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Abstract 

 

‘The bed nucleus of the stria terminalis (BNST) is a sexually dimorphic basal 

forebrain region’ is a claim prevalent across rodent and human neuroscience 

research, arising from the observation that it is substantially larger in male versus 

female brains. Despite the pervasiveness of this claim, which may have implications 

for understanding sex differences in anxiety and substance use disorders, inspection 

of prior literature reveals a complex and nuanced picture. Research on volumetric 

human BNST sex differences comes from a handful of mostly small-scale post-

mortem studies and two MRI studies, between them reporting no, moderate, or very 

large differences. This indicates the need for a more detailed systematic 

investigation. Addressing this, we developed a novel 3T T1-weighted (T1w) manual 

segmentation protocol for the BNST, which was applied to sub-millimetre resolution 

T1w structural MRI data in 170 young human adults. Using a Bayesian modelling 

approach, taking into account existing data and accounting for total brain volume, 

age, and sibship, we find substantial evidence favouring no sex difference in total 

BNST volume. We recommend that researchers exercise caution when reporting 

evidence of BNST sexual dimorphism, particularly when translating findings from 

rodent models in which the BNST may play a different, olfaction-focused, role. 

Keywords: bed nucleus of the stria terminalis; BNST; sex differences; sexual 

dimorphism; magnetic resonance imaging; Bayesian modelling 
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1 Introduction 

 

The bed nucleus of the stria terminalis (BNST, or BST) is a small bilateral grey 

matter region in the medial basal forebrain, located across the anterior commissure 

and adjacent to the lateral ventricles (Alheid, 2009; Johnston, 1923). The region has 

received much attention in recent years as work in rodents, non-human primates, 

and humans, suggests the BNST acts as a critical modulator of the brain’s 

hypothalamic pituitary adrenal (HPA) axis (Berry et al., 2022; Gorka et al., 2018; 

Herman et al., 2020; Hulsman et al., 2021; Lebow & Chen, 2016; Maita et al., 2021; 

Morris et al., 2020; Radley & Johnson, 2018; Radley & Sawchenko, 2011), 

suggesting a central role in stress, anxiety, substance abuse, and social behaviours 

(for reviews see Fox & Shackman, 2019; Herman et al., 2020; Lebow & Chen, 2016; 

Maita et al., 2021; van de Poll et al., 2023) 

 A commonly accepted view, mentioned frequently in publications (Avery et al., 2014, 

2016; Flanigan & Kash, 2022; Flook et al., 2020; Halladay & Herron, 2023; Hulsman 

et al., 2021; Maita et al., 2021; Miles & Maren, 2019; Ramikie & Ressler, 2016; 

Smithers et al., 2019; van de Poll et al., 2023), is that the BNST is sexually dimorphic 

(taken here to mean a large sex difference, see DeCasien et al., 2022 for a 

discussion on terminology) in size, being much larger on average in male than in 
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female brains. BNST sex1 differences are of interest to clinical researchers (e.g., 

Flook et al., 2020; Miles & Maren, 2019; Ramikie & Ressler, 2016; Slabe et al., 2023; 

Smithers et al., 2019; Urien & Bauer, 2022) as they may offer mechanistic insight 

into disorders that differ in prevalence between male and female populations, such 

as post-traumatic stress disorder in females (Kessler et al., 2012; Miles & Maren, 

2019) or substance use disorders in males (McHugh et al., 2018).  

This link is seemingly supported by rodent research, which has demonstrated 

experimentally the functional role of the BNST in sex differences related to stress 

responding (Guerra et al., 2023), substance use (Kasten et al., 2020), and social 

functions, including parental behaviours, aggression, and sexual partner selection 

(Bayless et al., 2019; Claro et al., 1995; Coria-Avila et al., 2014). Furthermore, 

rodent BNST development and function is sensitive to gonadal hormones (del Abril 

et al., 1987; Guillamón et al., 1988; Hines et al., 1985; Maeng & Milad, 2015; Polston 

et al., 2004; Tsukahara & Morishita, 2020), which are typically expressed at different 

levels in male and female bodies (Bell, 2018). This difference provides a plausible 

mechanistic link between sex (following typical development) and BNST anatomy 

and function.  

In terms of sex differences in BNST size, early work in guinea pigs reported that a 

darkly staining area of the caudal portion of the medial division of the BNST, also 

known as the ‘principal nucleus’, was 36% larger in males (Hines et al., 1985). 

 
1 The term ‘sex’ is used throughout this article to refer to biological sex assignment (e.g. sex assigned 
at birth) as distinct from ‘gender’, which refers to the attitudes, feelings, and behaviours that a given 
culture associates with a person’s biological sex. American Psychological Association (2024). 
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Further work in rats demonstrated that an area analogous to the guinea pig principal 

nucleus was 18% larger, and a tiny area termed the medial small cell subdivision 

was 84% larger, in male brains (del Abril et al., 1987). We note that other important 

findings from this latter study are often overlooked, in particular that an anterior 

medial region was 36% larger in female brains, and that no significant sex 

differences were observed for total BNST volume or that of seven other BNST 

subregions (del Abril et al., 1987). More rodent studies have since provided further 

evidence for greater volume in the principal nucleus of the BNST in male brains and 

greater volume in a specific area of the ventral medial nucleus in female brains 

(Guillamón et al., 1988; Hines et al., 1992; Morishita et al., 2017; Polston et al., 

2004; Tsukahara & Morishita, 2020). These size differences have been shown to rely 

on the presence or absence of gonadal hormones in the perinatal period (reviewed 

in Tsukahara & Morishita, 2020).  

