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Abstract 

 

Previous research has found an association between a smaller cerebellar volume and higher levels of 

neuroticism. The steroid hormone testosterone reduces stress responses and the susceptibility to 

negative mood. Together with in vitro studies showing a positive effect of testosterone on cerebellar 

gray matter volumes, we set out to explore the role of testosterone in the relation between 

cerebellar gray matter and neuroticism. Structural magnetic resonance imaging scans were acquired, 

and indices of neurotic personality traits were assessed by administering the depression and anxiety 

scale of the revised NEO personality inventory and Grays’s behavioural avoidance in one hundred 

and forty-nine healthy volunteers between 10 and 27 years of age. Results demonstrated an inverse 

relation between total brain corrected cerebellar volumes and neurotic personality traits in 

adolescents and young adults. In males, higher endogenous testosterone levels were associated with lower 

scores on neurotic personality traits and larger cerebellar gray matter volumes. No such relations were 

observed in the female participants which may be due to general differences in endogenous testosterone 

levels. Analysis showed that testosterone significantly mediated the relation between male 

cerebellar gray matter and measures of neuroticism. Our findings on the interrelations between 

endogenous testosterone, neuroticism and cerebellar morphology provide a cerebellum-oriented 

framework for the susceptibility to experience negative emotions and mood in adolescence and 

early adulthood. 
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1. Introduction 

Neuroticism refers to the personality trait that is characterized by the tendency to 

experience negative thoughts and feelings associated with behavioural avoidant behaviour (Eysenk, 

1967). An important feature of neuroticism is that individuals typically display lower thresholds for 

experiencing negative emotions in response to stressors and take more time to recover and regain 

internal bodily homeostasis (McEwen, 1998). It has been shown that neurotic individuals are inclined 

to show a systemic bias to behavioural avoidance and experience negative emotions even in the 

absence of stressors further add to the established clinical observation that neuroticism is a risk 

factor for mood disorders (Clark et al., 1994). Disturbances in internal regulatory functions are 

increasingly considered to play a leading role in the transition between normal and pathological 

mood states (Kalisch et al., 2014). In support of this view, research has found abnormal activity in 

several limbic and cortical brain areas, which are known for their involvement in the regulation of 

stress, autonomic activity, bodily rhythms and homeostasis (Pruessner et al., 2010). Among these 

areas the hypothalamus, amygdala and prefrontal cortex have probably received most attention in 

scientific research.  

Another less well established brain region proposed to be part of the neural machinery 

dedicated to homeostatic regulation and mood is the cerebellum. Even though the idea of 

cerebellum contributions to emotion and mood was already postulated in the nineteen-seventies 

(for a review see Schmahmann, 1997), systematic research on the role of the cerebellum in emotion, 

mood and psychiatric illnesses has been relatively scarce (Schmahmann and Sherman, 1998; 

Schutter and Van Honk, 2005). However, increasing evidence confirms the proposed involvement of 

the cerebellum in the experience and regulation of emotions and mood states (Schutter, 2016). One 

line of evidence comes from clinical reports that describe difficulties in emotion and mood 

regulation of patients with neurcognitive deficits due to cerebellar damage that cannot be explained 

by the presence of neurological impairments (Schmahmann, 2010). Administration of disruptive 

transcranial magnetic stimulation to the cerebellum of healthy volunteers has shown to impair 
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emotion regulation causing a negative mood state (Schutter and van Honk, 2009). In a more recent 

structural 3T magnetic resonance imaging (MRI) association study in adults, we found evidence for 

an association between cerebellar volumes and neuroticism in a non-clinical community sample 

(Schutter et al., 2012). More specifically, cerebellar volume corrected for total brain volume 

inversely related to the proneness to experience anxious and depressive states. Several meta-

analyses of functional magnetic resonance imaging are in support of the structural MRI data 

(Stoodely and Schmahmann, 2009; Keren-Happuch et al., 2014; Van Overwalle et al., 2014). 

Cerebellum activation in the detection and evaluation of threat cues coincides with the idea that the 

cerebellum is part of a brain circuit dedicated to stress regulation (Han et al., 2008; Schutter, 2012). 

Especially, the idea that the cerebellum is part of the autonomic physiological response pattern of 

the brain to threat cues and controls stress responses relevant for goal-directed behavior has been 

demonstrated by more recent fMRI studies (Schraa-Tam et al., 2012; Eisenbarth et al., 2016). 

To further understand the relation between cerebellar volume and neurotic personality 

traits, the monosynaptic reciprocal connections between the cerebellum and hypothalamus are 

particularly notable (Haines et al., 1997). By controlling the release of hormones, the hypothalamus 

is a critical brain structure responsible for the regulation of stress responses, autonomic activity, 

bodily homeostasis and mood (Haines et al., 1984, 1997; Kelts and Hoehn, 1978; Ramnani, 2006). In 

addition to the hypothalamus-pituitary-adrenal axis linked to the release of stress hormone cortisol, 

the hypothalamic-pituitary-gonadal axis also plays an important role in governing the release of sex 

steroids as part of the fight-flight reaction (Toufexis et al., 2014). The discovery of sex steroid 

receptor binding sites on the cerebellum offers an additional feedback mechanism by which the sex 

steroid testosterone is able to influence the cerebello-hypothalamic coupling. Recent empirical 

findings show that androgen receptors in the Purkinje (output) cells are modulated by endogenous 

testosterone levels in male rats and further underscore the link between the cerebellum and the 

neuro-endocrine system (Perez-Pouchoulen et al., 2016). Moreover, in vitro studies have established 

that testosterone reduces oxidative stress-induced cell death of cerebellar gray matter (Ahlbom et 
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al., 1999; Tsutsui et al., 2013). The association between low levels of testosterone and smaller gray 

matter volume agrees with clinical findings involving male participants with Klinefelter syndrome 

(Bryant et al., 2011) and effects of testosterone deprivation therapy on gray matter volumes of 

patients with prostate cancer (Chao et al., 2013).  

