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Significance

We demonstrate the presence of 
large sex-related differences in the 
microstructure of subcortical gray 
matter using advanced 
noninvasive diffusion MRI in a 
large cohort of young adults. 
These sex differences are found in 
several key brain structures that 
are important for mental health 
and are consistent with 
experimental studies in animals 
showing cellular differences in 
these regions. Further, we 
demonstrate that brain imaging 
measures in regions with large sex 
differences are also associated 
with psychiatric symptoms.
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Sex and mental health are related to subcortical 
brain microstructure
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Some mental health problems such as depression and anxiety are more common in 
females, while others such as autism and attention deficit/hyperactivity (AD/H) are 
more common in males. However, the neurobiological origins of these sex differences 
are poorly understood. Animal studies have shown substantial sex differences in neu-
ronal and glial cell structure, while human brain imaging studies have shown only small 
differences, which largely reflect overall body and brain size. Advanced diffusion MRI 
techniques can be used to examine intracellular, extracellular, and free water signal con-
tributions and provide unique insights into microscopic cellular structure. However, the 
extent to which sex differences exist in these metrics of subcortical gray matter structures 
implicated in psychiatric disorders is not known. Here, we show large sex-related differ-
ences in microstructure in subcortical regions, including the hippocampus, thalamus, and 
nucleus accumbens in a large sample of young adults. Unlike conventional T1-weighted 
structural imaging, large sex differences remained after adjustment for age and brain 
volume. Further, diffusion metrics in the thalamus and amygdala were associated with 
depression, anxiety, AD/H, and antisocial personality problems. Diffusion MRI may 
provide mechanistic insights into the origin of sex differences in behavior and mental 
health over the life course and help to bridge the gap between findings from experimental, 
epidemiological, and clinical mental health research.

brain | sex differences | diffusion MRI

Sex Differences and Mental Health. Sex differences are evident in both the developmental 
onset, prevalence, and phenotypic presentation of mental health problems across the 
lifespan (1, 2). For example, females have a higher lifetime prevalence of anxiety (M:F 
1:1.7) (3) and mood disorders (M:F 1:1.9) (4) than males, whereas autism (M:F 3.3:1) (5), 
ADHD (M:F 2.2:1) (6) and antisocial behavior are more common in males (7). However, 
the origins of these sex-based differences in mental health are poorly understood.

Sex differences have been observed in the pharmacokinetics and pharmacodynamics 
of antipsychotic drugs (8) with a greater side effects burden in females (9). Identifying 
possible factors that might explain these sex differences is important to both advance 
understanding of the etiological and pathogenic mechanisms underlying different mental 
health conditions but also to inform improved diagnosis and treatment to reduce mental 
health disparities.

One potential explanation is that these differences may reflect differences in the neural 
mechanisms that underpin neuropsychiatric and neurological disorders (10). Due to 
the historical overrepresentation of males in both human and animal research (11), we 
have yet to fully characterize the role of neuroanatomical sex differences in mental health.

Sex Differences and Macrostructure—Evidence from Humans. Sex differences have 
been detected in the volumes of subcortical brain regions previously implicated in 
neuropsychiatric disorders (12). For example, functional and volumetric alterations in 
subcortical gray matter structures have been implicated in mood disorders (13). However, 
after controlling for brain size, sex difference effect sizes are generally small (14, 15). For 
example, study of approximately 40,000 participants in the UK Biobank (16) identified 
small but statistically significant male/female differences in a majority (67%) of the 620 
structural imaging–derived phenotypes examined, with a median absolute standardized 
effect size of 0.17 after allometric adjustment for brain size. These human imaging 
studies have focused on sex differences in macroscopic morphometry (12) rather than on 
microscopic differences reported in the animal literature.

Sex Differences and Microstructure—Evidence from Animal Models. Animal studies 
have demonstrated sex differences in brain microstructure suggesting that multiple 
cellular characteristics likely contribute to neuroanatomical differences observed in 
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adulthood, including volumetric differences. These differences 
are evident in neuron or glial cell number (17, 18), dendritic 
complexity, arborization and spine density (19, 20), microglia 
phagocytosis (21), microglia (22) and astrocyte (23) morphology, 
and neurogenesis (24), soma size (25), number of excitatory 
synapses (19), and degree of myelination (26). However, human 
in vivo studies of sex differences in gray matter microstructure 
are lacking. Thus, it is unclear whether volumetric differences in 
humans reflect changes in neuron or glial cell number, or other 
cellular changes such as dendritic density.