Some researchers have expressed reservations over the translatability of rodent 

BNST findings to humans (Fox & Shackman, 2019; van de Poll et al., 2023). 

However, there is direct evidence for BNST volumetric sex differences in humans 

from post-mortem tissue analyses (Allen & Gorski, 1990; Chung et al., 2002; Kruijver 

et al., 2000; Zhou et al., 1995). The first of these studies reported a 2.5-fold greater 

volume for male brain specimens in the darkly staining postmedial area (dspm) of 

the BNST compared to female brain specimens (Allen & Gorski, 1990), which the 

authors hypothesised mirrored the sex differences reported in the aforementioned 

rodent studies (Allen & Gorski, 1990; del Abril et al., 1987; Hines et al., 1985, 1992). 

Two later post-mortem studies using mostly identical datasets, one with vasoactive 
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intestinal peptide (VIP) fibre staining and another with somatostatin staining, both 

reported an approximately 44% larger BNST central (BNSTc) region in male brains 

(Kruijver et al., 2000; Zhou et al., 1995). Later, using both VIP and somatostatin 

staining, Chung et al. (2002) reported an average 39% smaller BNSTc size in adult 

female brain specimens. However, a recent post-mortem study found no significant 

sex differences in BNSTc size, with the authors suggesting that older participant age 

in their sample may have been a factor (Slabe et al., 2023). In sum, human 

postmortem tissue investigations into BNST volume are suggestive of female 

participants having smaller BNST volumes in specific regions, although the 

estimates of difference vary from very large to none. 

Another way to investigate brain region size is by using MRI, which allows non-

invasive, in vivo examination of the brain in typically larger and more carefully 

controlled populations. Several large-scale neuroimaging research projects 

investigating general sex differences in brain region size have portrayed a complex 

set of results (DeCasien et al., 2022; Eliot et al., 2021; Lotze et al., 2019; Ritchie et 

al., 2018; Ruigrok et al., 2014; Sanchis-Segura et al., 2019; C. M. Williams et al., 

2021a). The most recent of these, which analysed over 40,000 MRI images reported 

that, following adjustment for brain size and conservative p-value thresholding, two-

thirds of all brain regions analysed showed a statistically significant sex difference 

(C. M. Williams et al., 2021a). These effects went in both directions (i.e. some 

regions are larger in female and some in male participants) and it is important to note 

that most of these differences were small (median d = 0.13), with large effects being 

rare (e.g. the cerebellar vermis X, d = -0.64) (DeCasien et al., 2022; C. M. Williams 
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et al., 2021a). This analysis did not include the BNST, but the often repeated BNST 

size difference between female and male participants (147% larger, Cohen’s d = 

0.65; Allen & Gorski, 1990) would have made this sex difference the largest in the 

brain.  

Despite the substantial interest in BNST sex differences, to our knowledge only two 

MRI analyses have analysed human BNST volume differences by sex, likely due to 

its absence from the standard atlases commonly used for structural  neuroimaging. 

The first of these results (Neudorfer et al., 2020) appeared in the supplementary 

material of a paper describing a high-resolution MRI atlas of human hypothalamic 

regions in the Young Adult Human Connectome Project (HCP) sample (Van Essen et 

al., 2012). Although this was not a dedicated analysis of volumetric sex differences, 

the authors reported descriptive values indicating that, after correcting for total brain 

volume (TBV), there was no meaningful sex difference in BNST volume (female 

participants had smaller BNST volumes in only ~0.7% of observations). In contrast, a 

more recent study (Guma et al., 2024), using the same BNST region of interest 

derived from Neudorfer et al. (2020) and drawing on a subset of the same HCP 

Young Adult cohort, identified the BNST as one of several regions showing 

statistically significant greater volume in male than female participants.  

These contradictory results may reflect variation in covariate adjustment, including 

brain size correction. A further challenge for these MRI studies may have been the 

difficulty of accurately delineating the BNST in vivo. The BNST is a small structure 

with limited contrast, making it particularly susceptible to partial volume effects and 

registration error. Existing MRI studies have relied on regions of interest derived from 
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group templates or atlas-based parcellations, which may not fully capture individual 

anatomical variability at this spatial scale. As a result, estimates of BNST volume 

may be sensitive to methodological choices in segmentation and registration. 

Given the mixed evidence from rodent studies, the heterogeneous findings from 

postmortem human investigations, and the contradictory results from the limited MRI 

literature, it is notable that the claim of a large ‘sexually dimorphic’ BNST remains so 

frequently repeated in both the scientific literature and popular media (e.g., Z. 

Williams, 2014). 

In the present study, we address this issue by manually segmenting the BNST on 

submillimetre resolution T1w MRI images from 170 healthy young adults and used 

Bayesian mixed-effects models to test for volumetric differences between self-

reported males and females. This statistical approach allows direct quantification of 

evidence for or against a sex effect while accounting for key confounds, including 

total brain volume, age, and family structure. Importantly, we specified priors 

informed by a meta-analytic estimate of effect size derived from the available human 

BNST literature, including both postmortem and MRI-based studies. 