The presence of steroid hormone receptors in cerebellar tissue offers a physiological basis 

for steroid hormonal modulation of cerebellar functions. In addition to the cerebello-hypothalamic 

link, recent debates on the involvement of the cerebellum in cognition and emotion are inspired by 

existing neuro-anatomical connections. In particular, the cerebello-cortical loops provide a basis for 

contributions of the cerebellum to processes associated with motivational direction and cognitive 

control (Schutter and van Honk, 2005). This is further supported by evidence of a topographical map 

in the cerebellum of motor control on the one hand, and cognitive and affective processes on the 

other hand (Stoodely and Schmahmann, 2010). Because of its uniform anatomical microstructure, 

the cerebellum is well suited to process signals from all parts of the brain. This so-called universal 

cerebellar transform (UCT) function is argued to promote internal homeostasis by monitoring and 

regulating signals coming from the autonomic, limbic and cortical regions of the brain 

(Schmahmann, 2004). The UCT has its origins in the processing of multimodal inputs stemming from 

the existing cerebellar connections with cortical and limbic parts of the brain. In particular, with the 

direct reciprocal connections to the hypothalamus the cerebellum acts as a monitor of central and 

peripheral (bodily) information processing related to internal homeostasis. Disruption of internal 

homeostasis, that is a mismatch between central and bodily state, activates the UCT for coordinating 

internal neural processes to restore equilibrium. From this perspective, anxiety and depression are 

the experiential correlates of disrupted bodily homeostasis. Suboptimal UCT function or chronic 

overstimulation may contribute to difficulties in establishing and maintaining homeostasis leading to 

neurotic traits (Schutter, 2012, 2016). 

On the phenomenological level, testosterone has anxiolytic and antidepressant properties as 

evidenced by animal and human research (Carrier et al., 2015; Giltay et al., 2012; Hofer et al., 2013).  
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In agreement, experimentally reducing endogenous testosterone and oestrogen levels in healthy 

female adults reduced reward-related brain activity and increased self-reported depression ratings 

(Macoveanu et al., 2016). Although results do not provide conclusive evidence on the efficacy of 

testosterone treatment in mood disorders, some studies suggest that testosterone protects against 

the development and progression of mood disorders, and acts as a primer for subsequent 

pharmaceutical interventions (Carrier and Kabbaj, 2012; Frye and Walf, 2009).  Furthermore, there is 

increasing evidence that the onset and development of mood disorders starts during adolescence 

(Zahn-Waxler et al., 2008). Adolescence is a developmental stage roughly between 10-18 years of 

age characterized by a sharp rise in sex steroid hormones. Adolescence is proposed to be a sensitive 

period for sex steroid-induced brain maturation (Cunningham et al., 2007; Koolschijn et al., 2014; 

Peper and Dahl, 2013; Peper et al., 2015). In adolescents, lower levels of testosterone have been 

associated with the presence of anxious and depressive symptoms (Granger et al., 2003, but see 

Duke et al., 2014). It has been suggested that sex steroid levels in combination with environmental 

stress and neurotic temperament constitute a vulnerability factor for the onset of mood disorders 

during adolescence (Mueller, et al., 2014; Silk et al., 2012; Zinbarg et al., 2016). The findings suggest 

that the associations between cerebellar volumes, neurotic personality traits and endogenous 

testosterone levels may already be present in the adolescent period. Finally, earlier research has 

shown a significant positive relation between gray matter volumes and testosterone in adolescent 

boys, but not in girls suggesting that testosterone may have a different effect on brain morphology 

in male as compared to female adolescents (for review see Peper et al., 2011). 

To address these questions, we conducted an exploratory study to examine the 

interrelations between endogenous testosterone levels in larger sample size as previously reported 

by Schutter and colleagues (2012), cerebellar volumes and neuroticism in adolescent and adult 

healthy volunteers. Consistent with our previous findings and existing literature on the role of 

testosterone in structural brain anatomy and mood, we tested the following three hypotheses: (1) 

Cerebellar volumes are inversely correlated with neuroticism; (2) Endogenous testosterone levels 
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are inversely correlated to neuroticism; (3) The association between cerebellar volume and 

neuroticism is mediated by endogenous testosterone levels.  

  

2. Method 

2.1. Participants 

This study was part of a two-year follow-up scan in the longitudinal ‘BrainTime’ research 

project (e.g., Braams et al., 2016; Peters et al., 2016). Of the 254 participants that were enrolled in 

the follow-up, ninety one healthy adolescents (♀=46, ♂= 45) aged between 10 and 17 years and fifty 

eight adults (♀= 30, ♂= 28) aged between 18 and 27 years, mean age ± SD, 17.4 ± 3.3 years, had 

complete data records and were included in the current study. Reasons for exclusion were (1) MRI 

scan could not be obtained due to braces or use of intrauterine device, (2) insufficient quality of the 

MRI due to moving, (3) missing saliva samples, (4) no reliable hormone assay due to polluted saliva, 

(5) questionnaires that were not filled out, and (6) no data on alcohol and cigarette use. Eighteen of 

the thirty-five volunteers that were examined in our original prior study by Schutter et al. (2012) 

volunteered to participate again two years later. None of the participants had a history of psychiatric 

or neurological conditions. History of alcohol consumption and smoking in the past month was 

inquired to control for the influence of alcohol, cannabis and tobacco smoking on cerebellar volumes 

(Schutter et al., 2012; Torvik and Torp, 1986). Volunteers were naïve to the hypotheses tested in this 

study and were paid for participation. Written informed consent was obtained from participants > 

12 years and informed assent from participants < 18 years. Informed consent was obtained from 

both parents when participants were younger than 18 years of age. This study was part of a large 

longitudinal project and was approved by the local ethical review board of Leiden University, Leiden, 

the Netherlands, and carried out in accordance with the standards set by the Declaration of Helsinki 

(Fortaleza Amendments). 