Diffusion MRI—Noninvasive Measure of Microstructure. 
Diffusion-weighted MRI (dMRI) provides unique information 
about the tissue microstructure and organization of the brain in vivo 
(27). Water molecules undergo diffusion due to their thermal 
energy. In a free medium, molecules traverse a random walk, 
and their displacement pattern can be characterized by a three-
dimensional Gaussian distribution. However, in biological tissues, 
the microstructural environment hinders or restricts the diffusion 
of water molecules. By measuring their displacement pattern in 
the brain, it is possible to distinguish between different tissue 
environments. The diffusion of water molecules in the extracellular 
space is hindered by the presence of cell soma and processes, while 
water molecules in the intracellular space are restricted by cell 
membranes. The orientation of cellular microstructures influences 
the direction in which water molecules diffuse, resulting in isotropic 
or anisotropic diffusion. The signal measured by dMRI is sensitive 
to properties such as cell size, cell density, myelination, and axonal 
and dendritic structure. Therefore, dMRI has the potential to 
identify sex differences in humans beyond brain structure volumes, 
reflecting a range of these neurobiological processes.

To date, dMRI has most often been used to assess white matter 
integrity and possible white matter sex differences (28). However, 
multicompartment models of diffusion such as neurite orientation 
dispersion and density imaging (29) and restriction spectrum 
imaging (RSI) (30) can also provide important metrics relating 
to gray matter microstructure. The RSI model provides measures 
of the intracellular, extracellular, and free water (cerebrospinal 
fluid) environments making it an ideal candidate with which to 
assess gray matter microstructure. It has been successfully applied 
to study subcortical and cortical gray matter, and white matter 
in adult and developmental populations (28, 31, 32). RSI may 
therefore be a useful method for examining sex differences in 
subcortical gray matter with greater tissue specificity in vivo in 
the human brain.

Overview. In this paper, we investigate sex-related differences in 
the microstructure of subcortical gray matter regions in a large 
cohort of young adults assessed using noninvasive dMRI. We 
hypothesize that any observed sex-related differences in regional 
gray matter microstructure would also be associated with mental 
health problems known to vary by sex, including the extent of 
depression, anxiety, attention deficit/hyperactivity (AD/H), and 
antisocial behavior symptomatology.

Results

Study Population. The sample consisted of 1,065 (n = 575 female, 
n = 490 male) participants from 436 families who were enrolled in 
the Human Connectome Project (HCP) Young Adult study (33). 
The characteristics of the sample are shown in Table 1. Females 
were significantly older (29.5 ± 3.6 vs. 27.9 ± 3.6 y, P < 0.001), 
had somewhat lower bodymass index (BMI) (26.1 ± 5.7 vs. 26.8 
± 4.3 kg/m2, P = 0.034), and significantly lower supratentorial 

volume (0.968 ± 0.082 vs. 1.111 ± 0.093 L, P < 0.001). The 
subpopulation of unrelated subjects had similar characteristics.

Main Effect of Sex. Fig.  1 shows voxelwise analysis by sex for 
unrelated subjects. Males had strongly decreased hindered 
isotropic signal in the thalamus, caudate, nucleus accumbens, and 
brainstem and increased restricted isotropic signal in the amygdala/
hippocampus than females. SI Appendix, Figs. S2 and S3 show 
mean hindered and restricted isotropic component maps for the 
unrelated male and female participants corresponding to Fig. 1. 
SI Appendix, Figs. S4–S23 show whole-brain data for the restricted 
and hindered isotropic components, mean diffusivity, and 
fractional anisotropy for analyses with and without supratentorial 
volume and voxelwise Jacobian determinant included in the model. 
The group level statistical maps are available to download from 
the Brain Analysis Library of Spatial maps and Atlases database, 
https://balsa.wustl.edu/study/r330M.

