of population-level cortical asymmetries with big data would optimize detec-
tion and quanti�cation of the effects of factors purportedly related to asymmetry, namely cognitive 
ability, handedness, and sex.

Here, we �rst aimed to delineate population-level cortical areal and thickness asymmetries using 
vertex-wise analyses and their overlap in seven international datasets. With a view to gaining insight 
into cortical asymmetry development, we then aimed to trace a series of lifespan and genetic analyses. 
Speci�cally, we chart the developmental and lifespan trajectories of cortical asymmetry for the �rst 
time longitudinally across the lifespan. Next, we examine phenotypic interregional asymmetry correla-
tions, under the assumption correlations indicate coordinated development of left-right asymmetries 
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through genes or lifespan in�uences. To shed light on the extent to which differences in asymmetry 
are genetic, we test heritability of asymmetry using genome-wide single nucleotide polymorphism 
(SNP) and extended twin data, and examine whether or not phenotypic correlations are underpinned 
by genetic correlations suggestive of coordinated development through genes. Finally, we screen our 
set of robust, population-level asymmetries for association with general cognitive ability and factors 
purportedly related to asymmetry in UK Biobank (UKB) (Miller et�al., 2016). Based on �ndings of 
aging-related dedifferentiation in thickness asymmetry (Roe et�al., 2021), we hypothesized trajecto-
ries of cortical thickness would show developmental growth in thickness asymmetry (i.e. differentia-
tion), but remained agnostic regarding lifespan areal asymmetry development.

Results
Population-level asymmetry of the cerebral cortex
First, to delineate cortical regions exhibiting population-level areal and thickness asymmetry, we 
assessed asymmetry vertex-wise in 7 independent adult samples and quanti�ed overlapping effects 
(Methods). Areal asymmetries were highly consistent across all 7 datasets (Figure�1A): the spatial 
correlation between surface AI maps ranged from r=0.88�to 0.97 (Figure�1C). Across all seven datasets 
(Figure�1D), overlapping effects for strong leftward areal asymmetry were observed in a large cluster 
in supramarginal gyrus (SMG) that spanned postcentral gyrus, planum temporale and primary auditory 
regions (and conformed well to their anatomical boundaries; see Figure�1��gure supplement 1A 
for signi�cance), anterior insula and temporal cortex, rostral anterior cingulate, medial superior frontal 
cortex, and precuneus, the latter spanning parahippocampal and entorhinal cortex. Overlapping 
effects for strong rightward areal asymmetry were evident in cingulate, inferior parietal cortex, STS, 
medial occipital cortex, medial PFC (mPFC) and rostral middle frontal cortex (Figure�1D). This global 
pattern agrees with previous reports (Kong et�al., 2018; Lyttelton et�al., 2009; Sha et�al., 2021a).

For thickness, an anterior-posterior pattern of left-right asymmetry was evident in most datasets 
(Figure�1B), consistent with more recent reports (Kong et�al., 2018; Roe et�al., 2021; Sha et�al., 
2021a; Plessen et�al., 2014; Williams et�al., 2022). Though spatial correlations between AI maps 
from independent datasets were high, they were notably more variable (r=0.33 - 0.93; Figure�1C); 
HCP showed lower correlation with all datasets (r=0.33 - 0.46) whereas all other datasets correlated 
highly (min r=0.78). Consistent leftward thickness asymmetry effects were evident in cingulate, post-
central gyrus, and superior frontal cortex (Figure�1E), whereas consistent effects for rightward thick-
ness asymmetry were evident in a large cluster in and around STS (Figure� 1E; Figure� 1��gure 
supplement 1B), insula, lingual gyrus, parahippocampal and entorhinal cortex. Of note, both areal 
and thickness asymmetry extended beyond these described overlapping effects (Figure�1��gure 
supplements 1 and 2 & Figure�1��gure supplement 5).

Based on effect size criteria (Figure�1D�E; Methods), we derived a set of robust clusters exhibiting 
population-level areal (14 clusters) and thickness asymmetry (20 clusters) for further analyses (see 
Supplementary �le 1E-F for anatomical descriptions). The proportion of individuals lateralized in the 
population direction in each cluster was highly similar across datasets, on average ranging between 
61% and 94% for area, and 57�90% for thickness (Figure� 1F�I). We then formally compared our 
approach to asymmetry estimates derived from a gyral-based atlas often used to assess asymmetry 
(Kong et�al., 2018; Koelkebeck et�al., 2014; Sha et�al., 2021b), �nding fairly poor correspondence 
with the vertex-wise structure of cortical asymmetry for atlas-based regions, particularly for thickness 
asymmetry (Figure�1��gure supplement 3).