Based on the available literature, we expected that male participants would have 

greater BNST volumes after correction for total brain volume, but that this difference 

would be small in magnitude and within the range observed for other human brain 

regions (DeCasien et al., 2022; Eliot et al., 2021; C. M. Williams et al., 2021b). 
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2 Methods 

2.1 Ethics statement 

The present secondary analysis was approved by the Royal Holloway University of 

London Research Ethics Committee (Ref: 3722). HCP participants provided 

informed consent as part of the original HCP Young Adult study procedures. 

 

2.2 The Young Adults Human Connectome Project 

182 people from the 7T dataset sample were selected from the 2018 release of the 

Young Adults Human Connectome Project (HCP) (Van Essen et al., 2012). Twelve 

participants were removed before analysis following manual segmentation (see 

Section 3.1). The resulting 170 participants were between the ages of 22-36 (mean = 

29.44, std = 3.25). Following a binary forced-choice of female or male, 105 self-

reported their sex as female and 65 as male.  Therefore, whether these data reflect 

participants’ self-identified gender or their sex assigned at birth is unknown (see 

Karkazis, 2019; van Anders, 2024). Participants were family groups, with 40 

monozygotic twin pairs, 36 dizygotic twin pairs, 2 non-twin siblings, and 16 unrelated 

subjects. Participants were excluded during initial recruitment for psychiatric, 

neurological, or other long-term illnesses, although participants who were 

overweight, smoked, or had a history of recreational drug use and/or heavy drinking 

were included. Demographic data were obtained via self-report questionnaires and 

twin-status was verified using genetic testing. See Supplementary Tables 3 and 4 for 
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sample characteristics. For detailed recruitment information and for a complete list of 

study procedures see: https://www.humanconnectome.org/study/hcp-young-adult. 

 

2.3 MRI acquisitions and preprocessing 

High resolution anatomical images were acquired on a 3T Skyra Siemens system 

using a 32‐channel head coil, a customised SC72 gradient insert (100  mT/m) and a 

customised body transmit coil. T1w images were acquired using a 0.7 mm isotropic 

T1w 3D magnetisation‐prepared rapid gradient echo sequence (TR 2400 ms, TE 

2.14 ms, FOV 224 × 224 mm2, flip angle 8°) (Glasser et al., 2016; Van Essen et al., 

2012). The T1w data were downloaded having already undergone the minimal pre-

processing pipeline which included correction for gradient distortion, bias-field 

correction, and registration to MNI space. For further details on this dataset and 

pipeline see (Glasser et al., 2013, 2016). Note that although these data are taken 

from the 7T HCP sample, the ‘7T’ aspect describes the functional MRI and diffusion 

MRI acquisitions, which are not used in the present study. This subsample was 

chosen to select a realistic number of participants to manually segment. 
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Figure 1. BNST segmentation protocol with anatomical landmarks highlighted. 
 

2.4 BNST manual segmentation protocol 

To delineate the BNST we developed a new protocol for 3T T1w scans, based on 

previous work using 7T T1w and 3T T2w images (Avery et al., 2014; Theiss et al., 

2017) and with reference to the Atlas of the Human Brain (Mai et al., 2015). Our 

protocol was as follows (see also Figure 1): The anterior boundary of the BNST was 

defined as two slices (1.4 mm) anterior to where the anterior commissure is joined 

medially (Figure 1a, 1b). The posterior boundary was where the lateral ventricles first 
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join the third ventricle (Figure 1e). The inferior boundary was the most superior 

portion of the anterior commissure. Where this was not visible, the location of the 

anterior commissure from previous slices could be used to approximate (Figure 1b). 

The superior boundary was the most inferior portion of the lateral ventricles. As 

histology results demonstrate the BNST continuing superiorly beyond this point, the 

BNST could be drawn laterally to the most inferior portion of the lateral ventricles, but 

it was not permitted to continue more than one voxel superior to this. The lateral 

boundary was the internal capsule. The medial boundary was one voxel lateral to the 

fornix (Figure 1d). The ‘one voxel lateral to the fornix’ rule was implemented because 

otherwise when viewing axially the BNST could often be seen to improbably ‘jump’ 

across the lateral ventricles to voxels close to the midline and fornix (Figure 1e). This 

rule was maintained even when the fornix was not visible, using the location of the 

fornix in other slices as a guide. 

Two researchers (SB and HS) independently tested the protocol bilaterally on 15 

scans (30 segmentations), which were subsequently assessed for overlap using the 

DICE coefficient. This coefficient averaged 0.75 across hemispheres, matching 

previous segmentation approaches (Theiss et al., 2017). Following these initial tests, 

HS completed the BNST segmentations for the remaining participants. Researchers 

were at all times blind to any information about the subject, including their sex. 

Example segmentations are shown in Figure 2. 
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Figure 2. Example BNST segmentations from four participants on the axial (left) and 
coronal (right) plane. 