 

2.2. Measures of neuroticism 
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Personality traits related to anxiety and depression were rated with the Dutch version of the 

two corresponding 8-item subscales of the revised NEO Personality Inventory (NEO-PI-R) (Hoekstra 

et al., 1996; Kendler et al., 2004). The subscale anxiety measures personality characteristics 

associated with the experience of nervousness, tension, fear and worry. The subscale depression 

measures personality characteristics relates to the vulnerability to experience feelings of guilt, 

sadness, hopelessness and loneliness. Responses were collected on a 5 point scale (1 = strongly 

disagree; 2 = moderately disagree; 3 = neither disagree nor agree; 4 = moderately agree; 5 = strongly 

agree). The subscale anxiety and depression are highly interdependent, r = 0.62, p < 0.0001, and to 

limit the number of statistical analyses a composite NEO score (cNEO) was computed. The cNEO 

indexes emotional instability and subjective feelings of inadequacy (Hoekstra et al., 1996), and is 

associated with an increased risk of developing mood disorders (Kendler et al., 2004).  

To increase construct validity of self-reported neuroticism, the Carver and White's 

Behavioural Inhibition System (BIS) scale was administered to assess avoidance-related behaviour 

(Carver and White, 1994; Sutton and Davidson, 1997). The BIS scale is a validated self-report 

measure consisting of 7 items. Responses are collected on a 4 point scale (1 = strongly disagree; 2 = 

moderately disagree; 3 = moderately agree; 4 = strongly agree). The BIS scale is positively correlated 

cNEO, r = 0.61, p < 0.001, as they share a sensitivity to negative and undesirable stimuli paralleled by 

punishment sensitivity and an innate behavioural tendency away from these stimuli (Elliot and 

Thrash, 2005). 

 

2.3. MRI acquisition and pre-processing 

Scanning was performed on a 3T Achieva whole body scanner (Philips, Best, The 

Netherlands) at Leiden University Medical Centre. A high-resolution 3D T1-Fast Field Echo scan was 

obtained (TR = 9.760 ms; TE = 4.59 ms, flip angle = 8 degrees, 140 slices, 0.875 × 0.875 × 1.2 mm3 

voxels, FOV = 224 × 168 × 177 mm3) with a total scan duration of 296 s. (Schutter et al., 2012). All T1 

scans were reviewed and cleared by a radiologist. No anomalous findings were reported. MRI scans 
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were individually checked on motion artefacts or other sources of signal loss. Total brain and gray 

and white matter volumes of the left and right cerebellum were measured automatically using the 

software FreeSurfer v5.3.0. (Dale et al., 1999; Fischl and Dale, 2010; Fischl et al., 1999). In brief, 

processing consisted of removal of non-brain tissue (Segonne et al., 2004), and automatic 

segmentation of (sub)cortical white and gray matter structures (Fischl et al., 2002). These 

procedures are detailed in great length in prior publications and on the FreeSurfer website 

(http://surfer.nmr.mgh.harvard.edu/). 

 

2.4. Endogenous testosterone levels 

Morning saliva samples were collected at home, directly after waking up on the day of MR-

scanning to limit the influence of circadian rhythms and intra-individual daily fluctuations (Dabbs et 

al., 1990). Participants were instructed not to eat or brush their teeth before collecting saliva. To 

control for hormonal fluctuations across the menstrual cycle, saliva samples of post-menarcheal girls 

were collected on the same day within the early follicular phase of the menstrual cycle (day 7) when 

oestradiol and progesterone are relatively low (Mihm et al., 2011), and ensures maximum 

comparison between post-menarche girls. Similarly, girls using oral contraceptives collected a saliva 

sample on the last day within their stopping period (day 7). Girls using contraceptives without a 

stopping period, such as hormonal intrauterine devices, were excluded from participating in this 

study. Saliva samples were assayed for endogenous testosterone levels at the Department of Clinical 

Chemistry of the Free University Medical Centre (VUMC), Amsterdam, and the Netherlands. Salivary 

testosterone level was determined by isotope dilution - online solid phase extraction liquid 

chromatography – tandem mass spectrometry (ID-XLC-MS/MS) (Peper et al., 2015a; Peper et al., 

2015b; Büttler et al., 2016). ID-XLC-MS/MS is superior in specificity and lower variation of hormonal 

levels as compared to radioimmunoassay (RIA) (Büttler et al., 2016) as LC-MS/MS can separate 

highly similar molecules, such as androstenedione from testosterone, and is able to reliably measure 

low levels of testosterone (<10 pmol/l) (Handelsman and Wartofsky 2013; Owen et al., 2016). 

