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Abstract 

Introduction: The cerebellum has established associations with motor function and a well-

recognized role in cognition. In advanced age, cognitive and motor impairments contribute to 

reduced quality of life and are more common. Regional cerebellar volume is associated with 

performance across these domains and sex hormones may influence this volume. Examining sex 

differences in regional cerebellar volume in conjunction with age, and in the context of 

reproductive stage stands to improve our understanding of cerebellar aging and pathology.  

Methods: Data from 530 healthy adults (ages 18-88; 49% female) from the Cambridge Centre for 

Ageing and Neuroscience database were used here. CERES was utilized to assess lobular volume 

in T1-weighted images. We examined sex differences in adjusted regional cerebellar volume 

while controlling for age. A subgroup (n = 354, 50% female) was used to assess group 

differences in female reproductive stages as compared to age-matched males.  

Results: Sex differences in adjusted volume were seen across most anterior and posterior 

cerebellar lobules. The majority of cerebellar regions had significant linear relationships with age 

in males and females. However, there were no interactions between sex and reproductive stage 

groups (i.e., female reproductive stage did not display a relationship with regional cerebellar 

volume).  

Discussion: We found sex differences in volume across much of the cerebellum, linear 

associations with age, and did not find an effect of female reproductive stage on regional 

cerebellar volume. Longitudinal investigation into hormonal influences on cerebellar structure 

and function is warranted as hormonal changes with menopause may impact structure over time.  

Keywords: sex differences, aging, cerebellum, structural brain imaging, menopause 
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Introduction 

Aging is associated with deficits in cognitive and motor functioning (Harada, Love, & 

Triebel, 2013; Lezak et al., 2004; Siedler et al., 2010). These deficits can interfere with activities 

of daily living and general independence in advanced age (Kluger et al., 1997; Schaefer & 

Schumacher, 2011). Furthermore, motor deficits such as gait speed have been linked to cognitive 

decline (e.g., memory loss), and in some cases can predict cognitive deficits (Kikkert et al., 

2016; Marquis et al., 2002; Savica et al., 2017). While the cerebellum has long established 

associations with motor function, there is also a large and growing literature implicating it in 

cognition (Balsters, Whelan, Robertson, & Ramnani, 2013; Bernard et al., 2020; Chen & 

Desmond, 2005; Stoodley & Schmahmann, 2009). Topographical organization based on 

functional imaging has implicated Crus I, Crus II, and Lobules VI-VIIB in cognitive processes, 

and Lobules I-V, Lobules VIIIA-VIIIB in motor processes (Guell & Schmahmann, 2020; King et 

al., 2019; Stoodley & Schmahmann, 2009; Stoodley, Valera, & Schmahmann, 2012). Notably, 

recent studies suggest these relationships are not strictly confined to lobular boundaries and more 

closely resemble a continuum (Guell & Schmahmann, 2020; King et al., 2019). However, older 

adult cerebella show functionally relevant volumetric differences (Bernard & Seidler, 2013; 

Miller et al., 2013). Additionally, differences in functional connectivity between the cerebellum 

and cortex during resting state are associated with cognitive decline in older adults (Bernard & 

Siedler, 2013a; de Dieu Uwisengeyimana, et al., 2020). Thus, advanced age impacts the 

cerebellum, which contributes to cognitive and motor processes. 

The extant literature has demonstrated global cerebellar neurodegeneration in advanced 

age (Jernigan et al. 2001; Hulst et al. 2015; Raz et al. 1998, 2010). Yet the regional volumetric 

trajectory of the cerebellum across the adult lifespan has been less studied. Given the functional 
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topography of the cerebellum, characterization of regional cerebellar structure in normal aging 

may help contextualize functional changes. To date, several studies have shown age differences 

in regional cerebellar volume (Bernard & Seidler, 2013; Koppelmans et al., 2017; Han et al., 

2020). Cross-sectional analyses of these volumes in relation to age demonstrate age differences 

in certain cerebellar regions across studies (i.e., right Lobules I-III, bilateral Lobules V and VI, 

bilateral Crus I, and left Crus II) (Bernard & Seidler, 2013; Han et al., 2020; Koppelmans et al., 

2017). However, in each study the age range of the sample varied (Bernard & Seidler, 2013; Han 

et al., 2020; Koppelmans et al., 2017), and to this point, no single analysis has looked at the 

totality of adulthood (from age 18 up) in one sample. This work stands to enhance our 

understanding of the aging process and emergent pathology, while also providing a more 

complete picture of relationships between cerebellar volume and age across the adult lifespan. 