2.5 Size calculations 

Following manual segmentation the BNST T1w images were loaded into Python 3.6 

using NiBabel (Brett, Matthew et al., 2022). BNST voxels were counted for each 

hemisphere by summing the total number of voxels within each mask. Left and right 

BNST volumes were summed together and multiplied by the voxel resolution (0.7 x 

0.7 x 0.7 = 0.343) to obtain bilateral BNST volumes in mm3. Total brain volume (TBV) 
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was calculated by adding the grey and white matter partial volume images together 

following FSL FAST tissue segmentation (Zhang et al., 2001). Specifically, for each 

tissue type we took the mean value of the partial volume image and multiplied it by 

the total mm3, and added these two totals together to get each subject’s TBV (see 

https://fsl.fmrib.ox.ac.uk/fsl/docs/#/structural/fast?id=tissue-volume-quantification). 

 

2.6 Bayesian model specification 

To test our hypothesis (that males will have larger BNST volumes than females) we 

adopted a Bayesian multi-level approach. This allowed us to compute Bayes factors 

and quantify the strength of evidence for the null versus the alternative hypothesis, 

using an informative prior derived from meta-analysis of previous human findings. 

Additionally, it enabled us to account for the effects of family relatedness within the 

sample.  

 

2.6.1 Prior choice 

In order to choose a prior, we first identified seven relevant papers from the literature 

(Allen & Gorski, 1990; Chung et al., 2002; Guma et al., 2024; Kruijver et al., 2000; 

Neudorfer et al., 2020; Slabe et al., 2023; Zhou et al., 1995). Five of these calculated 

BNST size (either the central or dspm regions, see Table 1) using postmortem 

human tissue. Two of these studies (Kruijver et al., 2000; Zhou et al., 1995) used 

brains from transgender individuals who had undergone affirming healthcare with 

hormones, characteristics that we do not have data for in our HCP sample. 
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Therefore, we excluded transgender individuals when calculating the priors. Further, 

as these two studies used many of the same samples in their analyses and reported 

similar results, we included the data only from Zhou et al. (1995) to avoid double 

counting. Two studies (Guma et al., 2024; Neudorfer et al., 2020) used in-vivo MRI 

neuroimaging approaches, both of which used the same whole-BNST ROI defined in 

Neudorfer et al., 2020.  

For each study, we derived Cohen’s d effect sizes and corresponding standard errors 

for adult participants (≥18 years) to match our sample (Table 1). For studies with 

available participant-level data (Allen & Gorski, 1990; Chung et al., 2002; Guma et 

al., 2024), we re-estimated effect sizes using linear models adjusting for relevant 

covariates, including age and brain size measures where available. For Guma et al., 

(2024), we reanalysed the deposited HCP data using the same covariate structure 

as their homologous-region analysis: sex, age, total brain volume, and Euler number. 

Because Guma et al., (2024) reported left and right BNST effects separately, we 

summed left and right BNST volumes to derive a bilateral BNST effect for 

comparability with the present study. The adjusted male–female difference was 

standardised by the residual standard deviation of the model to yield a covariate-

adjusted standardised effect size. Standard errors were estimated using 

nonparametric bootstrap resampling.  

If participant data were not available, reported effect sizes and associated standard 

errors were extracted from the original articles or their supplementary materials, 

together with the number of male and female participants. As Neudorfer et al. (2020) 

did not report sex-specific sample sizes, we estimated the sex split by applying the 
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female-to-male proportion of the HCP Young Adult (Van Essen et al., 2012) cohort 

described in the deposited HCP/Guma data documentation (597 females, 496 

males) to Neudorfer et al.’s total sample size (N = 990), resulting in an estimated 541 

female and 449 male participants.  

The included studies differed in region definition, measurement modality, and 

analytic approach. To adjust for this heterogeneity, we used the ‘metafor’ package in 

R (Viechtbauer, 2010) to estimate a pooled effect size and standard error under a 

random-effects model, which allows the true effect to vary across studies rather than 

assuming a single common effect size. Furthermore, expressing effects as Cohen’s 

d standardises differences relative to within-study variability, reducing the impact of 

measurement scale differences across studies. The resulting pooled effect size and 

uncertainty were used to define a weakly informative prior for the sex effect in the 

Bayesian model. Full details of effect size derivation and implementation are 

provided in the Supplementary Materials / accompanying code repository. 

Following these steps, our prior effect size was a pooled d of 0.6591 with a pooled 

standard error of 0.2907, thus indicating moderate prior evidence for the adult male 

BNST having a larger volume than the adult female BNST.  



   

 

17 

 

Table 1: Summary of BNST volume sex comparison studies contributing to the 
derivation of the prior 
STUDY N 

(M/F) 
BNST 
MEASURE 

EFFECT 
DERIVATION 

ADJUSTMENT EFFECT 
SIZE (D) 

SE 

ALLEN & 
GORSKI, 
1990 
 

9 / 9 Dspm 
(histology) 

Participant-
level re-
analysis 

Brain weight + 
age 

1.87 1.28 

ZHOU ET 
AL., 1995 

24 / 
12 

BSTc 
(histology) 

Reconstructed 
from reported 
means/SEMs 

None available 1.54 0.40 

CHUNG ET 
AL., 2002 

8 / 8 BSTc 
(histology) 