Controlling for age, BMI, supratentorial, and regional volume 
using a mixed effect model (Table 2), significant (P < 0.05 after 
Bonferroni correction for multiple comparisons) effects of sex on 
diffusion were found in 27/32 regions/metrics. In each of the hip­
pocampus, amygdala, thalamus, caudate, nucleus accumbens, and 
brainstem, one or more diffusion metrics were highly significant 
with P < 10−16. The largest standardized effect sizes for the hindered 
isotropic component were in the hippocampus (−0.92 ± 0.06) and 
thalamus (−0.87 ± 0.06), where negative values represent a lower 
signal in males compared to females. The hippocampus also 
demonstrated the largest effect sizes in the restricted isotropic com­
ponent (0.75 ± 0.06), representing a larger signal in males com­
pared to females and the restricted directional component (−0.78 
± 0.07) compared to other regions studied. The largest standardized 
effect size for volume was the amygdala at 0.54 ± 0.07.

SI Appendix, Table S1 shows the corresponding Cohen’s d val­
ues. Without accounting for other covariates, the maximum abso­
lute value was d = −1.63 (95% CI 1.41, 1.85) for the hindered 
isotropic component in the thalamus. For comparison, supraten­
torial volume was larger in males, with d = 1.65 (95% CI 1.43 to 
1.87). As shown in Fig. 2, the degree of overlap in the thalamus 
hindered isotropic diffusion component between males and 
females was similar to the overlap in supratentorial volume, as 
would be expected from their comparable effect sizes.

For the most significant region and metric, the hindered iso­
tropic component in the thalamus, sex alone explained 39.8% of 
the variance in the metric. Including the remaining covariates in 
the analysis showed that the unique variance explained by sex was 
11.4% (eta-squared).

Data from 45 participants who had repeated imaging showed 
good test–retest reliability in the imaging metrics. For example, 
an intraclass correlation of 0.893 was obtained for the hindered 
isotropic component in the thalamus (Fig. 3).

Emotional and Behavioral Adjustment Problems. Females 
displayed greater anxiety (P < 0.001) and somatotopic (P = 0.001) 
problems, while males scored higher on measures of avoidance  
(P = 0.003), AD/H (P < 0.001), and antisocial behavior problems 
(P < 0.001; see Table 1).

Full statistics for the association of Achenbach-based, Diagnostic 
and Statistical Manual of Mental Disorders (DSM) raw scores with 
all diffusion metrics are available in SI Appendix, Tables S3–S8. The 
regions and metrics that were significant after Bonferroni correction 
(P < 0.05, nTests = 192, PUncorrected < 2.6 × 10−4) are shown in Table 3. 
The amygdala demonstrated significant associations with depres­
sion and antisocial personality; the thalamus with depression, anx­
iety, AD/H, and antisocial personality.

http://www.pnas.org/lookup/doi/10.1073/pnas.2403212121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2403212121#supplementary-materials
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Discussion

Common Features and Comparison to Human Literature. Across 
the subcortical gray matter regions considered, in general, males 
displayed higher restricted isotropic diffusion and lower restricted 
directional diffusion (Table 2). Consistent with this result, using 
a conventional diffusion tensor model, males had lower fractional 
anisotropy than females (SI Appendix, Table S2). Anisotropy may 
reflect changes in dendritic structure, consistent with changes in 
axonal myelination or dendritic complexity, arborization, and 
spine density (19, 20).

The shift in signal from the higher-diffusivity hindered compo­
nent to the lower-diffusivity restricted component in males com­
pared to females is also reflected in decreased mean diffusivity. This 
finding suggests greater intracellular signal in males, which could be 
due to increased cellularity, gliosis, or changes in cell morphology.

The associations between diffusion metrics and the extent of 
mental health problems were weaker but showed consistent trends. 
Increased restricted isotropic and decreased hindered isotropic 
signal in the amygdala and thalamus, respectively, were associated 
with greater mental health problems. In general, more male-like 
diffusion metrics (increased restricted isotropic, decreased hindered 
isotropic and restricted directional signal) were associated with 
poorer mental health functioning, including anxiety and depres­
sion symptoms that are more prevalent in females than males. This 
finding is consistent with increased male genetic vulnerability (34).

Previously Reported Effect Sizes. In the largest study of neuroan­
atomical norms for sex and age (n = 40,028, ages 40 to 69) (16), 
statistically significant sex differences after allometric adjustment 
for total brain volume were found in 67% of measures, although 
the median absolute effect size was modest (0.13). Subcortical 

volume differences were similarly small, with effect sizes ranging 
from 0.06 (left hippocampus) to 0.18 (putamen). This study 
challenged the view that “once we account for individual differen­
ces in brain size, there is almost no difference in the volume 
of specific cortical or subcortical structures between men and 
women” (14).