Sex is also an important factor to consider with respect to cerebellar aging. Studies 

evaluating global measures of cerebellar volume across adulthood demonstrated greater white 

matter volume in the posterior cerebellum of males, greater hemispheric volume in males, and 

greater volumetric atrophy in aging for males (Geng et al., 2016; Raz et al., 2001; Xu et al., 

2000). However, a recent meta-analysis reported mixed results with respect to sex differences in 

cerebellar volume (Eliot et al., 2021). In a study of young adults, females had larger volumes in 

bilateral Crus II and Vermis VI while males exhibited larger right lobule V, bilateral lobules 

VIIIA/B, and Vermis VIIIA/B (Steele & Chakravaty, 2018). A cross-sectional evaluation of 

older adults found significant sex differences in Vermis IX and X, right Lobules I-III, and 

bilateral Lobules VIIIA, while longitudinal analyses of the same sample demonstrated significant 

sex differences over time in left Lobule VI and right Crus II (Han et al., 2020). Luft and 

colleagues boasted a wider range of adults (ages 19-73) in which females had greater adjusted 
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volume in Lobules VI-VII and the Superior Posterior Lobe than males (Luft et al., 1999). Thus 

far, studies examining sex differences in cerebellar volume have demonstrated considerable 

inconsistencies and varying age groups/ranges, warranting more nuanced investigation. 

Prior inconsistencies in sex differences may be due, at least in part, to hormonal factors 

which play a role in modulating cerebellar structure and function. For instance, a typical female 

menstrual cycle is characterized by a 12-fold increase in progesterone and 80-fold increase in 

estrogen (Taylor, Pritschet, Yu, & Jacobs, 2019). Females experience significant physiological 

shifts due to the menopausal transition (i.e., 90% decrease in ovarian estradiol production) and 

decreased estrogen has been associated with increased risk of AD pathogenesis in the aging brain 

(Buckler, 2005; Harlow et al. 2012; Hedges et al., 2012; Morrison & Baxter, 2012; Vest & Pike, 

2013). Furthermore, endocrine aging (as it relates to the menopausal transition) has greater 

effects than chronological aging on the female cortex (Mosconi et al., 2017) which raises the 

question whether there are hormonal influences on regional cerebellar structure in healthy aging. 

Sex hormones have demonstrated influences on brain structure and function (e.g., cortical 

connectivity, subcortical connectivity, and within-network coherence) especially in regions 

dense with estrogen receptors in the context of both endogenous hormone levels and exogenous 

sex hormone manipulations (Peper et al., 2011; Pritschet et al., 2020; Taylor, Pritschet, Yu, & 

Jacobs, 2019). While there are estrogen receptors throughout the brain, the cerebellum is one of 

the few regions dense with these receptors (Boyle et al., 2021). However, the influence of sex 

hormones specifically on the cerebellum are less studied and warrant further investigation 

(Hedges et al., 2012; Peper et al., 2011). Given the scope of hormonal influences and the 

considerable variance of sex hormone levels in reproductive aging, different reproductive stages 
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in adult females may be critical periods of change in cerebellar structure and exhibit different 

patterns of cerebellar volume across the female adult lifespan. 

Here, we examined lobular cerebellar volume across the adult lifespan (in cross-sectional 

data) to investigate associations with age, sex differences, and female reproductive stage. We 

tested the following hypotheses: 1) there would be sex differences in volumes of cerebellar 

lobules when controlling for age; 2) age-related patterns of regional cerebellar volume would 

diverge between sexes across the adult lifespan; and 3) volumetric differences would be present 

when looking at females grouped by reproductive stage. Establishing whether there are sex 

differences in regional cerebellar volume more generally and at different female reproductive 

stages will contribute to our understanding of the aging cerebellum and in turn may serve as a 

foundation for work investigating behavioral decline, including that with clinical significance 

(e.g., Alzheimer’s Disease).  