Participant-
level re-
analysis 

Brain weight + 
age 

2.98 2.35 

SLABE ET 
AL., 2023 

22 / 
12 

BSTc 
(histology) 

Derived from 
reported 
means/SDs 

None available 0.29 0.36 

NEUDORFER 
ET AL., 2020 

449 / 
541 

Whole 
BNST 
(MRI) 

Derived from 
TBV-
normalised 
summaries 

TBV-normalised 0.05 0.06 

GUMA ET 
AL., 2024* 

458 / 
552 

Whole 
BNST 
(MRI) 

Participant-
level re-
analysis 

Age + total brain 
volume + Euler 

0.64 0.08 

 

 

 

 

2.6.2 Specifying the model 

Prior to running the model, we standardised the continuous variables using the R 

scale function (version 4.2.3, R Core Team 2023). In addition, we dummy coded and 

centred the sex variable so that male participants were coded as 0.5 and female 

participants as -0.5. Bayesian analysis was performed using a combination of a 

* For Guma et al. (2024), N reflects our participant-level reanalysis of the deposited HCP data after applying the 

archived analysis QC filter (euler > -200 and QC_include == 1), which yielded 552 female and 458 male 

participants with complete BNST and covariate data. This differs from the 516 female and 454 male participants 

reported in parts of the published article. 
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custom code and functions from the BRMS (Bürkner, 2017) package in R. The 

custom code (available at 

https://github.com/mattelisi/mlisi/blob/master/R/savage_dickey_bf.R) implemented 

the Savage-Dickey density ratio approach to calculate the Bayes factor 

(Wagenmakers et al., 2010), which is computed as the ratio of the posterior to prior 

density evaluated at the null value (β = 0, corresponding to no group difference). 

The prior for the sex effect was derived via meta-analysis of previous human BNST 

studies (see Section 2.6.1). We specified a normal prior centred on the meta-

analytically derived standardised effect size (d = 0.6591), with a standard deviation 

equal to twice the meta-analytic standard error (0.2907 × 2 = 0.5814), making our 

prior less informative. All other regression coefficients were assigned standard 

normal priors. This model was run for the bilateral, left, and right BNST. 

As a robustness check, we computed the results for 25 different variations of the 

prior standard deviation width for the bilateral model, varying the prior standard 

deviation for the sex effect from the meta-analytic standard error (0.2907) up to eight 

times this value (0.2907 × 8), while keeping the prior mean fixed. The syntax for the 

Bayesian mixed model was: 

𝐵𝑁𝑆𝑇{𝑖, 𝑧} = 𝛽" + 𝛽#𝑆𝑒𝑥$ + 𝛽%𝐴𝑔𝑒{𝑖, 𝑧} + 𝛽&𝐴𝑔𝑒{𝑖, 𝑧}% + 𝛽'𝑇𝐵𝑉{𝑖, 𝑧} + 𝑢{𝐹𝑎𝑚𝑖𝑙𝑦[𝑖]} +

𝑢{𝑀𝑍𝑝𝑎𝑖𝑟[𝑖]} + 𝜀$ 	

where 𝐵𝑁𝑆𝑇$,)denotes the standardised BNST volume for individual 𝑖, 𝑆𝑒𝑥$ is effect-

coded (−0.5 = female, 0.5 = male), 𝐴𝑔𝑒$,)and 𝑇𝐵𝑉$,)are standardised covariates, 
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𝑢*+,$-.[$] and 𝑢123+$4[$] are random intercepts for family and monozygotic twin pair 

respectively, and 𝜀$ is the residual error term. 

To account for non-independence of observations, we included random intercepts for 

family and monozygotic (MZ) twin pairing. The family-level random effect captures 

shared environmental and familial influences across all siblings, while the MZ pair 

effect captures additional similarity specific to genetically identical twins. Individuals 

not belonging to an MZ pair were assigned unique identifiers, ensuring that only true 

MZ twins contributed to this level of clustering. 

 

Visualisation of TBV-adjusted BNST values 

To aid interpretation of the contribution of total brain volume (TBV), we visualised 

TBV-adjusted BNST values using a partial residual approach derived from the fitted 

Bayesian model. Specifically, for each individual, the contribution of TBV was 

removed from the observed BNST value according to: 

BNST+56 = BNST789:4;:5 − 𝛽<=> × TBV2 

where 𝛽<=> is the posterior mean estimate of the TBV regression coefficient and 

TBV2is the standardised total brain volume. This transformation can be interpreted as 

estimating the BNST value each individual would have if their TBV were at the 

sample mean (i.e. TBV2 = 0). 

The adjusted values were computed on the standardised scale and subsequently 

back-transformed to the original units (mm³) for visualisation. Importantly, this 
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procedure preserves the observed between-subject variability while removing the 

variation attributable to TBV, allowing direct visual comparison of sex differences 

before and after accounting for global brain size. This adjustment was used solely for 

visualisation purposes. All statistical inference, including estimation of sex effects 

and associated uncertainty, was based on the full Bayesian mixed-effects model 

described above. 
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3 Results 

 

3.1 Sample and BNST segmentations 

 170 out of 182 participants had their left and right BNST delineated, with five 

participants excluded due to poor visibility of the anatomical landmarks necessary for 

segmentation, two due to data corruption, and five due to project time restrictions. 