https://mail.ru.nl/owa/redir.aspx?C=YTMvy7LCdkAwZnk8BZ5T7099_NAqtm-KNeaR2xNqz_P9AgRboM3TCA..&URL=http%3a%2f%2fsurfer.nmr.mgh.harvard.edu%2f
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Testosterone concentrations in saliva samples were analyzed in duplicate. Measurements of samples 

of which the duplicate measurement had a difference >15% were repeated. The intra-assay 

coefficient of variation describes the variation of results within a data set obtained from one 

experiment and is expressed by the intra-assay coefficient of variation (intra-assay CV) to monitor 

deviations within the same assay. Each sample is measured several times, and then % CV is 

calculated for each sample by dividing the standard deviation (SD) of a set of measurements by the 

set mean, and multiplying by 100. Finally, the average of the individual CVs is denoted as intra assay 

CV. The inter-assay variation describes the variation of results obtained from repeated experiments 

and expressed by inter-assay coefficient of variation (inter-assay CV) to monitor the precision of 

results between different assays. Concentration values in pmol/l are derived from the molar weight 

of testosterone, which is 288.42 grams per molecule (mol) of testosterone. Intra-assay coefficient of 

variation (CV) was 11% and 4%, at 10 and 140 pmoL/L. Inter-assay CV was 8% and 5%, at 31 and 195 

pmol/L. 

 

2.5. Statistical analyses  

Partial correlation coefficients were computed on the whole sample between total, white 

and gray matter cerebellar volume corrected for total brain volume and the measure of neuroticism 

and behavioural avoidance controlling for age, alcohol consumption in the past month, cigarette 

smoking in the past month and cannabis use in the past month (Schutter et al., 2012). If a relation 

was significant, follow-up analyses were performed to further delineate contributions of the left and 

right cerebellar hemisphere. Next, the associations were examined separately for adolescents and 

young adults. 

Effects of endogenous testosterone levels on cerebellar volume and measures of 

neuroticism were examined separately for males and female participants (for a rationale see Peper 

et al., 2013; Peper et al., 2015; Peters et al., 2015). Bootstrapped mediation analysis was performed 

to investigate whether endogenous levels of testosterone mediate the anticipated relation between 
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cerebellar volume and measures of neuroticism (Preacher and Hayes, 2004, 2008). Bootstrapping is 

a nonparametric resampling procedure, which is an additional method advocated for testing 

mediation that does require the normality assumption of the sampling distribution (Preacher and 

Hayes, 2008). The bootstrapping method involves recurrent sampling from the data set and 

estimating the indirect effect in each resampled data set (for an authoritative review of 

methodology and procedure see Preacher and Hayes, 2008). Raw data was non-parametrically 

resampled (n=1000) to estimate the confidence intervals (CI) of the indirect effect of endogenous 

testosterone levels corrected for age, alcohol, smoking, and cannabis use in past month. The 

mediation analysis was repeated with switched roles of testosterone and cerebellar volume to 

explore the specificity of endogenous testosterone levels as a mediator. The alpha level of 

significance was set at < 0.05 (two-tailed).  

 

3. Results 

Descriptives of the main variables of the study are depicted in Table 1. 

 

Table 1. Means and standard deviations of the main study variables. 

 

<< Insert Table 1 about here >> 

 

3.1. Cerebellar volumes and measures of neuroticism  

 

<< Insert Figure 1 about here >> 

 

For our primary analysis the hypothesized inverse relation between total cerebellar volume 

(Figure 1) and cNEO score was significant, r = -0.25, p = 0.003 (Figure 2A). Follow-up secondary 

correlations demonstrated that the relation between cerebellar volume and cNEO score was 
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explained by the contribution of cerebellar gray matter, r = -0.31, p < 0.001 (Figure 2B), whereas the 

contribution of white matter was not significant, r = 0.06, p = 0.447 (Figure 2C). Left and right 

cerebellar gray matter volume contributed equally to the observed relation between cerebellar gray 

matter volume and cNEO score, Z = 1.03, p = 0.152. The cNEO score neither correlated to total brain 

volume, r = -0.08, p = 0.360, nor total gray matter volume, r = -0.12, p = 0.156, supporting a specific 

effect on cerebellum gray matter. 

 

<< Insert Figure 2A-C about here >> 

 

Separate analyses for the adolescent and young adult subject groups yielded significant partial 

correlations between cerebellar gray matter volume and cNEO score, r = -0.25, p = 0.021 in the 

adolescents, as well as in the young adults, r = -0.37, p = 0.006.  The associations between cerebellar 

white matter volume and cNEO score did not reach statistical significance in the adolescents, r = 

0.067, p = 0.536, and young adults, r = -0.12, p = 0.407. The correlation value between gray matter 

volume and cNEO scores explained a similar amount of variation between the adolescent and adult 

subject group, Z = 1.14, p = 0.13. Left and right cerebellar gray matter volume contributed equally to 

the observed relation between cerebellar gray matter volume and cNEO score in the adolescent, Z = 

0.77, p = 0.221, as well as in the young adult subject group, Z = 0.05, p = 0.480. Additionally, we 

tested whether the non-significant differences between the adolescent and young adult group 

resulted from regressing out the contribution of age in the relation between cerebellum volume and 

neuroticism. Running ANOVAs with adolescent versus young adult groups between subject factor did 

not result in differences in levels of neuroticism and total cerebellar volumes when controlling only 

for smoking, alcohol and cannabis use (p-values > 0.266). Although gray and white matter were 

different between adolescents and young adults (both p-values < 0.001), within group correlations 

between measures neuroticism and cerebellar volumes were not significant (p-values > 0.13). In 

sum, these control tests do not suggest that the lack of a group differences was driven by age. 
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Additional support for the validity on the relation between cerebellar morphology and 

neuroticism was provided by the correlations between cerebellar volumes and BIS scores. BIS score 

was inversely related to total cerebellar volume, r = -0.30, p < 0.001 (Figure 3A). The relation 

between total cerebellar volume and BIS score could be explained by gray, r = -0.35, p < 0.001, 

(Figure 3B) and not white matter cerebellar volume, r = 0.01, p = 0.980 (Figure 3C). Left and right 

cerebellar gray matter contributed equally to the observed relation, Z = 0.36, p = 0.359. In line with 

the findings on the cNEO score, BIS score neither correlated to total brain volume, r = -0.11, p = 0.20, 

nor total gray matter volume, r = -0.14, p = 0.089. 