Methods 

Participants 

Data used in these analyses are from the Cambridge Centre for Ageing and Neuroscience 

(CamCAN) repository which collected epidemiological, cognitive, genetic, and neuroimaging 

data to examine normative neurocognitive development (available at http://www.mrc-

cbu.cam.ac.uk/datasets/camcan/) (Shafto et al. 2014; Taylor et al. 2017). The Cam-CAN sample 

was population-based and originally consisted of 708 healthy adults aged 18-88. Magnetic 

resonance imaging (MRI) scans of the brain were acquired at the Medical Research Council 

Cognition & Brain Sciences Unit in Cambridge, UK. Here, we used the high-resolution T1 

anatomical scans collected on a 3T Siemens TIM Trio System. Participants with T1 images 

displaying poor resolution, notable artifacts, or error messages related to image quality during 
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segmentation processing were excluded from this study (n = 178). For a more detailed account of 

this study please refer to Shafto and colleagues’ description (2014) and Taylor and colleagues 

(2017). 

This study developed two subsets of the Cam-CAN sample for analyses due to analytic 

redundancies between reproductive stage and age. The first subset of participants (n = 530, 49% 

female) were utilized to evaluate associations between age and regional cerebellar volume in 

males and females across adult lifespan, while the second subset of participants (n = 354, 50% 

female) examined females against age-matched males in each reproductive stage (further 

description of both subsets below). 

Reproductive Stage Categorization 

As part of the Cam-CAN data repository, female participants reported the number of days 

since their last menstrual period, length of their menstrual cycle in days, and the age when 

menstrual periods ceased. This self-report data was used to categorize these females into 

reproductive groups based on STRAW+10 guidelines (Harlow et al., 2012). Females were 

categorized into the following stages: reproductive, menopausal transition (i.e., perimenopause), 

and postmenopause with further temporal specifications of early and late subgroups (Harlow et 

al., 2012). The reproductive stage is characterized by a regular menstrual cycle which may 

include subtle changes in flow length; participant indication of a menstrual cycle 35 days or less 

were placed in this group (Harlow et al., 2012). In the absence of self-report data, females were 

categorized a priori into reproductive groups by age as follows: reproductive ≤ 36 years, 

perimenopause 40-50 years, early postmenopause 55-70, late postmenopause ≥ 71 years. Five 

females lacking self-report data from ages 50-55 were excluded due to the high variability of 

reproductive stage during that time period. Perimenopause is categorized via an inconsistent 
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cycle with persistent ≥ 7 day difference in length of consecutive cycles or intervals of 

amenorrhea of greater than 60 days. Individuals that self-reported a menstrual cycle greater than 

35 days or greater than 60 days since their last menstrual period, but not yet in menopause were 

allocated to this group (Harlow et al., 2012). The early postmenopausal stage describes the 2-6 

year period after the menstrual cycle ceases; females whose age was within 2-6 years of the 

reported age when menstrual periods stopped were included in this group (Harlow et al., 2012). 

Lastly, late postmenopause is characterized by the remaining female lifespan; participants with 

an age greater than 6 years from their reported age of last menstrual cycle were assigned to this 

category (Harlow et al., 2012).  

After categorization of reproductive stages, matching females to same aged males in each 

reproductive stage was employed to control for effects of age and to differentiate effects of sex. 

As reproductive stage and age are interdependent, age as a variable created redundancies in the 

analyses which necessitated the use of age-matched males. Additionally, early visualizations of 

these data indicated outliers in multiple regions. As our analyses compare group averages, 

outliers could skew our results. Our process required exclusion criteria which was completed in 

four steps. In the first step, outliers were removed. Outliers were categorized as any value three 

standard deviations above or below the mean within each reproductive stage group. The mean 

and standard deviation for each region of each group was calculated in excel and a logical ‘if’ 

formula identified outliers. Each outlier was manually removed along with an age-matched 

participant. Next, female participants were manually matched via exact age in years to a male. 

The following steps were conducted to further exclude participants when the number of females 

and males of matching age were unequal. The number of females in each reproductive stage 

group notably varied between groups (i.e., final group breakdown: reproductive (n = 126), 
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perimenopause (n = 54), early postmenopause (n = 56), and late postmenopause (n = 118)). 

Thus, the third step prioritized categorizing an age-matched male into the smallest reproductive 

stage groups first in an effort to more robustly represent each reproductive stage. In cases where 

there were more females than males or vice versa, a fourth step eliminated the males or females 

with the highest signal-to-noise ratio (SNR) on their T1 scans. For example, if there was one 

female at age 40 and three males at age 40, the male with the lowest SNR would remain in the 

dataset and be categorized into the same reproductive stage as that female; whereas the two 40-

year old males with higher SNR would be excluded. Thus, this step included only participants 

with the best SNR, but this was only used if the previous two steps left an unequal number of 

females and males. This exclusion process reduced the sample size of these analyses from n = 

530 to n = 354. 