Lifespan trajectories of population-level cortical asymmetries
Having delineated regions exhibiting population-level areal and thickness asymmetry, we aimed to 
characterize the developmental and lifespan trajectories of cortical asymmetry from early childhood 
to old age, using a lifespan sample incorporating dense longitudinal data (Methods). For this, we used 
the mixed-effects LCBC lifespan sample covering the full age-range (4�89�years). To account for non-
linear lifespan change, we used Generalized Additive Mixed Models (GAMMs) to model the smooth 
left- (LH) and right hemisphere (RH) age-trajectories in our robust clusters (Methods).

In all clusters, the homotopic areal trajectories revealed areal asymmetry was strongly established 
already by age�~4, and the lifespan trajectories of both leftward (Figure�2A) and rightward (Figure�2B) 
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Figure 1. Population-level asymmetry of the cerebral cortex. (A) Mean areal and (B) thickness asymmetry in each dataset. Warm and cold colours depict 
leftward and rightward asymmetry, respectively. (C) Spatial overlap (Pearson�s r) of the unthresholded maps between datasets for areal (lower matrix) and 
thickness asymmetry (upper). (D) Overlapping effects across datasets were used to delineate clusters exhibiting population-level areal (lower threshold 
= 5%) and (E) thickness asymmetry (lower threshold = 1%) based on a minimum 6-dataset overlap (black outlined clusters). (F, H) Raw distribution of 
the individual-level asymmetry index (AI) in adults extracted from clusters exhibiting areal and thickness asymmetry, respectively. Mean AI�s are in black, 
Raw distributions are shown for the LCBC (18�55�years) dataset with mixed effects data (cluster-wise outliers de�ned in lifespan analysis removed on 
a region-wise basis; Methods; Supplementary �le 1E-F). X-axis denotes the AI of the average thickness and area of a vertex within the cluster. (G, I) 
Proportion of individuals with the expected directionality of asymmetry within each cluster exhibiting areal and thickness asymmetry, respectively, shown 
for the three largest adult datasets. The X-axes in G and I are ordered according to the clusters shown in F and H, respectively. Lat = lateral; Med = 
medial; Post = posterior; Ant = anterior; Sup = superior; Inf = inferior.

The online version of this article includes the following �gure supplement(s) for �gure 1:

Figure supplement 1. Signi�cance of asymmetry effects across samples.

Figure supplement 2. Unthresholded maps.

Figure supplement 3. Comparison of vertex-wise and atlas-based asymmetry estimates.

Figure supplement 4. HCP pipeline.

Figure supplement 5. Unthresholded asymmetry effects analyzed using a standard brain atlas with no cross-hemispheric registration.
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Figure 2. Lifespan trajectories of population-level areal asymmetry. Homotopic lifespan trajectories of surface area in clusters exhibiting population-
level (A) leftward (yellow plots; yellow clusters) and (B) rightward (pink plots; blue clusters) areal asymmetry (mm2). Larger plots on the left show the mean 
age trajectory across all clusters exhibiting leftward (top) and rightward (bottom) asymmetry. Note that the unit of measurement is the average surface 
area of a vertex within the cluster. Dark colours correspond to LH trajectories. All age trajectories were �tted using GAMMs. Data is residualized for sex, 
scanner and random subject intercepts. Clusters are numbered for reference. As outliers were removed on a region-wise basis (Methods), the number of 
observations underlying the plots range from 7862 to 7874 (see Supplementary �le 1E).
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asymmetries were largely parallel. Speci�cally, a large left-asymmetric region in and around SMG/peri-
sylvian (#1; Figure�2A) showed strong asymmetry by age�~4 that was largely maintained throughout 
life through steady aging-associated decline of both hemispheres, whereas leftward asymmetry of 
temporal cortex (#2,6) and anterior insular (#4) was maintained through developmental expansion and 
aging-associated decline of both hemispheres. Others (retrosplenial #5; mPFC #3,7) showed growth 
from pre-established asymmetry and more variable lifespan trajectories. On the other side, rightward 
asymmetries showed largely preserved asymmetry through aging-associated decline of both hemi-
spheres (Figure�2B; medial occipital #1; lateral parietal #2; STS #5; orbitofrontal #7), through bilateral 
developmental expansion and aging-associated decline (mPFC #6), or steadily expanding bilateral 
surface area until mid-life (cingulate; #3). There was also little indication of relative hemispheric differ-
ences during cortical developmental expansion from 4 to 30�years (Figure�3��gure supplement 
3A) or aging from 30 to 89�years (Figure�3��gure supplement 5). Though lifespan areal asymmetry 
trajectories did show signi�cant change at some point throughout life in most clusters (Supplemen-
tary �le 1E), factor-smooth GAMM interaction analyses con�rmed that areal asymmetry was signi�-
cantly different from zero across the entire lifespan in all clusters (Figure�3��gure supplements 1�2), 
and the average trajectories across all leftward and rightward clusters were clearly parallel (although 
still both exhibited a signi�cant difference; bordered plots in Figure�2A�B; Supplementary �le 1E).

