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Summary 
 
Sex differences in human brain structure and function are of substantial scientific interest 
because of sex-differential susceptibility to psychiatric disorders [1,2,3] and because of the 
potential to explain sex differences in psychological traits [4]. Males are known to have 
larger brain volumes, though the patterns of differences across brain subregions have 
typically only been examined in small, inconsistent studies [5]. In addition, despite common 
findings of greater male variability in traits like intelligence [6], personality [7], and physical 
performance [8], variance differences in the brain have received little attention. Here we 
report the largest single-sample study of structural and functional sex differences in the 
human brain to date (2,750 female and 2,466 male participants aged 44-77 years). Males had 
higher cortical and sub-cortical volumes, cortical surface areas, and white matter diffusion 
directionality; females had thicker cortices and higher white matter tract complexity. 
Considerable overlap between the distributions for males and females was common, and 
subregional differences were smaller after accounting for global differences. There was 
generally greater male variance across structural measures. The modestly higher male score 
on two cognitive tests was partly mediated via structural differences. Functional connectome 
organization showed stronger connectivity for males in unimodal sensorimotor cortices, and 
stronger connectivity for females in the default mode network. This large-scale 
characterisation of neurobiological sex differences provides a foundation for attempts to 
understand the causes of sex differences in brain structure and function, and their associated 
psychological and psychiatric consequences. 
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Results 
 
Sex differences have been of enduring biological interest [9]. Nevertheless, in some research 
fields, such as neuroscience, the potential effects of sex are not always considered [10-12]. A 
full understanding of how the human sexes differ in their morphological and functional 
characteristics might assist in explaining their numerous mean-level behavioural differences 
[4], and might also provide insight into why the prevalence of some psychiatric disorders 
differs substantially by sex. For example, rates of Alzheimer’s Disease are higher in females 
than males, prompting a recent call for the prioritisation of biomedical research into sex 
differences [13]. In this context, a particularly important target for the investigation of sex 
differences is the brain. 
 
Broad sex differences in human brain structure are well-known: for instance, males have on 
average higher total brain volume than females. However, more specific details of where and 
how the brain differs by sex are unclear, due in part to methodological heterogeneity, small 
differences scattered throughout the brain [14], and small sample sizes in prior studies [15]. 
For instance, in the most recent meta-analysis of sex differences in brain structure [5], studies 
that examined sex differences in specific regions of interest—rather than in broad, overall 
measures—had a mean sample size of 130 participants (range = 28-465). Here, we 
characterised sex differences in brain structure and function using data from UK Biobank. 
 
UK Biobank [16] is a large-scale biomedical study in the United Kingdom. A subset of the 
full sample of 500,000 participants have contributed neuroimaging data [17]; a portion of 
these data have been released for analysis while collection is ongoing. For the present study, 
we had brain structural MRI data for 2,750 female (mean age = 61.12 years, SD = 7.42, range 
= 44.64-77.12) and 2,466 male (mean age = 62.39 years, SD = 7.56, range = 44.23-76.99) 
participants, all scanned on the same scanner (see Supplemental Experimental Procedures). 
This large sample allowed us to compare differences in brain morphology across the sexes 
with high power and reliability. We tested male-female differences (in mean and variance; 
the latter having received less attention in previous studies) in overall and subcortical brain 
volumes, mapped the magnitude of sex differences across the cortex in volume, surface area, 
and thickness, and examined sex differences in white matter microstructure. We tested for 
potential associations of these structural differences with cognitive variation across the sexes. 
Finally, we examined sex differences in resting-state functional connectivity. 
 
Sex differences in overall and subcortical brain volumes 
 
Raw volumetric sex differences are illustrated in Figure 1. The male distributions were 
further to the right, indicating higher means, and wider, indicating greater variance. There 
was a substantial degree of overlap between the sexes on all measures. 
 

--Insert Figure 1 here-- 
 
We first tested for mean sex differences in overall cortical and subcortical brain volumes, 
adjusting each measure for age and ethnicity. We examined differences in total as well as 
grey and white matter volumes separately. The subcortical structures examined were the 
hippocampus, the nucleus accumbens, the amygdala, the caudate nucleus, the dorsal 
pallidum, the putamen, and the thalamus (Figure S1). Differences are shown in Table 1. We 
observed statistically significant sex differences (adjusted for multiple comparisons using the 
False Discovery Rate correction), all showing larger volume in males. In what follows, 
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negative effect sizes indicate higher values for males, and positive effect sizes indicate higher 
values for females. The effect sizes ranged from small to large; for example, Cohen’s d = 
−0.39 and −0.31 for the left and right nucleus accumbens volume, respectively; −1.41, −1.28, 
and −1.49 for total, grey matter, and white matter volumes respectively. The average 
difference for the fourteen subcortical volumes was d = −0.70. We also tested for age-by-sex 
interactions, assessing whether brain measures were more strongly associated with age in 
males or females. This was not the case for the overall measures (adjusted p-values > .8). 
However, all of the subcortical measures except the amygdala and the caudate showed 
significant interactions, indicating that the age association was stronger for males. 
 

--Insert Table 1 here-- 
 
We tested whether sex differences in the subcortical measures were accounted for by the 
substantial difference in total brain volume. We regressed each subcortical variable on total 
brain volume, testing the residuals for sex differences. After this adjustment, there were no 
longer statistically significant differences in the hippocampus, caudate nucleus, or thalamus 
(all padj-values > 0.07, absolute d-values < 0.03; Table S1). There remained differences in 
each of the other measures, with attenuated effect sizes (average d for significant differences 
after adjustment = 0.17). Females had significantly greater right nucleus accumbens volume 
after adjustment for total brain volume (d = 0.10, padj = .003). Overall, the majority of the sex 
differences in specific subcortical structures appeared to be linked to the total brain size 
(average attenuation of d-values for subcortical structures = 85.0%). We also ran analyses 
adjusting for height, since overall body size may have influenced these differences (as 
expected, males were substantially taller: d = −2.15). This attenuated all of the d-values 
(average attenuation across global and subcortical measures = 71.3%), but males still showed 
significantly larger volumes for all regions except the nucleus accumbens (Table S1). For 
example, post-adjustment d-values were −0.42 for total brain volume, −0.31 for grey matter 
volume, and −0.47 for white matter volume. 
 