It is surprising that the large effect sizes reported here have not 
been described previously. However, diffusion MRI is much more 
commonly applied to white matter than to subcortical gray matter 
structures. The use of a more advanced analysis technique (RSI) 
compared to a conventional diffusion tensor model may have 
increased our sensitivity to sex-related differences, although we 
found consistent results using both diffusion tensor imaging and 
RSI (SI Appendix, Table S2). This suggests that our results may 
benefit from but are not unique to the specific model selected. 
Our participant population were sexually mature young adults, 
and therefore, any differential effects of puberty on development 
are likely to be irrelevant. Previous studies have often concentrated 
on either developmental or older cohorts.

Androgen Receptors in the Brain. We found increased restricted 
isotropic signal in males compared to females in several regions, 
including multiple subcortical structures known to contain 
high densities of androgen receptors, including the thalamus, 
hippocampus, and amygdala (35). In animal models, brain 
structures that are sensitive to androgen administration are larger 
in males than in females (36), and testosterone has been shown to 
influence amygdala morphology in rodent studies (37). For example, 
pubertal testosterone increases neurogenesis in the medial amygdala 
of male rats (17), and circulating androgens are known to play 
an important role in the maintenance of the greater posterodorsal 
subnucleus of the medial amygdala (17, 38). Based on this literature, 

Table 1.   Characteristics of study participants by self-reported sex for the total sample (n = 1,065), and the subsam-
ple of unrelated subjects (n = 436)

Full sample Unrelated

Females Males P Females Males P

N 575 (54.0%) 490 (46.0%) 234 (53.7%) 202 (46.3%)

Age (years) 29.5 (3.6) 27.9 (3.6) <0.001 29.4 (3.6) 27.6 (3.6) <0.001

BMI (kg/m2) 26.1 (5.7) 26.8 (4.3) 0.034 26.5 (6.1) 26.9 (4.4) 0.462

Supratentorial volume (liters) 0.968 (0.082) 1.111 (0.093) <0.001 0.966 (0.083) 1.111 (0.093) <0.001

Race 0.317 0.658

 White 420 (73.0%) 383 (78.2%) 163 (69.7%) 153 (75.7%)

 Black 94 (16.3%) 56 (11.4%) 38 (16.2%) 24 (11.9%)

 Asian/Pacific Is. 35 (6.1%) 30 (6.1%) 17 (7.3%) 15 (7.4%)

 Other/Unknown 26 (4.5%) 21 (4.3%) 16 (6.8%) 10 (5.0%)

Hispanic Ethnicity 42 (7.3%) 52 (10.6%) 0.135 24 (10.3%) 22 (10.9%) 0.497

Zygosity 0.703 0.304

 Dizygotic twin 97 63 34 18

 Monozygotic twin 162 116 61 49

Mental Health
 Depression 3 (2, 6) 3 (2, 6) 0.274 4 (2, 7) 3 (2, 6) 0.012

 Anxiety 4 (2, 6) 3 (2, 5) <0.001 4 (3, 6) 3 (2, 5) <0.001

 Somatic 1 (0, 2) 1 (0,2) 0.001 1 (0, 3) 0.5 (0, 2) 0.057

 Avoidance 2 (1, 4) 3 (1, 4) 0.003 2 (1, 4) 3 (1, 4.75) 0.199

 AD/H 5 (2, 7) 6 (3, 9) <0.001 5 (2, 8) 5 (3, 9) 0.328

 Antisocial 2 (1, 4) 3 (1, 5) <0.001 2 (1, 4) 3 (2, 6) <0.001
Continuous variables listed as mean (SD), P-values calculated using a Welch two sample t test. Mental health raw scores listed as median (interquartile range); P-values calculated using 
a Wilcoxon rank sum test.

http://www.pnas.org/lookup/doi/10.1073/pnas.2403212121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2403212121#supplementary-materials
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it is possible that testosterone acts directly on astrocytes to influence 
their structure and function.