Mean segmented BNST sizes were 57.8mm3 for the left (SE = 1.04), 55.9mm3 for 

the right (SE = 0.94), and 114mm3 bilaterally (SE = 1.92). Raw (i.e. unadjusted for 

total brain volume) bilateral BNST volumes for female participants were 107.7mm3 

(SE = 2.4) and 123.5mm3 (SE = 2.8) for male participants (Supplementary Table 3).  

 

3.2 Bayesian model results suggest substantial evidence in favour of no sex 

difference in total BNST volume 

The models for the left, right, and bilateral BNST showed highly similar patterns and 

therefore, we only report the bilateral models here (see Supplementary Tables 1 and 

2 for unilateral results). Model outputs are summarised in Table 2.  

The posterior estimate for sex was centred close to zero (β = 0.17), with the 95% 

credible interval spanning zero (−0.25 to 0.59), consistent with no sex effect. Age 

showed a weak negative association with BNST volume (β = −0.10), although the 

credible interval just about included zero, and there was no evidence for a non-linear 
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age effect. Total brain volume (TBV) was positively associated with BNST volume (β 

= 0.28, 95% CI: 0.08 to 0.47). 

The fixed effects explained 18% of the variance in BNST volume (marginal R² = 

0.18), while the full model explained 54% (conditional R² = 0.54). Variance 

decomposition indicated substantial clustering within families, particularly driven by 

monozygotic twin pairing (ICC (family) = 0.11, ICC (family & MZ) = 0.40). 

A posterior predictive check, which involved simulating data under the fitted model 

and comparing the distribution to the actual data points, demonstrated that the full 

model adequately captured the observed data distribution (Figure 3). The Savage-

Dickey Bayes Factor (BF) for the sex effect was BF01 = 3.80, indicating that the data 

were approximately four times more likely under the null hypothesis than under the 

alternative. A Bayes factor of >3 is typically regarded as substantial evidence 

(Jeffreys, 1961). The robustness check revealed that varying the width of the prior 

pooled-SD had minimal impact on the Bayes factor or posterior estimates (Figure 4). 
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Figure 3. Model predictions. Left shows the data distribution from the model (grey) 
versus the predicted data distribution under the prior (orange). The vertical dashed 
line represents the null hypothesis that there are no differences. Right shows the 
distribution of simulated replicated data under the fitted model (shaded distributions) 
compared to the observed data (dots). The black lines represent 95% credible 
intervals on the predicted distributions. This plot suggests that the model effectively 
captures the observed data distribution.  
 

  

Figure 4. The left panel shows the Savage–Dickey Bayes factor (BF₀₁) across 
varying prior standard deviations. The horizontal dashed line indicates BF₀₁ = 1 (no 
preference between hypotheses), and the dotted line indicates the threshold for 
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moderate evidence (BF₀₁ ≈ 3.16). The right panel shows the posterior estimate of the 
sex effect (β) with 95% credible intervals (shaded) across prior specifications. Across 
all prior specifications, credible intervals include zero, and the Bayes factor indicates 
substantial evidence in favour of the absence of a sex effect. 
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Figure 5. Bilateral BNST volume by sex before (left) and after (right) adjustment for 
total brain volume (TBV). TBV-adjusted values were derived by removing the model-
estimated TBV contribution from each observation. The apparent sex difference in 
raw BNST volume is attenuated after adjustment, suggesting that it is primarily 
driven by global brain size. 
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Table 2. Results of the Bayesian mixed model predicting bilateral BNST volume.  

 
Fixed effects 

Predictor Estimate 95% Credible Interval 
Intercept -0.05 -0.27 to 0.18 
Sex (dummy) 0.17 -0.25 to 0.59 
Age (Z) -0.10 -0.28 to 0.08 
Age² (Z) 0.06 -0.08 to 0.21 
TBV (Z) 0.28 0.08 to 0.47 

 

Random effects (variance components) 

Component Variance 
Family 0.09 
MZ pair 0.24 
Residual 0.49 

 

Model fit 

Metric Value  

ICC (family only) 0.11 
ICC (family + MZ) 0.40 
Marginal R² 0.18 
Conditional R² 0.54 
Observations 170 
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4 Discussion 

 

We tested whether BNST volumes, measured in vivo using MRI and a novel 3T T1w 

manual segmentation protocol, were different between self-reported male and 

female participants. Our Bayesian regression analysis of 170 young adults, using a 

prior derived from previous histology and MRI studies, showed no evidence for the 

commonly reported large sexual dimorphism of BNST volume. Instead, our model, 

which accounted for total brain volume, age, and family relatedness, provided 

substantial evidence for the absence of a sex difference, with the posterior centred 

close to zero and the 95% credible interval spanning zero.  