 

<< Insert Figure 3A-C about here >> 

 

Separate analyses for the adolescent subject group yielded a significant correlation between 

cerebellar gray matter volume and BIS score, r = -0.26, p = 0.014, while the association between 

cerebellar white matter volume and BIS score did not reach statistical significance, r = 0.20, p = 0.07.  

In the young adult subject group, the relation between cerebellar gray matter volume and BIS score 

was significant, r = -0.33, p = 0.014. No correlation was found between cerebellum white matter and 

BIS score, r = -0.02, p = 0.892. Left and right cerebellar gray matter volume contributed equally to 

the observed relation between cerebellar gray matter volume and BIS score in the adolescent, Z = 

0.24, p = 0.444, as well as in the young adult subject group, Z = 0.49, p = 0.312. 

 

3.2. Endogenous testosterone, cerebellar gray matter volumes and measures of neuroticism 

Endogenous testosterone levels in female participants did not show any correlations with 

cerebellar volume or self-reported questionnaires, p’s > 0.29. In the male participant group, 

endogenous testosterone levels significantly correlated with cNEO, r = -0.34, p = 0.005 (Figure 4A), 

and BIS scores, r = -0.45, p < 0.001 (Figure 4B). Planned follow-up analyses showed that, in the 

adolescent group (n=72), the correlations between testosterone and cNEO, r = -0.40, p = 0.007, and 
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BIS score, r = -0.50, p = 0.001, were significant. In contrast, the correlations between testosterone 

and cNEO, r = -0.28, p = 0.145, and BIS score, r = -0.19, p = 0.34, in the male adult group (n=28) did 

not reach significance. Thus, the group correlations seem to be predominantly driven by the 

adolescent participants, although the correlations between the adolescent and adult group were not 

statistically different (both Z-values < 1). 

 

<< Insert Figure 4A/B about here >> 

 

Male endogenous testosterone levels were positively associated with total cerebellum 

volume, r = 0.29, p = 0.017. This correlation could be explained by the relation between gray matter 

volume of the right cerebellar hemisphere, r = 0.34, p = 0.005 (Figure 5). Inspection of the 

scatterplot showed that the data distribution was left-skewed. Removal of extreme values that 

exceeded three times the interquartile range (n=3) did not significantly affect the relationship, r = 

0.299, p = 0.013. Also, a non-parametric Spearman rank-order correlation in which the sampling 

distribution can be obtained without requiring the distribution probability of two variables and is 

less influenced by extreme values was significant, rho = 0.340, p = 0.003. These additional analyses 

suggest that the association is not explained by the left-skewed distribution. No correlation was 

found for the left cerebellar hemisphere, r = 0.04, p = 0.738. Also, no relations were observed in the 

female participant group, all p’s > 0.415. 

 

<< Insert Figure 5 about here >> 

 

3.3.  Mediation analysis 

Bootstrap mediation analysis showed that testosterone significantly mediated the relation 

between right cerebellar gray volume and cNEO score in the male participant group, 95% CI = -4.15 – 

- 0.25 (Figure 6A), meaning that in males with a relatively high level of T, the association between 
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the cerebellum and cNEO scores is suppressed. A second bootstrap mediation analyses showed that 

testosterone also significantly mediated the relation between right cerebellar gray volume and BIS 

score in the male participant group, 95% CI = -0.26 – -0.04 (Figure 6B). No differences were observed 

between adolescents and young adults. The mediation analysis for examining the specificity of 

testosterone as a mediator showed that right cerebellar gray matter did neither significantly 

mediate the relation between testosterone and cNEO, 95% CI = -5.52 – 0.19, nor the relation 

between testosterone and BIS, 95% CI = -0.21 – 0.04. 

 

<< Insert Figure 6A/B about here >> 

 

 

4. Discussion 

The aim of this study was to investigate the relation between cerebellar volume, measures 

of neuroticism and endogenous testosterone levels in a non-clinical sample of adolescents and 

young adults.  

Results show that the association between larger cerebellar volumes and lower levels of 

neuroticism remains present in a fourfold sample size - compared to our previous study restricted to 

adults only (Schutter et al., 2012). Here, we show that gray and not white matter volumes account 

for the earlier reported relation between cerebellar volume and neurotic personality traits. 

Furthermore, we found associations between cerebellar volumes and BIS scores which provide 

complementary support that the cerebellum is associated with punishment sensitivity and cognitive 

biases towards negative and undesirable stimuli. Our findings fit results of a recent systematic 

review describing the relation between the cerebellar morphology and personality characteristics 

(Petrosini et al., 2016).  