A novel aspect of the current study was testing male-female differences in variance. A 
number of studies have found greater male variance in a variety of cognitive and physical 
measures (e.g. [8,18]), but to our knowledge no studies have explicitly tested for greater male 
variance in brain imaging measures. As shown in Table 1, there were statistically significant 
variance differences in all overall cortical and subcortical brain volumes, with males showing 
greater variance; the average variance ratio for overall volumes and subcortical volumes was 
0.82 (variance ratios <1.00 indicate greater male variance). After adjusting for total brain 
volume or height, the variance differences reported in Table 1 remained relatively unchanged 
(see Table S1). 
 
Sex differences in brain cortical subregions 
 
Using Freesurfer to parcellate cortical regions according to the Desikan-Killiany 
neuroanatomical atlas ([19]; Figure S2), we tested for sex differences in volume, surface area, 
and cortical thickness across 68 cortical subregions. As with the analyses above, we adjusted 
all subregions for age and ethnicity; p-values were also adjusted within each measure type 
using the False Discovery Rate correction. The results are illustrated in Figure 2A (see also 
Table S2). 
 

--Insert Figure 2 here-- 
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Males showed larger brain volume across all cortical subregions. The sex differences were 
statistically significant in every subregion, ranging in size from small (d = −0.24 in the right 
temporal pole) to large (d = −1.03 in the right insula). The mean d-value across all subregions 
was −0.67 (padj-values < 9.00×10-13). Even larger differences, all favouring males, were 
observed for surface area; these ranged from moderate (d = −0.43 in the left caudal anterior 
cingulate) to large (d = −1.20 in the left superior frontal region). The mean d-value across all 
subregions was −0.83 (all padj-values < 2.00×10-36). 
 
Cortical thickness displayed a different pattern. Unlike volume and surface area, females had 
thicker cortex across almost the entire brain. The only area where males showed a statistically 
significantly thicker cortex was the right (but not left) insula, and the difference was small (d 
= 0.14). In all other areas, there was either no significant thickness difference (20/68 areas), 
or a statistically significant difference favouring females. The mean d-value in the 47 areas 
that reached statistical significance after correction was 0.22, ranging from d = 0.07 in the 
right rostral middle frontal region to d = 0.45 in the left inferior parietal region. Higher 
female cortical thickness was generally not found in the temporal lobe (except the 
parahippocampal gyrus) or in the medial orbitofrontal regions. In some regions there 
appeared to be converse differences: in the motor and somatosensory regions in the parietal 
lobe, the frontal pole, and the parahippocampal gyrus, females showed relatively higher 
thickness but males showed relatively higher volume and surface area. In the superior 
temporal lobe and orbitofrontal regions, males showed relatively higher volume and surface 
area, but there was no particular sex difference in thickness. 
 
We next adjusted the subregional cortical measures for overall brain volume. As shown in 
Figure 2B (and Table S2), 14 regions were still significantly larger in volume for males. 
However, the majority of regions (44/68) no longer showed significant volume differences 
(−0.08<d<0.08). There were also 10 regions where females now had a significantly larger 
volume relative to the overall size of the brain, the largest being the left isthmus cingulate (d 
= 0.22). For surface area, males were larger in 31/68 areas (the largest being in the left 
isthmus cingulate; d = −0.22), and females were larger in one (the left caudal anterior 
cingulate, d = 0.11). For cortical thickness, after correction for total brain volume there were 
still significant differences favouring females in 46/68 regions (0.07<d<0.41), and no regions 
favouring males. 
 
Variance differences across the three structural measures are illustrated in Figure 2C. For 
volume and surface area, males showed significantly greater variance than females across 
almost all brain regions. The volume variance ratio was significant in 64/68 regions, ranging 
from 0.88 in the right temporal pole to 0.67 in the left isthmus cingulate, with all padj-values < 
.031 after correction. The surface area variance ratio was significant in 66/68 regions, ranging 
from 0.88 in the left pars orbitalis to 0.65 in the left isthmus cingulate, all padj-values < .018 
after correction. For cortical thickness (Figure 4C), there were no significant variance 
differences in any region (all padj-values > .14) except one: females showed significantly 
greater variance in the thickness of the left medial orbitofrontal cortex (VR = 1.19, padj = .01). 
As can be observed from Figure S2 (and Table S3), controlling for overall brain volume 
made only a negligible difference to the pattern of variance ratios reported above.  
 
We tested whether the regions showing larger mean differences were also those with larger 
variance differences, by correlating the vector of d-values with the vector of VRs for each 
brain measure. As shown in Figures S5 and S6, there was no clear correspondence between 
mean and variance: in the unadjusted analysis, mean and variance were correlated at r = .51, 
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but there were smaller correlations for surface area and thickness (r-values = .25 and −.06, 
respectively). Adjusted for TBV, all three correlations were relatively weak (r-values = .22, 
.03, and −.25 for the three brain measures respectively). 
 
To verify whether the pattern of results across the cortical mantle was agnostic to the gyral 
boundaries of the Desikan-Killiany atlas, we conducted a supplemental analysis, testing sex 
differences using a vertex-wise approach, the results of which are shown in Figures S7 (for 
mean differences) and S8 (for variance differences). This precisely replicated the subregional 
atlas-based results. 
 
Sex differences in white matter microstructure 
 
We tested sex differences in 22 white matter tracts. We focused on two white matter 
microstructural properties that had previously been shown to demonstrate differences 
between males and females in the initial release of UK Biobank imaging data [20]. The first 
was fractional anisotropy (FA), an index of the directionality of water diffusion through the 
white matter. The second was orientation dispersion (OD), a measure of white matter tract 
complexity. For FA, there were generally higher values in males, particularly in the cortico-
spinal tract (d = −0.54) and the acoustic radiation (d = −0.51). The average difference across 
tracts was d = −0.19. OD was higher in all tracts for females (average d = 0.30). These mean 
differences are shown in Figure 3, and fully reported in Tables S5 and S6.  
 

--Insert Figure 3 here-- 
 
Variance differences are illustrated in Figure S9 (see also Tables S5 and S6). Generally, there 
was greater male variance in FA (average VR = 0.92); however, there was substantially 
greater female variance in the cortico-spinal tract in particular (VR = 1.17, p = .0003). For 
OD, the only tract that showed a significant variance difference following FDR correction 
was the left superior thalamic radiation, where males showed greater variance (VR = 0.79). 
 
Relation of neurostructural differences to cognitive differences 
 
We linked the structural brain differences to scores on two cognitive tests taken at the time of 
the imaging visit: verbal-numerical reasoning and reaction time (see Supplemental 
Experimental Procedures). Descriptive statistics for the cognitive tests are shown in Table 1. 
Note that we coded (reflected) both tests so that higher scores indicated better performance. 
The test scores correlated positively, but weakly (r = .12). Males had a slightly higher mean 
score than females on verbal-numerical reasoning (d = −0.18) and slightly faster mean 
reaction time (d = −0.22); there was no significant variance difference for verbal-numerical 
reasoning (VR = 0.97, p = .45), though males had marginally more variance in reaction time 
(VR = 0.92, p = .03). 
 