This evidence against sexual dimorphism in BNST volume is consistent with a 

broader shift in the neuroimaging literature, with recent research demonstrating that 

average differences are often small (where they exist), and are not appropriately 

described as dimorphic (DeCasien et al., 2022; Eliot et al., 2021; Williams et al., 

2021b). Nonetheless, given robust evidence from the rodent literature, the very high 

estimates of BNST size difference from some human tissue analysis (e.g. 147% 

larger in males vs. females), and reported associations between BNST structure and 

traits/ behaviours that differ in prevalence between males and females (Avery et al., 

2014, 2016; Flanigan & Kash, 2022; Flook et al., 2020; Halladay & Herron, 2023; 

Hulsman et al., 2021; Maita et al., 2021; Miles & Maren, 2019; Ramikie & Ressler, 

2016; Smithers et al., 2019; van de Poll et al., 2023), the BNST may have been an 

interesting exception to this.  
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Whilst it appears that, at least for some subregions of the BNST, there is good 

evidence for a rodent sex difference in size (as well as a plausible mechanism), such 

findings do not necessarily translate to humans. Several BNST-specific rodent-

human disparities have been reported, including differences in the prevalence of 

various cell types, electrophysiological properties, connectivity profiles, and the 

human BNST being relatively larger (in comparison to the rest of brain; Avery et al., 

2014; Gaspar et al., 1987; van de Poll et al., 2023). Further, rodent BNST function is 

strongly modulated by the olfactory system, which may explain its prominent role in 

rodent social behaviours (Bruzsik et al., 2021; del Abril et al., 1987; Fendt et al., 

2003; Johnston, 1923; Mucignat-Caretta, 2021). Indeed, some researchers have 

conceptualised the rodent BNST as a secondary olfactory centre, with sex 

differences in BNST volume having been linked to the vomeronasal system (del Abril 

et al., 1987; Johnston, 1923; Mucignat-Caretta, 2021) - a system whose function - 

and even existence - in humans remains contentious (D’Aniello et al., 2017). 

Therefore, findings from studies of rodent BNST volume and function, especially with 

regards to sex differences linked to olfaction, may not be relevant for humans.  

Previous post-mortem human data have also presented mixed results, with studies 

reporting a range of estimated volume differences between male and female 

participants, with, for example, the most recent study not reporting the previously 

described large sex difference in the BNSTc region (Slabe et al., 2023). The authors 

suggest this was due to the older age of participants in their sample, however, earlier 

studies included a wide age range (e.g., Allen & Gorski, 1990; Kruijver et al., 2000; 

Zhou et al., 1995), with the four participants older than 60 years in Kruijver et al., 
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(2000) demonstrating BNSTc volumes in line with the rest of the cohort. As well, 

there was no relationship between BNST-dspm volume and age reported in Allen & 

Gorski (1990), with all of the male participants aged between 30 – 81 demonstrating 

greater volumes than their age-matched female pairs. Age did appear to show a 

small effect in our own analysis, however, as we only had participants between the 

ages of 22 - 36 we were unable to make inferences with regards to age differences. 

Human post-mortem studies may have reported a range of results in BNST 

volumetric sex differences for several reasons. Firstly, the studies used a variety of 

tissue staining techniques and focused on specific areas of the BNST, which makes 

comparison across studies difficult. Many of these studies reported sex differences in 

neuron type and density (Allen & Gorski, 1990; Chung et al., 2002; Kruijver et al., 

2000; Zhou et al., 1995) which do not necessarily translate to differences in overall 

volume. This would not be evident from summing volumes derived from selective 

staining techniques as these methods only detect the selected neuron types.  

Related to this point, there are also general differences in the methods of calculating 

volume between tissue-based and neuroimaging analysis. Whereas we summed the 

number of voxels and multiplied by the voxel resolution, postmortem tissue studies 

typically use the Cavalieri principle, which involves summing stained areas across 

2D sections and multiplying by the distance between the sections (Gundersen et al., 

1988). Both methods are subject to inaccuracies, with neuroimaging being limited by 

the larger voxel resolution, accuracy of region delineation (e.g., due to tissue 

contraction, slice orientation etc), and presence of imaging artifacts. The Cavalieri 

principle, on the other hand, is limited by the accuracy of the target delineation, 
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tissue volume changes incurred by fixation and staining, reliance on manual 

calculation, and the overall quality of the tissue. Given this, future studies could 

combine tissue-based and MRI volume calculation to achieve a higher accuracy of 

volume calculation.  

Furthermore, although some postmortem analyses included corrections for total 

brain size as part of their analyses, they were performed using brain weight, which is 

a fundamentally different measure from brain volume. Brain weight can be influenced 

by factors such as water content and tissue density, which do not necessarily reflect 

the volumetric size of the brain. Measurement error in covariates (such as brain 

weight or TBV) can cause under-estimation of their effects - the so called regression 

dilution bias (Smith & Phillips, 1992). Therefore, if brain weight has more 

measurement error than MRI-based TBV estimates, for example due to differences 

in tissue deterioration (Krassner et al., 2023), then it may be more strongly affected 

by this under-adjustment bias, which would lead to incomplete adjustment for global 

brain size. This difference in the method of brain volume correction may be key, as 

our analysis demonstrated that TBV was a significant factor in reducing the effect of 

sex on BNST volume. 

In sum, the volumetric estimates reported by previous post-mortem human studies 

may have been influenced by differences in tissue staining techniques, variations in 

tissue quality, and under-(or no) adjustment for total brain volume. 