In addition, we explored the hypothesis that the relation between cerebellar volume and 

neuroticism may already be present during adolescence. In line with this hypothesis, we found 
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significant associations between cerebellar total and gray matter volumes and the neurotic 

personality traits in the adolescent participants group. The inverse relation between cerebellar 

volumes and neurotic personality traits in adolescents and adults concurs with findings of reduced 

cerebellum activity and smaller gray matter volumes and higher levels of harm avoidance (O’Gorman 

et al., 2006). Indeed, harm avoidance shows considerable overlap with behavioural avoidance and 

neurotic personality characteristics including high punishment sensitivity, worrying, lack of initiative, 

shyness and anxiety (Cloninger et al., 1993; De Fruyt et al., 2000). Functional neuroimaging studies 

have demonstrated neural activity of the cerebellum correlates with error monitoring and related to 

probabilistic inference modelling and context updating (Ide and Li, 2011). The cerebellum is 

proposed to be involved in routines to minimize uncertainty and maximize predictability. The 

associations between the cerebellum and neuroticism may be indicative for a role of the UCT in the 

tendency to worry, anxiety and subjective feelings of loss of control (Schutter, 2016). The fact that 

neurotic personality traits contribute to the prevalence of mood disorders is supported by several 

anatomical studies showing that patients with mood disorders have significantly smaller cerebellar 

gray matter volumes (Adamaszek et al., 2016; Lai and Wu, 2015; Peng et al., 2011). Conversely, 

increased blood flow through cerebellar tissue and higher levels of coherent activity in the 

cerebellum have been found to positively correlate to novelty seeking, positive affect and approach-

related behaviour (O’Gorman et al., 2006; Wei et al., 2011). The latter features are typical of an 

extraverted personality style and linked to higher endogenous levels of testosterone (Eysenk, 1967; 

Smeets-Janssen et al., 2015). Extraversion is negatively correlated with symptoms of depression and 

anxiety (Jylhä and Isometsä, 2006), and the risk of mood disorders is significantly higher in 

individuals who score low on extraversion and high on neuroticism (Grav et al., 2012). Taken 

together, our present observations hint at the possibility that cerebellar volumes in adolescents may 

express an early anatomical vulnerability factor to mood disorders. 

Although it is difficult to establish whether the volumetric deviations from controls are part 

of the pathophysiology of mood disorders, growing empirical evidence suggests that this may well 
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be the case. One line of such evidence comes from neuro-anatomical studies that have revealed the 

connections of the cerebellum with subcortical and cortical brain regions and most notably the 

monosynaptic projections to the hypothalamus which provides an important neuro-anatomical basis 

for the homeostatic regulation of mood (Schutter, 2012; Schutter, 2016). Interestingly, testosterone 

is among the primary end-products of the HPG- axis and plays an important role in motivation and 

mood. Several administration studies have demonstrated that testosterone has anxiolytic and 

antidepressants effects in healthy volunteers (Enter et al., 2014; Herman et al., 2006; Van Honk et 

al., 2003). The idea that mood improvements associated with androgen administration in 

hypogonadal men is attributed to higher levels of testosterone (Ebinger et al., 2009) strengthens the 

idea that testosterone plays a role in the relationship between cerebellar volumes and neuroticism. 

In further support of this idea, our analyses show that testosterone mediates the association 

between cerebellar gray matter and neurotic personality traits. This mediation effect was observed 

for the right cerebellar hemisphere in the male participants group. When we performed the analysis 

separately for adolescence and young adults the mediation effect disappeared in both groups. 

Statistical power issues as a result of sample size may explain the absence of finding on the subgroup 

level. Lastly, even though our control tests do not suggest that the lack of a group differences was 

driven by age, the unequal distribution of age within the subgroups may have introduced statistical 

difficulties and should therefore be considered a limitation of the study.  

On a final note, endogenous circulating testosterone levels start to decrease from adulthood 

onwards and reaches a hypogonadal level in a significant proportion of males over 60 years of age 

(Harman et al., 2001). Together with psychological data indicating that neuroticism can increase in 

old age (Steunenberg et al., 2005), our findings suggest that older hypogonadal men scoring high on 

neuroticism may have reduced gray matter volume of the right cerebellum. In sum, although we 

could not show that the relation between cerebellar volumes and neuroticism was present in the 

adolescent and young adult group separately, other studies suggest that more research is needed in 

this area.    
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  It should furthermore be acknowledged that our study does not allow making strong 

inferences on the direction of the correlations. However, based on the established protective effects 

of testosterone on cerebellar morphology and mood, we speculate that higher testosterone levels 

reduce neuroticism through its positive effect on right cerebellar gray matter in males. Some 

additional support for this idea may come from results of an ad hoc bootstrap mediation analysis we 

performed in the male subjects group. In this analysis, right cerebellar gray matter was entered as 

the mediator variable to examine its effect on the relation between testosterone levels and neurotic 

personality traits. Results showed that right cerebellar gray matter did not significantly mediate the 

relation between testosterone levels and cNEO, and the relation between testosterone and BIS 

score.  

Our findings were restricted to the right hemisphere only, and even though the literature is 

scarce on cerebellar lateralization in emotion, mood and personality, there is some evidence for 

distinct involvement of the right cerebellum in emotion processing (Tan et al., 2015). These findings 

concur with functional magnetic resonance imaging (fMRI) data showing distinct cerebellar 

activation in the processing of primary emotions (Baumann and Mattingley, 2012). Specifically, 

activation of the right cerebellar hemisphere seems associated with the processing of anger and 

fear. According to these authors, the right cerebellum is part of the neural circuit implicated in 

threat processing and mediates autonomic and endocrine responses to fear and anger (Baumann 

and Mattingley, 2012). At least for males, this idea fits the proposed role of cerebello-hypothalamic 

interactions between testosterone, neurotic personality traits and mood regulation (Schutter 2016).  