We tested the extent to which the mean cognitive differences were mediated by any of the 
overall brain measures (total, grey, and white matter volumes, total surface area, mean 
cortical thickness, or general factors of FA or OD; Figure S10). We ran a separate model for 
each brain measure. To assess the replicability of the results and avoid overfitting, these 
analyses were performed in two randomly-selected halves of the sample. Full results are 
displayed in Tables S7 and S8 for verbal-numerical reasoning and reaction time, respectively 
(Tables S9 and S10 contain correlation matrices for each of the variables in this analysis). For 
verbal-numerical reasoning, the sex difference in test scores was mediated substantially by 
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brain volume measures and by surface area (all mediation percentages >82%). Cortical 
thickness showed far smaller mediation percentages (7.1% and 5.4% in the two sample 
halves, respectively). For reaction time, total brain and white matter volumes had mediation 
percentages >27%, but the other measures all produced smaller percentages (<15.3%), 
particularly mean cortical thickness (mediating <3% of the variance). 
 
Finally, we correlated performance on the two cognitive tests with the volume, surface area, 
and thickness of each brain region in males and females separately. These correlations were 
generally small, with all r-values <.17 (Table S11; see [17] for discussion of the associations 
in the full sample). We then compared the size of the correlations across the sexes. After 
multiple comparisons correction, there were no significant sex differences in these 
correlations. Thus, there was no evidence for sex differences in how regional brain structure 
related to cognitive skills.  
 
Sex differences in resting-state functional connectivity 
 
In a final set of analyses, we examined sex differences in resting-state functional MRI 
(rsfMRI) responses within a number of functional networks. We found that 54.7% (811 of 
1,485) network connections showed a sex difference (absolute β-values= 0.071-0.447 for 
females; 0.071-0.519 for males). A map showing connections between 55 network nodes is 
shown in Figure 4A (see also Table S12). Connectivity between sensorimotor, visual, and 
rostral lateral prefrontal areas was stronger in males than females (see orange cluster of brain 
regions in Figure 4A), whereas connectivity within the default mode network (DMN; red 
cluster of regions in Figure 4A) was stronger in females than males. 
 

--Insert Figure 4 here-- 
 
To further visualize these sex differences, we calculated the mean strength of all 54 
connections to each node, producing a weighted degree statistic. Sex differences in weighted 
degree are shown in Figure 4B and 4C. A prominent male>female association was apparent 
in bilateral sensorimotor areas, the visual cortex, and the rostral lateral prefrontal cortex. A 
female>male association was apparent in cortical areas comprising the DMN: the bilateral 
posterior cingulate cortex/precuneus, the dorsal anterior cingulate cortex, medial prefrontal 
cortex, temporo-parietal junction, anterior temporal lobe, medial temporal lobe (e.g. 
hippocampus and surrounding areas), and some cerebellar regions (see Table S12).  
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Discussion 
 
In a single-scanner sample of over 5,000 participants from UK Biobank, we mapped sex 
differences in brain volume, surface area, cortical thickness, diffusion parameters, and 
functional connectivity. One main theme of the neurostructural results was that associations 
with sex were global. Males generally had larger volumes and surface areas, whereas females 
had thicker cortices. The differences were substantial: in some cases, such as total brain 
volume, more than a standard deviation. We also found that volume and surface area 
mediated nearly all of the small sex difference in reasoning ability, but far less of the 
difference in reaction time. For white matter microstructure, females showed lower 
directionality (FA) and higher tract complexity (OD); white matter microstructure was a poor 
mediator of the cognitive sex difference. Resting-state fMRI analyses also revealed a global 
effect: around 54% of connections showed a sex difference. These differences clustered 
around specific networks, with stronger connectivity in females in the default mode network 
and stronger connectivity in males between unimodal sensory and motor cortices as well as 
high-level cortical areas in the rostral lateral prefrontal cortex. Overall, for every brain 
measure that showed even large sex differences, there was always overlap between males and 
females (see Figure 1 and [21]).  
 
The principal strengths of the present study are its sample size (providing sensitivity for the 
identification of small effects with high statistical power), the wide range of MRI modalities, 
and the consideration of both mean and variance differences. Given the surfeit of small-n 
studies in neuroscience [15], it is of great importance to test hypotheses in large, well-
powered samples, especially given that many neural sex differences are small [14]. Here, we 
had excellent statistical power to find small effects in brain subregions, providing a robust, 
definitive, and detailed analysis. For our subregional analysis, we had a far larger sample size 
than the most recent meta-analysis [5]. In contrast to that meta-analysis—which found greater 
volume for females in areas such as the thalamus, the anterior cingulate gyrus, and the lateral 
occipital cortex—our study found no brain subregions where females had a larger volume 
than males. The reason for this may be the more restricted age range of the participants in our 
study (sex may have different effects at different ages), or, more likely, study size and 
heterogeneity: the data for that part of the meta-analysis came from many separate studies, on 
separate scanners, with small sample sizes (many with n < 100), whereas our contrasts were 
based on a very large, single-scanner study. 
 
The higher male volume in our study appeared largest in some regions involved in emotion 
and decision-making, such as the bilateral orbitofrontal cortex, the bilateral insula, and the 
left isthmus of the cingulate gyrus [22-25], but also areas such as the right fusiform gyrus. 
For surface area, which showed an even larger difference favouring males, the regions that 
showed the largest effects were broadly areas involved in the hypothesized intelligence-
related circuit in the “P-FIT” model [26]: for example, the bilateral superior frontal gyri, the 
bilateral precentral gyri, the left supramarginal gyrus, and the bilateral rostral middle frontal 
areas. However, some of the regions involved in this theorized circuit were also larger, in 
terms of thickness, for females. For instance, the bilateral inferior parietal regions were the 
regions with numerically the largest difference favouring females in cortical thickness. Our 
finding that the cortex was thicker for females is consistent with a number of previous, 
smaller studies (e.g. [27-29]), though our greater statistical power allowed us to find smaller 
differences in thickness across the cortex. 
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Whereas previous work has found some white matter regions where fractional anisotropy was 
higher for females [30], we found that males showed higher FA in 18 of the 22 tracts we 
examined. FA also generally showed greater variance in males. On the other hand, higher 
orientation dispersion was found for females in all tracts. Unexpectedly, higher OD was 
found to be related to lower cognitive performance on the two tests examined here. Since OD 
is a relatively new measure of white matter microstructure [31], further work should aim to 
clarify its behavioural correlates. 
 