Developmental trajectories of certain brain regions have been 
found to align with pubertal changes more closely than with age 
in humans, suggesting an androgenic basis for sex differences in 

brain morphology (39). In a study of 433 children and adolescents 
aged 4 to 24 y (40), DHEA and testosterone were both associated 
with cortical thickness as well as multiple cortical–subcortical net­
works, which may indicate hormonal effects on structural connec­
tivity between the cortex and subcortical structures such as the 

Fig. 1.   Voxelwise analysis of differences in hindered and restricted isotropic signal with sex after accounting for age and BMI. Decreased hindered isotropic signal 
is observed in the thalamus, caudate, nucleus accumbens, and brainstem of males (A and B). Increased restricted isotropic signal is observed in the amygdala 
and hippocampus in males (C). Color scale represents standardized effect sizes, with red-yellow indicating males greater than females and blue-cyan males 
less than females. Corresponding sections on the T1-weighted underlay images and diffusion parameter maps separately for males and females are shown in 
SI Appendix, Figs. S1–S3. Sagittal, coronal, and axial sections are shown corresponding to MNI coordinates (−12, −12, 7) (A), (−11, 13, −4) (B), and (−16, −6, −21) (C).

Table 2.   Standardized effect size (beta ± SE) of sex on diffusion metrics and regional volume from a mixed effects 
model that includes age, BMI, and supratentorial volume as covariates

Region Restricted isotropic Hindered isotropic Free water Restricted directional Volume

Hippocampus 0.75 ± 0.06* −0.92 ± 0.06* 0.63 ± 0.07* −0.78 ± 0.07* 0.22 ± 0.07*

Amygdala 0.66 ± 0.06* −0.54 ± 0.07* 0.15 ±0.08 −0.65 ± 0.08* 0.54 ± 0.07*

Thalamus 0.28 ± 0.08* −0.87 ± 0.06* 0.70 ± 0.07* −0.75 ± 0.07* 0.30 ± 0.04*

Caudate 0.50 ± 0.07* −0.67 ± 0.06* 0.37 ± 0.07* 0.04 ± 0.08 −0.01 ± 0.06

Pallidum 0.14 ± 0.08 −0.42 ± 0.07* 0.33 ± 0.08* −0.44 ± 0.08* 0.36 ± 0.06*

Putamen 0.13 ± 0.07 −0.34 ± 0.07* 0.40 ± 0.07* −0.28 ± 0.08* 0.32 ± 0.05*

Nucleus Accumbens 0.48 ± 0.08* −0.84 ± 0.07* 0.56 ± 0.07* −0.13 ± 0.08 0.02 ± 0.07

Brainstem 0.46 ± 0.07* −0.78 ± 0.06* 0.53 ± 0.07* −0.48 ± 0.08* 0.22 ± 0.07
Regional volume was also included as a covariate for diffusion metrics. Positive values indicate that the metric is higher in males than females. * Indicates Bonferroni corrected P < 0.05 
with nTests = 40 (PUncorrected < 0.00125).

http://www.pnas.org/lookup/doi/10.1073/pnas.2403212121#supplementary-materials
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amygdala and hippocampus (40). Of note, although we did not 
examine the hypothalamus as a specific region of interest in this 
work, the preoptic nucleus of the hypothalamus is known to differ 
phenotypically between males and females (41); examining the 
microstructure of the hypothalamus through diffusion MRI in 
humans may be a promising avenue for future research.

Associations with Mental Health Functioning. Greater restricted 
isotropic signal in the amygdala was associated with depression 
and antisocial personality. Acute and chronic stress can precipitate 
the development of depression (42), and stress has been shown 
to result in long-lasting dendritic hypertrophy in the amygdala 
(43–45). Dendritic hypertrophy would increase the intracellular 
compartment resulting in an increase in the restricted isotropic 
component of the diffusion signal.

Lower hindered isotropic signal and greater free water signal in 
the thalamus were associated with greater DSM raw scores for 
depression, anxiety, AD/H and antisocial personality. Thalamocortical 
circuits are essential for motor, sensory, and cognitive processing 
(46), and impairment in these functions is known to be implicated 
in psychiatric disorders (47).

Animal studies have also shown that extracellular matrix altera­
tions occur in cortical and subcortical gray matter with stress and 

have been related to depressive phenotypes (48). Changes in the 
extracellular environment would be reflected in the hindered dif­
fusion compartment. Exactly how this relates to reduced hindered 
isotropic signal in the thalamus is yet unclear. Disruptions to the 
extracellular matrix have also been shown in schizophrenia and 
bipolar disorder patients and have been inferred to contribute to 
disruptions in sleep patterns, emotional and cognitive processing, 
and attention (49). Although we did not assess measures related to 
these disorders, difficulties in these everyday functions are charac­
teristic of the mental health problems examined in our analysis.