The only other MRI studies of which we are aware that directly compared BNST 

voumes in male and female participants reported either no clear difference 
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(Neudorfer et al., 2020) or a moderate difference (Guma et al., 2024), despite using 

the same BNST mask and a substantially overlapping HCP sample. These 

discrepancies may reflect differences in global brain-size adjustment and in how 

BNST anatomy was estimated. For example, Guma et al. (2024) used deformation-

based morphometry with Jacobian determinants to estimate local expansion or 

contraction after non-linear registration to a template. In contrast, the present study 

estimated BNST volume from manual delineation on each participant’s high-

resolution anatomical scan. These approaches are therefore not interchangeable as 

they estimate related but distinct anatomical quantities. For a small and difficult-to-

delineate structure such as the BNST, we consider native-space manual 

segmentation to provide a more anatomically specific estimate of volume, because it 

is less dependent on template registration accuracy and group-level ROI boundaries 

(Darrault et al., 2024; Forstmann et al., 2017). However, manual segmentation is 

time-consuming and also introduces its own sources of measurement error, because 

anatomical boundaries must be delineated by human raters (Darrault et al., 2024). 

Future work will therefore benefit from improved automated BNST segmentation 

methods that can combine anatomical specificity with the scalability needed for 

larger datasets (Xu et al., 2026).  

More broadly, the present findings sit within a wider neuroimaging literature showing 

that many apparent regional sex differences are reduced once total brain or 

intracranial volume is modelled appropriately (Fjell et al., 2009; Leonard et al., 2008; 

Pintzka et al., 2015; Ritchie et al., 2018; Sanchis-Segura et al., 2019, 2020). This 

reinforces the importance of modelling global brain size directly, particularly when 
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drawing inferences about small regional structures whose estimated volume may 

also depend on registration and segmentation choices. 

Our study was limited in that we only had participants between the ages of 22-36. 

The developmental time period in which sex-related BNST differences might emerge 

in humans is not presently understood, with conflicting findings from tissue-based 

analysis. Whilst early theories suggested that differences were induced during the 

perinatal period, shaped by the presence or absence of gonadal hormones, a later 

study by Chung et al., (2002) reported that volumetric sex differences were only 

present in adults. There have also been suggestions that BNST sex differences are 

reduced in older adults (Slabe et al., 2023). Given this confusing picture, it may be 

interesting to further investigate whether developmental differences in BNST volume 

could exist at different times across the lifespan. In addition, although we adjusted 

for family effects in our models, our sample consisted of many monozygotic and 

dizygotic sibling pairs which may not be representative of the general population. 

Previous post-mortem human analysis of the BNST has focused on specific BNST 

subregions, which are not currently visible using standard MRI sequences. 

Therefore, we cannot rule out with our analyses that volumetric sex differences exist 

within circumscribed BNST subregions. Ultra-high-resolution imaging, with BNST-

targeted acquisition sequences, may help to improve delineation of the BNST and 

enable the examination of BNST subregions. This would be highly beneficial across 

human BNST research, as accumulating evidence suggests that BNST subregions 

perform different, and sometimes opposing, functions (Ch’ng et al., 2018).  
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Finally, a key strength of our analysis was the use of Bayesian regression methods 

to formally test the null hypothesis of no difference. In generating our prior, we 

synthesised evidence from relevant human results from both histological and MRI 

studies. It could be argued that combining these approaches, particularly for the 

histological studies of different BNST subregions, is not a like for like comparison. 

However, the resulting prior favoured a sex difference, meaning that any bias would 

have worked against our final conclusion. Furthermore, we modelled between-study 

heterogeneity using a random-effects meta-analysis and examined robustness 

across a range of prior standard deviations. These sensitivity analyses were 

consistent with our main finding of no sex difference. 

In conclusion, this is the first study to our knowledge to test the widely reported claim 

that the human BNST is sexually dimorphic in size using a manual segmentation 

approach on submillimetre resolution neuroanatomical images. Further, this was 

performed using a Bayesian analysis informed by prior literature, with proper 

adjustment for total brain volume, to directly assess the presence or absence of an 

effect. This potential sex difference is important, as researchers have suggested it 

may have implications for clinically relevant BNST-linked phenotypes, including 

anxiety disorders, that differ in prevalence across sex. However, our findings 

demonstrate substantial evidence in favour of no sex difference in total BNST 

volume. In the context of these findings, we urge caution when reporting that the 

BNST is ‘sexually dimorphic’, which is largely based upon rodent literature, and 

especially recommend that scientists do not simply state that the BNST is much 

larger in human male brains.  
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5 Data and Code Availability 

Human data were provided [in part] by the Human Connectome Project, WU‐Minn 

Consortium (Principal Investigators: David Van Essen and Kamil Ugurbil; 

1U54MH091657) funded by the 16 NIH Institutes and Centers that support the NIH 

Blueprint for Neuroscience Research; and by the McDonnell Center for Systems 

Neuroscience at Washington University. The 3T T1w BNST manual segmentation 

protocol is available on the Open Science Framework website at 

DOI 10.17605/OSF.IO/QKUPE.  

All code used to run the analyses and the BNST segmentation protocol can be found 

at https://github.com/El-Suri/Substantial-evidence-against-sex-differences-in-bed-

nucleus-of-the-stria-terminalis-volume. As the analyses require restricted-access 

data from the Human Connectome Project Young Adult dataset, to comply with HCP 

terms data is not included in this repository.  
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