The issue of adjusting for overall brain size in analyses of sex differences (e.g. [32]) was 
addressed in each of our macrostructural analyses. As can be seen comparing Figures 2 and 3, 
after this adjustment, the higher male volume and surface area was substantially reduced, 
often to non-significance. For those latter brain regions, this implies that the sex difference 
was general: their larger volume or surface area was a by-product of the overall larger male 
brain. However, for some regions, especially for surface area (particularly in areas such as the 
left isthmus of the cingulate gyrus and the right precentral gyrus), males still showed a 
significantly higher measurement, indicating specific sex differences in the proportional 
configuration of the cortex, holding brain size equal. Most interestingly, for some areas (for 
example the right insula, the right fusiform gyrus, and the left isthmus of the cingulate gyrus), 
the difference was reversed, with females showing significantly larger brain volume.  
 
A recent meta-analysis of sex differences in amygdala volume [33] found that, although 
males showed large raw volume, after correction for total brain volume there was no longer 
an appreciable sex difference. However, in our study the amygdala was significantly, but 
modestly, larger in males even after adjusting for total brain volume (d = 0.18 bilaterally). 
The heterogeneity in the methods of the studies being meta-analysed may have led to the 
divergent conclusion from our single-sample study. With regard to the hippocampus, 
however, we found results consistent with another recent meta-analysis [34]: there were no 
longer significant sex differences after adjustment for total brain volume (this was also the 
case for the thalamus and caudate). We recommend that future studies perform comparisons 
both before and after adjusting for total volume, since these results pertain to quite different 
questions. 
 
One question that could not be addressed using the current data regards the underlying bio-
social causes, ultimate or proximate, for the sex differences that we observed. Sex differences 
in brain structure are observed early in the life course (e.g. [35]), though this does not imply 
that the pattern of adult differences we observed is necessarily the same as is found in 
childhood. The literature on developmental sex differentiation of the brain highlights 
influences of factors such as sex hormones that could not be analysed in the present study 
(e.g. [36,37]). Likewise, understanding the potential neurobiological effects of social 
influences during development [38] was beyond the scope of the present study. 
 
Our analysis also focused on sex differences in variability. The best-studied human 
phenotype in this context has been cognitive ability: almost universally, studies have found 
that males show greater variance in this trait ([6,18,39], though see [40]). This has also been 
found to be the case for academic achievement test results (a potential consequence of 
intelligence differences [8,41,42]), other psychological characteristics such as personality [7], 
and a range of physical traits such as athletic performance [43], and both birth and adult 
weight [8]. Here, for the first time, we directly tested sex differences in the variance of 
several brain measures, finding greater male variance across almost the entire brain for 
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volume, surface area, and white matter fractional anisotropy, but only patchy and inconsistent 
variance differences for cortical thickness and white matter orientation dispersion. 
 
One potential candidate to explain greater male variability across multiple phenotypes is the 
hypothesized ‘female-protective’ mechanism involving effects of the X chromosome [44,45], 
or other protective factors that “buffer” females from potential deleterious consequences of 
rare genetic mutations. For instance, if deleterious genetic variants are found on one X 
chromosome in (heterozygous) females, they may be buffered by the presence of the opposite 
allele on the other X chromosome. Since males carry only one X chromosome, this effect 
cannot occur, increasing the likelihood of the allele being expressed in males, and thus 
increasing the variation in the phenotype linked to that allele [44,46]. In sex-biased 
phenotypes like autism (ASD), female protective effects are also frequently discussed. It is 
known that ASD females typically require a higher burden of rare, deleterious de novo 
mutations compared to males with ASD [47], and this effect extends into the general 
population when examining autistic traits in typically-developing individuals [48]. It is 
possible that higher male variability could be linked to genetic mechanisms that inherently 
buffer females against deleterious genetic influences, but may have much a more variable and 
significant effect on average in males. As studies like UK Biobank release even larger 
amounts of data on individuals who have both neurostructural and genotype data, researchers 
will be able to perform well-powered tests of these hypotheses.  
 
Using the (limited) data on cognitive abilities available in our sample, we tested whether the 
data were consistent with any consequences of brain structural differences in terms of ability 
differences. There were very small correlations between brain variables and the cognitive 
tests, and these associations did not differ by sex (consistent with a prior meta-analysis on the 
link between brain volume and intelligence [49]). Mediation modelling suggested that, for 
verbal-numerical reasoning, a very large portion (up to 99%) of the modest sex difference 
was mediated by brain volumetric and surface area measures. Smaller fractions (up to 38%) 
of the modest link between sex and reaction time could be explained by volume or surface 
area. Perhaps unexpectedly, given evidence and theory linking white matter microstructure to 
cognitive processing speed [50,51], white matter microstructural measures only mediated a 
small proportion of the sex difference in reaction time (this may have been due to weaknesses 
in this cognitive measure; see below). Cortical thickness had trivial mediating effects 
compared to volume and surface area: no more than 7.1% of the sex-cognitive relation was 
mediated by thickness in any analysis. Thus, the data are consistent with higher volume and 
cortical surface area (but not cortical thickness or microstructural characteristics) being of 
particular relevance to sex differences in reasoning abilities (but not particularly reaction 
time). 
 
Sex differences in intrinsic functional connectome organization also revealed results that 
corroborate and extend prior work. Notably, the original study of the 1,000 Functional 
Connectomes dataset reported sex differences similar to those we identified – that is, 
Female>Male connectivity within the default mode network and some evidence for a 
Male>Female effect in sensorimotor and visual cortices [52]. The higher female connectivity 
within circuits like the DMN may be particularly important, given that DMN regions are 
typically considered as the core part of the “social brain” [53]. Whether such an effect can 
help explain higher average female ability in domains like social cognition [54], and whether 
such functional differences can be integrated with differences in the structural connectome 
[55], remains to be seen. Finally, recent work has shown that intrinsic functional connectome 
organization can be parsimoniously described as a small number of connectivity gradients 
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[56]. The most prominent connectivity gradient has at one pole the DMN and at the other 
unimodal sensory and motor cortices. The observed pattern of sex differences in functional 
connectome organization observed here recapitulates the two main poles of that principal 
connectivity gradient [56]; see Figure S12. One potential way of describing the biological 
significance of these functional sex differences is that mechanisms involved in shaping sex 
differences (biological, cultural, or developmental) may influence this principal connectivity 
gradient; the result may be the multiple network differences we discovered. 
 