The observation that the relation between right cerebellar gray matter and testosterone was 

confined to male participants sample concurs with animal research showing antidepressant effects 

of testosterone administration in socially isolated male, but not in female rats (Carrier and Kabbaj, 

2012). Another explanation could be that in women, other sex steroids play a role in affecting the 

relation between cerebellum and neuroticism. For example, the female sex hormone oestradiol has, 

analogous to testosterone in men, positive effects on cerebellar morphology and mood in women. 
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Specifically, the binding of oestradiol to androgen receptors has been thought to produce both 

functional and organizational effects on the cerebellum (Haraguchi et al., 2012; Napolitano et al., 

2014). The discovery that oestradiol has protective effects on the cerebellum (Hedges et al., 2012; 

Sasahara et al., 2007) raises the possibility that hormonal effects on neuroticism and cerebellar gray 

matter in women are mediated through oestradiol (Koibuchi and Ikeda 2013). Synthesis of oestradiol 

and testosterone depends on progesterone which has shown to promote dendritic growth, 

spinogenesis, and synaptogenesis of Purkinje cells (Dean et al., 2008; Tsutsui, 2013). Recent 

empirical findings show that androgen receptors in the Purkinje cells are also directly modulated by 

endogenous testosterone levels in male rats (Perez-Pouchoulen et al., 2016). Since oestradiol is 

aromatized from testosterone, oestradiol may play a more pronounced role in cerebellar gray 

matter volumes of women than testosterone. 

Variation in steroidogenic enzymatic activity may contribute to differences between the 

sexes as well. A methodology oriented explanation for the null findings in women may relate to their 

low endogenous testosterone levels found as compared to men. Variation needed to detect reliable 

individual differences on the group level may have been too limited. This may especially be the case 

when one also considers the intra-assay coefficient of variation in determining testosterone levels. 

Repeated assessments of hormonal levels during the course of a day, a week or even longer periods 

will increase measurement sensitivity and offer the possibility to study hormonal rhythms and 

fluctuations over time.   

Next to hormones, genetic make-up likely contribute to the current associations as well. 

Cerebellar gray matter volumes have been linked to X chromosome dosage independent of the 

organizational effects of foetal testosterone (Lentini et al., 2013). Women that lack a normal second 

X chromosome show an overall increase of cerebellar volume as compared to female controls 

(Cutter et al., 2006). Voxel based morphometry (VBM) analyses indicate that in particular enlarged 

larger gray matter volume of the cerebellar hemispheres accounts for the larger total cerebellar 

volume (Cutter et al., 2006). In addition to genetic contributions, cross-sex hormone administration 
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in transsexuals shows that manipulation of sex steroids causes organizational changes in brain 

morphology (Hulshoff-Pol et al., 2006). Together, results of these studies suggest a role of both 

genetics and steroid hormones in cerebellar volumes for explaining intra- and inter-individual 

differences. How exactly genetics contribute and interact with non-genetic factors with respect to 

the presently observed relations with neuroticism remains unclear and warrants further research. 

Moreover, oestradiol is aromatized from testosterone, so the androgeneric effects of 

testosterone in men may, at least in part, be established by oestradiol in women. Variation in 

steroidogenic enzymatic activity is also likely to contribute to differences between the sexes. A 

methodology oriented explanation for the null findings in women may relate to their low 

endogenous testosterone levels found as compared to men. Because statistical mean and variance 

are positively correlated, the inter-individual variation for detecting reliable individual differences on 

the group level may have been too limited. This may especially be the case when one also considers 

the intra-assay coefficient of variation in determining testosterone levels. Repeated assessments of 

hormonal levels during the course of a day, a week or even longer periods will increase 

measurement sensitivity and offer the possibility to study hormonal rhythms and fluctuations over 

time.   

In addition, even though mediation analyses provide insights into the effects of other 

variables (e.g., testosterone levels) on a particular relation (e.g., cerebellar volume and neuroticism), 

this form of analyses remains correlational of nature. Mediation analyses are employed to 

understand the nature of a relationship by examining the mechanisms by which one variable 

influences a second variable through an intervening (mediator) variable (Hayes, 2009). It should be 

noted that even though mediation is a causal phenomenon, mediation analyses do not offer a way 

of establishing genuine causality (Hayes and Preacher, 2014). Mediation analysis is a statistical 

approach that is able to determine whether a relation between variables exists and what the 

magnitude of this relation is. This may contribute to the likelihood of causality, but certainly does 

not prove it (Hayes and Preacher, 2014). Correlations and mediation analyses may nonetheless 
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provide the first necessary step along the process of establishing causation by demonstrating a 

relationship between the variables of interest. The next logical step would be to conduct hormonal 

and behavioural manipulation studies to establish the direction of the relation. Based on the existing 

literature on the anatomical and behavioural effects of testosterone administration in animals and 

humans, we speculate that testosterone contributes to the relation between cerebellar morphology 

and neuroticism in males.  

As for our statistical analyses, we adopted a hypothesis driven hierarchical testing approach. 