In contrast, though homotopic trajectories of thickness clusters were more variable, they were non-
parallel, and mostly characterized by developmental increase in thickness asymmetry from age 4�30, 
through seemingly unequal rates of continuous thinning between hemispheres (Figure�3; Figure�3�
�gure supplements 1�3). Importantly, in 10/20 clusters the data indicated developmental increase 
in thickness asymmetry corresponded to a signi�cant relative hemispheric difference in the rate of 
developmental thinning. Mostly, these conformed to a pattern whereby the thicker homotopic hemi-
sphere thinned comparatively slower (Figure�4): leftward thickness asymmetry developed through 
comparatively slower thinning of the LH that was signi�cant in 6 clusters (superior, lateral and medial 
PFC #2 #8 #10, precentral #4, inferior temporal #6, calcarine #11; Figure�3A; Figure�4), whereas 
rightward asymmetry developed through signi�cantly slower RH thinning (STS #1, planum temporale 
#7, anterior insula #9; Figure�3A; Figure�4), or signi�cantly faster RH thickening (#5 entorhinal). Only 
one other cluster exhibited a relative hemispheric difference seemingly driven by faster thinning of 
the thicker hemisphere (#8 posterior cingulate; Figure�4). In these clusters, asymmetry development 
was generally evident until a peak in early adulthood (median age at peak = 24.3; see Figure�4) for 
both leftward and rightward clusters, around a point of in�ection to less developmental thinning 
(see also Figure�3��gure supplement 4). The average trajectories across all leftward and rightward 
clusters also indicated developmental asymmetry increase (bordered plots; Figure�3). Despite the 
developmental growth, factor-smooth GAMMs nevertheless con�rmed the developmental founda-
tion for thickness asymmetry was already established by age�~4 (95% of clusters exhibited small but 
signi�cant asymmetry at age�~4; Figure�3��gure supplement 2B), and again asymmetry trajectories 
showed signi�cant change at some point throughout life (Supplementary �le 1F). Across clusters 
delineated here we observed little evidence aging-related change from 30 to 89�years corresponded 
to a relative hemispheric difference in the rate of aging-related thinning, except in regions overlap-
ping with our previous report (Roe et�al., 2021; e.g. mPFC #10; Figure�3��gure supplement 5B; 
Figure�3��gure supplement 4). Thus, across population-level thickness asymmetries, the data indi-
cated either developmental growth in asymmetry, or conserved relative asymmetry through develop-
ment and aging despite absolute asymmetry change. Results were robust to varying the number of 
knots used to estimate trajectories (Figure�3��gure supplement 1).

Interregional asymmetry correlations
We then investigated which cortical asymmetries correlate within individuals (AI�s corrected for age, 
sex, scanner; Methods). For areal asymmetry, a common covariance structure between asymme-
tries was detectable across datasets: Mantel tests revealed the correlation matrices derived inde-
pendently in LCBC, UKB and HCP data all correlated almost perfectly (r � 0.97, all p<9.9e-5; Figure�5A; 
Figure� 5��gure supplement 1A). The highest correlations (or �hotspots�) all re�ected positive 
correlations between regions that are on average left-asymmetric and regions that are on average 
right-asymmetric (i.e. higher leftward asymmetry in one region related to higher rightward asymmetry 
in another; Figure�5A black outline); leftward asymmetry in SMG/perisylvian (#1�L) was related to 
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Figure 3. Lifespan trajectories of population-level thickness asymmetry. Homotopic lifespan trajectories of cortical thickness in clusters exhibiting 
population-level (A) leftward (yellow plots; yellow clusters) and (B) rightward (pink plots; blue clusters) thickness asymmetry (mm). Larger plots on 
the left show the mean age trajectory across all clusters exhibiting leftward (top) and rightward (bottom) asymmetry. Dark colours correspond to LH 
trajectories. All age trajectories were �tted using GAMMs. Data is residualized for sex, scanner, and random subject intercepts. Clusters are numbered 
for reference. As outliers were removed on a region-wise basis (Methods), the number of observations underlying the plots range from 7856 to 7874 (see 
Supplementary �le 1F).

The online version of this article includes the following �gure supplement(s) for �gure 3:

Figure supplement 1. Knot comparison.

Figure supplement 2. Smooth Age x Hemisphere interactions.

Figure supplement 3. Relative developmental trajectories.

Figure supplement 4. Lifespan thickness trajectories in regions exhibiting age-related change in asymmetry.

Figure supplement 5. Relative aging trajectories.
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