Limitations 
 
Whereas the sample was large, it was also selective. It covered only one part of the life 
course (from approximately age 45 to age 75 years). In addition, UK Biobank had a very low 
response rate to invitations to participate (5.47% in the full sample of ~500,000; [16]). We 
would thus expect the individuals studied here would not be fully representative of males and 
females from the general UK population. This was the case for education: individuals with 
college or university degrees were over-represented (see Supplemental Experimental 
Procedures), though the male:female education ratio itself appeared representative.  
 
Caution should be taken in interpreting the results of the analyses involving the cognitive 
tests (the mediation analyses in addition to the correlations). Whereas previous, 
representative studies (e.g. [6]) have found no mean difference, but a variance difference, in 
cognitive test performance, the tests examined here showed mean differences but no strong 
variance differences. This may be due to problems of sample representativeness [57], or due 
to the tests tapping specific cognitive skills rather than general ability [58]. The cognitive 
measures were relatively psychometrically poor compared to a full IQ assessment: the verbal-
numerical reasoning had only 13 items, and the reaction time test had only 4 trials that 
counted towards the final score (see [59] for analyses of their reliability). Although the 
tests—particularly verbal-numerical reasoning—have some external validity [60], the above 
issues mean that the cognitive analyses reported here should be considered preliminary. 
Fuller cognitive testing, currently underway in UK Biobank, will allow a more 
comprehensive exploration. It should also be noted that cross-sectional mediation models of 
observational data, such as those used here, are inherently limited: they cannot address causal 
relations between variables. The models were simple, including only three main variables 
(sex, the brain measure, and cognitive ability; Figure S10). More complex models, using 
longitudinal data and latent variables derived from multiple cognitive tests, should be 
specified in future research. 
 
Conclusions 
 
The present study is the largest single-sample study of neuroanatomical sex differences to 
date. We report evidence on the pattern of sex differences in brain volume, surface area, 
cortical thickness, white matter microstructure, and functional connectivity between adult 
males and females in the range between middle- and older-age. As has previously been 
argued [61], providing a clear characterisation of neurobiological sex differences is a step 
towards understanding patterns of differential susceptibility to neurodevelopmental disorders 
such as autism spectrum disorder [1], a variety of psychiatric conditions [2], and 
neurodegenerative disorders such as Alzheimer’s Disease [13,62]. Data on many thousands 
of further MRI scans (to a maximum sample of 100,000 with MRI data) will be available 
from UK Biobank in the coming months and years, in addition to more complex cognitive 
testing batteries and genotypic data. Future studies will t be able to explore in much greater 
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depth the links between sex differences in the brain, their potential causes, and their medical 
and behavioural consequences. 
  

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 14, 2017. ; https://doi.org/10.1101/123729doi: bioRxiv preprint 

https://doi.org/10.1101/123729
http://creativecommons.org/licenses/by/4.0/


SEX DIFFERENCES IN THE HUMAN BRAIN  13

Acknowledgements 
 

We are grateful to the UK Biobank members for their participation in the study, and to the 
UK Biobank team, who collected, processed, and made available the data for analysis. This 
work was carried out under UK Biobank application number 10279. The work was primarily 
carried out in The University of Edinburgh Centre for Cognitive Ageing and Cognitive 
Epidemiology (CCACE), is part of the UK Research Councils’ cross-council Lifelong Health 
and Wellbeing initiative (MR/K028992/1). Additional funding has been received from the 
Biotechnology and Biological Sciences Research Council (BBSRC), the Medical Research 
Council (MRC), and Age UK’s Disconnected Mind project. Authors S.J.R., S.R.C., 
D.C.M.L., and I.J.D. were supported by the MRC award to CCACE (MR/K026992/1). 
Author S.R.C. was supported by MRC grant MR/M013111/1. Author I.J.D. is additionally 
supported by the Dementias Platform UK (MR/L015382/1). The work was also supported by 
a Wellcome Trust Strategic Award, “Stratifying Resilience and Depression Longitudinally” 
(STRADL; reference 104036/Z/14/Z). Author X.S. receives support from the China 
Scholarship Council. Author L.M.R. was supported by an Erasmus Traineeship Grant. 
Author H.C.W. is supported by a JMAS SIM fellowship from the Royal College of 
Physicians of Edinburgh, and by an ESAT College Fellowship from the University of 
Edinburgh. Authors A.M.M., H.C.W., and S.M.L. gratefully acknowledge the support of the 
Sackler Foundation. Author A.M.M. has previously received grant support from Pfizer, Lilly, 
and Janssen. We are grateful to Anne Scheel, Gina Rippon, and Michel Nivard for helpful 
comments on a previous draft. None of the funders or other acknowledged individuals are 
responsible for our analysis or interpretation of our results. 
  

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 14, 2017. ; https://doi.org/10.1101/123729doi: bioRxiv preprint 

https://doi.org/10.1101/123729
http://creativecommons.org/licenses/by/4.0/


SEX DIFFERENCES IN THE HUMAN BRAIN  14

References 
 

1. Baron-Cohen, S., Lombardo, M.V., Auyeung, B., Ashwin, E., Chakrabarti, B., and 
Knickmeyer, R. (2011). Why are autism spectrum conditions more prevalent in 
males? PLOS Biol 9, e1001081. 

2. Gobinath, A.R., Choleris, E., and Galea, L.A. (2017). Sex, hormones, and genotype 
interact to influence psychiatric disease, treatment, and behavioral research. J 
Neurosci Res 95, 50-64. 

3. Rutter, M., Caspi, A., and Moffitt, T.E. (2003). Using sex differences in psychopathology 
to study causal mechanisms: unifying issues and research strategies. J Child Psychol 
Psychiatr 44, 1092-1115. 

4. Zell, E., Krizan, Z., and Teeter, S.R. (2015). Evaluating gender similarities and differences 
using metasynthesis. Am Psychologist 70, 10-20. 

5. Ruigrok, A.N., Salimi-Khorshidi, G., Lai, M.C., Baron-Cohen, S., Lombardo, M.V., Tait, 
R.J., and Suckling, J. (2014). A meta-analysis of sex differences in human brain 
structure. Neurosci Biobehav Rev 39, 34-50. 

6. Johnson, W., Carothers, A., and Deary, I.J. (2008). Sex differences in variability in general 
intelligence: A new look at the old question. Perspect Psychol Sci 3, 518-531. 

7. Borkenau, P., McCrae, R.R., and Terracciano, A. (2013). Do men vary more than women 
in personality? A study in 51 cultures. J Res Personality 47, 135-144. 