The series of planned correlations started with reproducing our previously reported findings in a 

large sample (Schutter et al., 2012). Significant correlations were followed by subsequent 

correlations to get more insights into the nature of the correlations between cerebellar volume and 

neuroticism. Adding the BIS scale to the study was to provide further support construct validity of 

the psychological concept of neuroticism. In our opinion, this complementary approach further adds 

to the reliability of the present results on the interrelation between neuroticism, cerebellum and 

testosterone. Moreover, due of inherent differences in bio-availability of testosterone between the 

sexes, correlations involving testosterone were performed separately for male and female 

volunteers. The sample size and age range allowed us to explore the relations in adolescence and 

young adulthood. Although the strength of the correlations is modest, our findings are comparable 

to results of similar research that have investigated the relations between brain volumes, self-

reports and hormones (Koolschijn et al., 2014; Wei et al., 2015). Restrictions in the range of values of 

the variables of interest, type of study design and quality of the measurement are sources of error 

variance that lower the correlation coefficient. Other factors that we could not control for, such as 

the role of genetics and effects of other hormones, may have further lowered the signal-to-noise 

ratio.  

Finally, we evaluated alcohol consumption, cigarette smoking and cannabis use in the past 

month to control for the effects of substance use on cerebellum volumes (Schutter et al., 2012). It 

should however be noted that we also questioned participants about lifetime alcohol consumption, 
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smoking and cannabis use. The correlations between reported lifetime and last month for alcohol 

consumption, r = 0.890, p < 0.001, smoking, r = 0.923, p < 0.001, and cannabis use, r = 0.551, p < 

0.001, were moderate-to-high. Because accuracy is typically higher for the recollection of recent 

events and lifetime reports are likely to be biased by recent events (Menon, 1993), we only included 

the reports of the last month in our partial correlations. Still, in spite of the statistical controls, 

effects of substance use on cerebellum volumes cannot be excluded. 

In sum, even though we found statistically significant relations our results should be 

interpreted with caution and the association between cerebellar gray matter and testosterone seen 

as preliminary.  

 

Conclusion 

This is, to our knowledge, the first study that has successfully integrated predictions from both the 

animal and human literature to demonstrate associations between cerebellar morphology, 

testosterone and neuroticism. Our findings provide an empirical basis for establishing the direction 

of the correlations in future work. The interrelations between testosterone, behavioural indices of 

emotional vulnerability and cerebellar morphology provide a cerebellum oriented framework for 

hormone-brain interactions in the susceptibility to experience normal and pathological forms of 

negative mood. Our findings indicate that these relations are not exclusively limited to adults, but 

can already be observed in the adolescent population. The results offer a theoretical and empirical 

starting point for further testing the idea that testosterone may influence cerebellar volumes and act 

as a neuro-protective agent against the susceptibility to worry, experience context inappropriate 

anxiety and hypersensitivity to punishment in males. Replication and additional studies to address 

the functional mechanisms and behaviours underlying the association between testosterone and the 

cerebellum are warranted. 
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Table 1. Means and standard deviations of the main study variables. 

 Adolescents  
(n= 91) 

Young adults  
(n= 58 ) 

ANOVA 
Weighted total  
(n= 149) 

     
Cerebellum volume (in cc) Gray 

Left lobule 45.27 ± 5.53  44.08 ± 4.77  F = 1.82, p = 0.180 44.81 ± 5.26 

Right lobule 45.93 ± 5.52  44.39 ± 4.08 F = 2.96, p = 0.088 45.33 ± 5.35 

Total 91.20 ± 10.52 88.47 ± 9.06 F = 2.64, p = 0.106 90.14 ± 10.04 

     
White 

Left lobule 16.03 ± 1.89 16.34 ± 1.66  F = 1.05, p = 0.308 16.15 ± 1.81 

Right lobule 15.61 ± 2.14 16.09 ± 1.72  F = 2.03, p = 0.156 15.80 ± 2.00 

Total 31.64 ± 3.67 32.43 ± 3.04 F = 1.85, p = 0.175 31.95 ± 3.45 

     
Grand total 122.84 ± 12.41 120.90 ± 10.50 F = 0.97, p = 0.326 122.09 ± 11.70 

     
Testosterone level (in picomol/L) Male 261.22 ± 149.82  368.57 ± 168.36  F = 8.06, p = 0.006 302.4 ± 164. 65 

 Female 25.11 ± 13.56  27.67 ± 16.79  F = 0.53, p = 0.467 26.11 ± 14.87 

      
cNEO (range: 0-96)  41.96 ± 9.37 44.74 ± 11.81 F = 2.55, p = 0.113 43.04 ± 10.44 

      
BIS (range: 1-4)  2.74 ± 0.46 2.86 ± 0.53 F = 2.12, p = 0.148 2.78 ± 0.49 
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Figure 1. Illustration of a volumetric cerebellum reconstruction.  
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Figure 2. Scatter plots with regression lines and individual 95% confidence interval depicting the 

whole group associations between cNEO score and total (A) nad gray matter volume of the 

cerebellum (B). 
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Figure 3. Scatter plots with regression lines and individual 95% confidence interval depicting whole 

group associations between BIS score and total (A) and gray matter volume of the cerebellum (B). 
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Figure 4. Scatter plot with regression lines and individual 95% confidence interval showing that 

endogenous testosterone is inversely related to cNEO (A) and BIS scores in the male subjects group 

(B).  
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Figure 5. Positive association with regression line and individual 95% confidence interval between 

endogenous testosterone levels and gray matter volume of the right cerebellum in the male subject 

group.  
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Figure 6. Endogenous testosterone levels in male participants significantly influences the relation 

between right cerebellar gray matter volume and neurotic personality traits. Higher levels of 

testosterone are associated with larger right cerebellar gray matter volumes and lower cNEO (A) and 

BIS scores in males (B). 

 

 

 

 

 

 

 