The thalamus has been implicated in regulating anxiety-related 
responses by modulating neuronal output via its interface with 
prefrontal cortex pathways and the amygdala (46). Functional 
impairment of the thalamic reticular nucleus (TRN) has been 
shown to induce attention deficits, hyperactivity, and sleep dis­
ruption (50) and projections from the amygdala to the TRN have 
been posited to play a part in controlling emotional attention via 
the suppression of irrelevant stimuli (51). In addition, the pulvinar 
nucleus of the thalamus is generally understood to be involved in 
visual processing and distractor filtering, with structural and func­
tional imaging studies finding associations between the pulvinar 
nucleus and AD/H in human samples (52).

Limitations and Future Work. Participants in the Human 
Connectome Project (HCP) study were asked their gender rather 
than their biological sex, which are not equivalent. Sex, typically 
assigned at birth, refers to anatomical and physiological traits such as 
chromosomes, external genitalia, and secondary sex characteristics. 
Gender refers to socially constructed roles and behaviors that link 
gender identity and expression in a cultural context. Trying to parse 
the unique and shared variance in brain microstructure explained 
by sex and gender is not possible using this dataset. Furthermore, 
this study only permitted a binary choice of “male” or “female” 
gender, without consideration for other gender identities.

The HCP dataset is not enriched for participants with mental 
health problems, limiting our statistical power to detect interac­
tions between sex and gender. Given the dataset available, we can 
only hypothesize that differences in subcortical microstructure 
provide a neuroanatomical substrate for sex differences in mental 
health phenotypes. Future analyses should directly assess these 
associations using datasets sufficiently powered to do so.

Sex differences are not constant throughout the lifespan; therefore 
we should study populations of different ages. The Adolescent Brain 
Cognitive Development study (ABCD Study®) (53) follows more 

Fig. 2.   Distributions of (A) supratentorial volume (Cohen’s d = 1.65) and (B) the hindered component of diffusion in the thalamus (Cohen’s d = 1.63).

Fig. 3.   Test–retest comparison for the hindered isotropic component of 
diffusion in the thalamus. The intraclass correlation is 0.893.
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than 10,000 children from age 9 to 10 to young adulthood with 
imaging every 2 y for 10 y. It is expected that the differences reported 
here in young adults will emerge before the conclusion of ABCD. 
The UK Biobank enrolled a very large population of participants 
aged 40 to 69, and we would hypothesize that sex-related differences 
in brain structure may decrease with age and hormone levels in this 
population.

Conclusions

We have demonstrated large effects (standardized effect size over 
0.9 while including age, BMI, and supratentorial volume as covar­
iates) of sex on subcortical gray matter microstructure in many 
regions, particularly the amygdala, hippocampus, caudate, and 
thalamus, in a large population of young adults. These effect sizes 
are substantially greater than any sex-brain imaging associations 
observed previously, apart from simple brain size, with sex differ­
ences explaining 40% of the variance in a microstructure metric in 
the thalamus. The microstructure of the thalamus and amygdala 
were also significantly associated with depression, anxiety, AD/H, 
and antisocial personality problems. This study may shed light on 
the mechanisms underlying these behavioral differences, and sex 
differences in the susceptibility of males and females to different 
mental health problems.

Materials and Methods

HCP Data. Data were obtained from the HCP1200 release of the Human 
Connectome Project Young Adult study (33, 54). 1,065 participants from 436 
families had complete preprocessed diffusion data (n = 575 female, n = 490 male).  
Sex was defined based on self-reported gender rather than biological sex, using 
the binary choice of male or female. While we refer to sex throughout this paper, 
we use gender as a proxy for sex.

The imaging protocol (55) included almost an hour of diffusion data acquisi-
tion on a customized Siemens 3T MRI scanner, including high angular resolution 
data acquired at b-values of 1,000, 2,000, and 3,000 s/mm2, with an isotropic 
spatial resolution of 1.25 mm and full brain coverage.