8. Lehre, A.C., Lehre, K.P., Laake, P., and Danbolt, N.C. (2009a). Greater intrasex phenotype 
variability in males than in females is a fundamental aspect of the gender differences 
in humans. Dev Psychobiol 51, 198-206. 

9. Darwin, C. (1871). The Descent of Man, and Selection in Relation to Sex. London, UK: 
John Murray. 

10. Beery, A.K., and Zucker, I. (2011). Sex bias in neuroscience and biomedical research. 
Neurosci Biobehav Rev 35, 565–572. 

11. Cahill, L. (2006). Why sex matters for neuroscience. Nat Rev Neurosci 7, 477-484. 
12. Cahill, L. (2017). An issue whose time has come. J Neurosci Res 95, 12-13. 
13. Mazure, C.M., and Swendsen, J. (2016). Sex differences in Alzheimer’s disease and other 

dementias. Lancet Neurol 15, 451. 
14. Joel, D., Berman, Z., Tavor, I., Wexler, N., Gaber, O., Stein, Y., ... and Liem, F. (2015). 

Sex beyond the genitalia: The human brain mosaic. Proc Natl Acad Sci USA 112, 
15468-15473. 

15. Button, K.S., Ioannidis, J.P., Mokrysz, C., Nosek, B.A., Flint, J., Robinson, E.S., and 
Munafò, M.R. (2013). Power failure: why small sample size undermines the 
reliability of neuroscience. Nat Rev Neurosci 14, 365-376. 

16. Allen, N., Sudlow, C., Downey, P., Peakman, T., Danesh, J., Elliott, P., Gallacher, J., 
Green, J., Matthews, P., Pell, J., et al. (2012). UK Biobank: Current status and what it 
means for epidemiology. Health Policy Technol 1, 123-126. 

17. Miller, K.L., Alfaro-Almagro, F., Bangerter, N.K., Thomas, D.L., Yacoub, E., Xu, J., 
Bartsch, A.J., Jbabdi, S., Sotiropoulos, S.N., Andersson, J.L., et al. (2016). 
Multimodal population brain imaging in the UK Biobank prospective epidemiological 
study. Nat Neurosci 19, 1523-1536. 

18. Deary, I. J., Irwing, P., Der, G., and Bates, T. C. (2007). Brother–sister differences in the 
g factor in intelligence: Analysis of full, opposite-sex siblings from the NLSY1979. 
Intelligence, 35(5), 451-456. 

19. Desikan, R.S., Ségonne, F., Fischl, B., Quinn, B.T., Dickerson, B.C., Blacker, D., Bucker, 
R.L., Dale, A.M., Maguire, R.P., Hyman, B.T., et al. (2006). An automated labeling 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 14, 2017. ; https://doi.org/10.1101/123729doi: bioRxiv preprint 

https://doi.org/10.1101/123729
http://creativecommons.org/licenses/by/4.0/


SEX DIFFERENCES IN THE HUMAN BRAIN  15

system for subdividing the human cerebral cortex on MRI scans into gyral based 
regions of interest. NeuroImage 31, 968-980. 

20. Cox, S.R., Ritchie, S.J., Tucker-Drob, E.M., Liewald, D.C., Hagenaars, S.P., Davies, G., 
Wardlaw, J.M., Gale, C.R., Bastin, M.E., and Deary, I. J. (2016). Ageing and brain 
white matter structure in 3,513 UK Biobank participants. Nat Commun 7, 13629. 

21. Joel, D., and Fausto-Sterling, A. (2016). Beyond sex differences: new approaches for 
thinking about variation in brain structure and function. Phil Trans R Soc B 371, 
20150451. 

22. MacPherson, S.E., Della Sala, S., Cox, S.R., Girardi, A., and Iveson, M.H. (2015). 
Handbook of Frontal Lobe Assessment. Oxford, UK: Oxford University Press.  

23. Ochsner, K.N. and Gross, J.J. (2005). The cognitive control of emotion. Trends Cog Sci 
9, 242-249. 

24. Craig, A.D. (2009). How do you feel – now? The anterior insula and human awareness. 
Nat Rev Neurosci 10, 59-70. 

25. Wager, T.D., Davidson, M.L., Hughes, B.L., Lidquist, M.A., Ochsner, K.N. (2008). 
Prefrontal-subcortical pathways mediating successful emotion regulation. Neuron 59, 
1037-1050. 

26. Jung, R.E., and Haier, R.J. (2007). The Parieto-Frontal Integration Theory (P-FIT) of 
intelligence: converging neuroimaging evidence. Behav Brain Sci 30, 135-154. 

27. Sowell, E.R., Peterson, B.S., Kan, E., Woods, R.P., Yoshii, J., Bansal, R., Xu, D., Zhu, 
H., Thompson, P.A., and Toga, A.W. (2007). Sex differences in cortical thickness 
mapped in 176 healthy individuals between 7 and 87 years of age. Cereb Cortex 17, 
1550-1560. 

28. Lv, B., Li, J., He, H., Li, M., Zhao, M., Ai, L., Yan, F., Xian, J. and Wang, Z. (2010). 
Gender consistency and difference in healthy adults revealed by cortical thickness. 
NeuroImage 53, 373-382. 

29. Luders, E., Narr, K.L., Thompson, P.M., Rex, D.E., Woods, R.P., DeLuca, H., Jancke, L., 
and Toga, A.W. (2006). Gender effects on cortical thickness and the influence of 
scaling. Hum Brain Mapp 27, 314-324. 

30. Kanaan, R.A., Allin, M., Picchioni, M., Barker, G.J., Daly, E., Shergill, S.S., Woolley, J., 
McGuire, P.K. (2012). Gender differences in white matter microstructure. PLOS ONE 
7, e38272. 

31. Daducci, A., Canales-Rodríguez, E.J., Zhang, H., Dyrby, T.B., Alexander, D.C., and 
Thiran, J.-P. (2015). Accelerated microstructure imaging via convex 
optimization(AMICO) from diffusion MRI data. NeuroImage 105, 32-44. 

32. Rippon, G., Jordan-Young, R., Kaiser, A., and Fine, C. (2014). Recommendations for 
sex/gender neuroimaging research: key principles and implications for research 
design, analysis, and interpretation. Front Hum Neurosci, 8, 650. 

33. Marwha, D., Halari, M., and Eliot, L. (2016). Meta-analysis reveals a lack of sexual 
dimorphism in human amygdala volume. NeuroImage 147, 282-294. 

34. Tan, A., Ma, W., Vira, A., Marwha, D., and Eliot, L. (2016). The human hippocampus is 
not sexually-dimorphic: meta-analysis of structural MRI volumes. NeuroImage 124, 
350-366. 

35. Knickmeyer, R.C., Wang, J., Zhu, H., Geng, X., Woolson, S., Hamer, R.M., Konneker, 
T., Styner, M., and Gilmore, J. H. (2014). Impact of sex and gonadal steroids on 
neonatal brain structure. Cereb Cortex 24, 2721-2731. 

36. McCarthy, M.M., and Arnold, A.P. (2011). Reframing sexual differentiation of the brain. 
Nat Neurosci 14, 677-683. 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 14, 2017. ; https://doi.org/10.1101/123729doi: bioRxiv preprint 

https://doi.org/10.1101/123729
http://creativecommons.org/licenses/by/4.0/


SEX DIFFERENCES IN THE HUMAN BRAIN  16

37. Lombardo, M.V., Ashwin, E., Auyeung, B., Chakrabarti, B., Taylor, K., Hackett, G., 
Bullmore, E.T., and Baron-Cohen, S. (2012). Fetal testosterone influences sexually 
dimorphic gray matter in the human brain. J Neurosci 32, 674-680. 

38. Dawson, G., Ashman, S.B., and Carver, L.J. (2000). The role of early experience in 
shaping behavioral and brain development and its implications for social policy. Dev 
Psychopathol 12, 695-712. 

39. Lakin, J.M. (2013). Sex differences in reasoning abilities: Surprising evidence that male–
female ratios in the tails of the quantitative reasoning distribution have increased. 
Intelligence 41, 263-274. 

40. Iliescu, D., Ilie, A., Ispas, D., Dobrean, A., and Clinciu, A.I. (2016). Sex differences in 
intelligence: A multi-measure approach using nationally representative samples from 
Romania. Intelligence 58, 54-61. 

41. Lehre, A.C., Hansen, A., and Laake, P. (2009b). Gender and the 2003 Quality Reform in 
higher education in Norway. Higher Ed 58, 585-597. 

42. Machin, S., and Pekkarinen, T. (2008). Global sex differences in test score variability. 
Science 322, 1331-1332. 

43. Olds, T., Tomkinson, G., Léger, L., and Cazorla, G. (2006). Worldwide variation in the 
performance of children and adolescents: an analysis of 109 studies of the 20-m 
shuttle run test in 37 countries. J Sport Sci 24, 1025-1038. 

44. Johnson, W., Carothers, A., and Deary, I.J. (2009). A role for the X chromosome in sex 
differences in variability in general intelligence. Perspect Psychol Sci 4, 598-611. 

45. Reinhold, K., and Engqvist, L. (2013). The variability is in the sex chromosomes. 
Evolution 67, 3662-3668. 

46. Craig, I.W., Haworth, C.M., and Plomin, R. (2009). Commentary on “A role for the X 
chromosome in sex differences in variability in general intelligence?”(Johnson et al., 
2009). Perspect Psychol Sci 4, 615-621. 

47. Jacquemont, S., Coe, B.P., Hersch, M., Duyzend, M. H., Krumm, N., Bergmann, S., 
Beckmann, J.S., Rosenfeld, J.A., and Eichler, E. E. (2014). A higher mutational 
burden in females supports a “female protective model” in neurodevelopmental 
disorders. Am J Hum Genet 94, 415-425. 

48. Robinson, E.B., Lichtenstein, P., Anckarsäter, H., Happé, F., and Ronald, A. (2013). 
Examining and interpreting the female protective effect against autistic behavior. Proc 
Natl Acad Sci USA 110, 5258-5262. 

49. Pietschnig, J., Penke, L., Wicherts, J.M., Zeiler, M., and Voracek, M. (2015). Meta-
analysis of associations between human brain volume and intelligence differences: 
How strong are they and what do they mean? Neurosci Biobehav Rev 57, 411-432. 

50. Penke, L., Maniega, S.M., Bastin, M.E., Hernandez, M.V., Murray, C., Royle, N.A., 
Starr, J.M., Wardlaw, J.M., and Deary, I.J. (2012). Brain white matter tract integrity 
as a neural foundation for general intelligence. Mol Psychiatr 17, 1026-1030. 

51. Bennett, I. J., and Madden, D.J. (2014). Disconnected aging: cerebral white matter 
integrity and age-related differences in cognition. Neurosci 276, 187-205. 

52. Biswal, B.B., Mennes, M., Zuo, X.N., Gohel, S., Kelly, C., Smith, S.M., Beckmann, C.F., 
Adelstein, J.S., Buckner, R.L., Colcombe, S., et al. (2010). Toward discovery science 
of human brain function. Proc Natl Acad Sci USA 107, 4734-4739. 

53. Kennedy, D.P., and Adolphs, R. (2012). The social brain in psychiatric and neurological 
disorders. Trends Cog Sci 16, 559-572. 

54. Gur, R.C., Richard, J., Calkins, M.E., Chiavacci, R., Hansen, J.A., Bilker, W.B., 
Loughead, J., Connolly, J.J., Qiu, H., et al. (2012). Age group and sex differences in 
performance on a computerized neurocognitive battery in children age 8-21. 
Neuropsychology 26, 251-265. 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 14, 2017. ; https://doi.org/10.1101/123729doi: bioRxiv preprint 

https://doi.org/10.1101/123729
http://creativecommons.org/licenses/by/4.0/


SEX DIFFERENCES IN THE HUMAN BRAIN  17

55. Ingalhalikar, M., Smith, A., Parker, D., Satterthwaite, T. D., Elliott, M. A., Ruparel, K., 
Hakonarson, H., Gur, R.E., Gur, R.C., and Verma, R. (2014). Sex differences in the 
structural connectome of the human brain. Proc Natl Acad Sci USA 111, 823-828. 

56. Margulies, D.S., Ghosh, S.S., Goulas, A., Falkiewicz, M., Huntenburg, J. M., Langs, G., 
Bezgin, G., Eickhoff, S.B., Castellanos, F.X., Petrides, M., et al. (2016). Situating the 
default-mode network along a principal gradient of macroscale cortical 
organization. Proc Natl Acad Sci USA 113, 12574-12579. 

57. Dykiert, D., Gale, C.R., and Deary, I.J. (2009). Are apparent sex differences in mean IQ 
scores created in part by sample restriction and increased male variance? Intelligence 
37, 42-47. 

58. Burgaleta, M., Head, K., Álvarez-Linera, J., Martínez, K., Escorial, S., Haier, R., and 
Colom, R. (2012). Sex differences in brain volume are related to specific skills, not to 
general intelligence. Intelligence 40, 60-68. 