Data were preprocessed according to Glasser et al. (56). Diffusion preproc-
essing included correction for subject motion, susceptibility, and eddy-current 
distortions (57, 58). Subcortical regions were defined using FMRIB Image 
Registration and Segmentation Tool (FIRST) (59), while supratentorial volumes 
were derived using FreeSurfer (60). Prior to fitting the RSI model, diffusion data 
were smoothed using a gaussian filter with sigma = 1.0 mm. For the voxelwise 
analysis, data were transformed into MNI152 atlas space using FMRIB Nonlinear 
Image Registration Tool (FNIRT).

Measures of the extent of depression, anxiety, somatic, avoidant personality, 
AD/H, and antisocial personality problems were obtained using the Achenbach 
Adult Self-Report scale (61). Raw subscale scores for each outcome measure are 
reported.

RSI. The RSI model (30) was implemented using Python. Diffusion was modeled 
using three compartments: a restricted compartment with DLongitudinal = 1.0 × 
10−3 mm2/s, DTransverse = 0 mm2/s; a hindered compartment with DLongitudinal = 
1.0 × 10−3 mm2/s, DTransverse = 0.9 × 10−3 mm2/s; and a free compartment with 
DLongitudinal = DTransverse = 3.0 × 10−3 mm2/s (62). Diffusion-weighted signals were 
normalized to give unit signal for b = 0 s/mm2. The primary imaging outcome 
variables were the isotropic components for the three compartments and the 
directional component of the restricted compartment.

Statistical Models. Statistical significance was determined using two-sided  
t tests with P < 0.05 and Bonferroni correction for multiple comparison.

Voxelwise analysis was performed using the general linear model imple-
mented in Permutation Analysis of Linear Models (PALM) (63). For the voxelwise 
analysis, only a single participant from each of the 436 families was used, with 
age, sex, and BMI as explanatory variables. RSI metrics have previously been 
shown to be strongly associated with both age and BMI in adolescents (31, 32).

Region-wise analysis used the linear mixed effects model (lmerTest) imple-
mented in R 4.3.0, using all subjects, with family ID included as a random effect. 
To determine whether sex differences in diffusion metrics were driven by global 
or regional brain volume rather than as a direct result of sex, these variables were 
included in the lmer model:

RSImetric_region ~ Age + Gender + BMI + STvolume + vol_region + (1 | 
Family_ID),

where STvolume represents the supratentorial volume. To determine standardized 
effect sizes, continuous variables were normalized to a mean of zero and a SD of 
unity, apart from age, which was only normalized to the mean. Sex was coded as 
zero for females and one for males. Effect sizes were also calculated after residu-
alizing for supratentorial volume. Cohen’s d values were calculated using the lsr 
package in R (version 4.3.0).

Achenbach Adult Self-Report DSM raw scores for depression, anxiety, somatic, 
avoidant personality, AD/H, and antisocial personality problems were analyzed 
using a similar mixed effects model, with age and sex as additional covariates:

DSM_raw ~ Age + Gender + RSImetric_region + (1 | Family_ID).

P-values were Bonferroni corrected at P < 0.05 for 4 metrics × 8 regions × 6 
DSM scores, PUncorrected < 2.6 × 10−4.

Data, Materials, and Software Availability. Source data were obtained 
from the Human Connectome Project 1200 Subjects Data Release, Diffusion 
Preprocessed package https://www.humanconnectome.org/study/hcp-young-
adult (54). The RSI model fitting code is available at https://github.com/ABCD-
STUDY (64).
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Table 3.   Regions and metrics significantly associated with DSM raw scores (P < 0.05, nTests = 192, PUncorrected < 2.6 × 10−4)

DSM Region Metric t P

Depression Amygdala Restricted isotropic 3.76 1.8 × 10−4

Thalamus Hindered isotropic −4.81 1.7 × 10−6

Free 4.15 3.6 × 10−5

Anxiety Thalamus Hindered isotropic −4.00 6.8 × 10-5

AD/H Thalamus Hindered isotropic −4.13 3.9 × 10-5

Thalamus Free 3.91 1.0 × 10-4

Antisocial personality Amygdala Restricted isotropic 4.26 2.3 × 10-5

Thalamus Hindered isotropic −3.74 1.9 × 10-4

Uncorrected P-values are shown.

https://www.humanconnectome.org/study/hcp-young-adult
https://www.humanconnectome.org/study/hcp-young-adult
https://github.com/ABCD-STUDY
https://github.com/ABCD-STUDY
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