59. Lyall, D.M., Cullen, B., Allerhand, M., Smith, D.J., Mackay, D., Evans, J., Anderson, J., 
Fawns-Ritchie, C., McIntosh, A.M., Deary, I.J., and Pell, J.P. (2016). Cognitive test 
scores in UK Biobank: data reduction in 480,416 participants and longitudinal 
stability in 20,346 participants. PLOS ONE 11, e0154222. 

60. Hagenaars, S.P., Harris, S.E., Davies, G., Hill, W.D., Liewald, D.C., Ritchie, S.J., 
Marioni, R.E., Fawns-Ritchie, C., Cullen, B., Malik, R., et al. (2016). Shared genetic 
aetiology between cognitive functions and physical and mental health in UK Biobank 
(N = 112 151) and 24 GWAS consortia. Mol Psychiatr 21, 1624-1632. 

61. Fine, C. (2017). Testosterone Rex: Unmaking the Myths of Our Gendered Minds. 
London, UK: Omnibus Books. 

62. Viña, J., and Lloret, A. (2010). Why women have more Alzheimer's disease than men: 
gender and mitochondrial toxicity of amyloid-β peptide. J Alz Dis 20, 527-533. 

  

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 14, 2017. ; https://doi.org/10.1101/123729doi: bioRxiv preprint 

https://doi.org/10.1101/123729
http://creativecommons.org/licenses/by/4.0/


SEX DIFFERENCES IN THE HUMAN BRAIN  18

Table 
 
Table 1. Descriptive statistics with mean and variance comparisons for overall volumes, 
subcortical volumes, and cognitive tests. 
Measure 
type 

Measure Female 
(n = 2,750) 

Male 
(n = 2,466) 

Mean difference test Variance Ratio 
test 

M (SD) M (SD) t p d VR p 
Overall 
volumes 
(cm3) 

Total brain 
volume 

1115.76 
(89.68) 

1233.58 
(98.31) 

−48.91 ~0.00 −1.41 0.82 6.46×10−06 

Grey matter 
volume 

597.02 
(47.78) 

643.45 
(52.08) 

−38.97 1.75×10−287 −1.28 0.81 3.60×10−06 

White matter 
volume 

518.85 
(47.89) 

589.59 
(52.69) 

−51.53 ~0.00 −1.49 0.82 7.31×10−06 

Subcortical 
volumes 
(cm3) 

Left hippocampusa 3.73 (0.42) 3.94 (0.46) −18.91 2.69×10−76 −0.55 0.86 3.83×10−04 

Right 
hippocampusa 

3.82 (0.42) 4.04 (0.48) −18.43 1.16×10−72 −0.54 0.77 1.16×10−09 

Left accumbensa 0.49 (0.11) 0.53 (0.12) −13.42 5.19×10−39† −0.39 0.81 2.95×10−06 
Right accumbensa 0.40 (0.10) 0.42 (0.11) −10.64 3.82×10−26† −0.31 0.83 4.46×10−05 
Left amygdala 1.21 (0.22) 1.35 (0.25) −20.04 5.23×10−85†

 −0.59 0.74 5.89×10−12 
Right amygdala 1.18 (0.24) 1.31 (0.27) −17.55 2.16×10−66† −0.51 0.79 1.54×10−07 
Left caudate 3.28 (0.38) 3.54 (0.41) −23.00 3.04×10−110 −0.66 0.85 2.38×10−04 
Right caudate 3.45 (0.40) 3.72 (0.44) −22.67 2.37×10−107 −0.65 0.84 4.46×10−05 
Left palliduma 1.69 (0.21) 1.85 (0.22) −26.64 4.87×10−145† −0.77 0.88 .002 
Right palliduma 1.74 (0.20) 1.89 (0.22) −26.96 3.82×10−148†

 −0.78 0.84 1.03×10−04 
Left putamena 4.61 (0.50) 5.07 (0.56) −34.72 1.73×10−234† −1.01 0.83 1.46×10−05 
Right putamena 4.64 (0.49) 5.13 (0.55) −37.13 4.76×10−264† −1.08 0.81 1.98×10−06 
Left thalamusa 7.54 (0.64) 8.11 (0.72) −33.73 7.76×10−223 −0.98 0.82 1.34×10−05 
Right thalamusa 7.34 (0.62) 7.92 (0.69) −35.76 2.42×10−247 −1.03 0.83 4.46×10−05 

Cognitive 
tests 

Verbal-numerical 
reasoning (max. 
score 13) 

6.80 (2.10) 7.14 (2.13) −6.21 5.77×10−10 −0.18 0.97 .451 

Reaction time 
(ms) 

590.37 
(98.04) 

574.71 
(100.71) 

−7.63 2.71×10−14 −0.21 0.92 .033 

Note: Means and SDs are shown prior to adjustment for age and ethnicity; statistical tests are 
performed after this adjustment. Reaction Time is shown here in raw millisecond units, but 
was reverse-scored for analysis so that higher scores indicated better performance. Negative 
t- and d-values mean higher male means. VR = Variance ratio (values < 1 indicate greater 
male variance). p-values for brain variables corrected for multiple comparisons using the 
False Discovery Rate correction. a = significant age-by-sex interaction. † = sex difference in 
subcortical region still significant after adjustment for total brain volume (see Table S1). 
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Figure Legends 
 
Figure 1. Density plots of sex differences in overall brain volumes (left section) and 
subcortical structures (right section). d = Cohen’s d (mean difference); VR = Variance Ratio 
(variance difference). All mean differences were statistically significant at p < 3.0×10−25, all 
variance differences were significant at p < .003, after correction for multiple comparisons 
(see Table 1). 
 
Figure 2. Sex differences across the subregions in volume, surface area, and cortical 
thickness. Shown are A) mean differences, B) mean differences adjusted for total brain 
volume, and C) variance differences. Variance differences corrected for total brain volume 
were near-identical to those shown in C); see Figure S4. See Figure S2 for subregional atlas. 
 
Figure 3. Mean sex differences in white matter microstructural measures A) fractional 
anisotropy and B) orientation dispersion across 22 white matter tracts. For both measures, 
numerically the largest effect was found in the right cortico-spinal tract. See Figure S3 for 
tract atlas. 
 
Figure 4. Resting-state fMRI results. and weighted degree of nodes. A) Spatial maps for 
individual connections. Colours represent the effect sizes of sex on the strength of 
connections (red = female stronger; blue = male stronger). For the purpose of illustration, 

only effect sizes larger than ±0.3 are shown. B) and C) Weighted degrees of nodes with 
higher values in males and females, respectively. The spatial maps of significant group-ICA 
nodes were multiplied by the size of the sex correlation. 
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