Neuroimaging Data 

These data were collected on a 3T Siemens TIM Trio System. Imaging parameters for T1 

scans of the brain were as follows: 3D MPRAGE, TR=2250ms, TE=2.99ms, TI=900ms; FA=9 

deg; FOV=256x240x192mm; 1mm isotropic; GRAPPA=2; TA=4mins 32s.  

Lobular cerebellar volume was computed using CERES (Romero et al., 2017). CERES is 

an automated cerebellum segmentation method which only requires a standard resolution T1-

weighted magnetic resonance image (Romero et al., 2017). Of note, CERES lobular 

segmentation divides the vermis down its midline into left and right regions, including vermis 

volumes within each lobule. As such, vermal subregions were not considered separately in this 

analysis. CERES exhibited the highest accuracy in the majority of regions examined in a 

comparison of three automated parcellation programs and had the greatest intra-rater accuracy 

between automated segmentation and expert manual segmentation (Romero et al., 2017). When 
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compared to other cerebellar segmentation algorithms, CERES demonstrated the best 

performance across the majority of regions examined (Carass et al., 2018). To use CERES, T1-

weighted nifti files were uploaded directly to the volBrain website 

(https://www.volbrain.upv.es/index.php). The CERES algorithm executes preprocessing on the 

files (i.e., denoising, bias field correction using the N4 algorithm, MNI affine registration, 

cropping the cerebellum, non-linear registration estimation using Advanced Normalizations 

Tools (ANTs), and local intensity normalization) and labeling cerebellar voxels (via three steps: 

1) non-local patch-based local fusion, 2) the PatchMatch algorithm, and 3) Optimized 

PatchMatch) (Barnes, Shechtman, Finkelstein, & Goldman, 2009; Romero et al., 2017; Ta, 

Giraud, Collins, & Coupé, 2014). 

Statistical Analyses 

 The variables, statistical packages, and manual corrections were consistent across all 

analyses. All analyses used adjusted volumes that were corrected for estimated intracranial 

volume, as volume is also proportional to overall head and body size (Buckner et al., 2004). This 

was calculated as the ratio of lobular volume to estimated intracranial volume (region in 

cm3/estimated intracranial volume) via CERES’ software and included in the output. Analyses of 

covariance (ANCOVAs) were completed using the anova function from the default ‘stats’ 

package in R (v4.0.5, R Core Team, 2021) which determined beta coefficients, degrees of 

freedom, F-values, and p-values; sjstats and pwr packages were used for �2 and partial �2 values 

(v0.18.1, Lüdecke, 2018). A multivariate analysis of variance (MANOVA) was completed using 

the manova function from the default ‘stats’ package in R (v4.0.5, R Core Team, 2021) which 

determined Pillai’s trace, degrees of freedom, p-values, and approximated F-values. Linear and 

quadratic regressions were performed using the lm function from the default ‘stats’ package in R 
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(v4.0.5, R Core Team, 2021) which determined beta coefficients, degrees of freedom, F-values, 

p-values, R2, and adjusted R2. In each analysis Bonferroni correction was manually applied to 

account for multiple comparisons (.05/24 for significance at p = 0.002083).  

Regional Cerebellar Sex Difference Analyses 

ANCOVAs were conducted to investigate sex differences in right and left cerebellar 

lobules while controlling for age. Violin plots were created using the ggplot2 package (Figure 1; 

v3.3.3; Wickham, 2016).  

Linear and Quadratic Age-Volume Associations by Sex 

Age-volume associations were evaluated via linear regression with age as the predictor 

and right and left adjusted regional cerebellar volumes as the outcome in males and females 

separately. These analyses were also completed using a quadratic age variable (Age + I(Age^2)) 

as the predictor to explore whether adjusted regional volume is fit with a quadratic function 

rather than linear across the lifespan, given prior work suggesting non-linear relationships 

between volume and age (Bernard et al., 2015). Akaike’s An Information Criterion (AIC) 

(Sakamoto, Ishiguro, & Kltagawa, 1986) compared fit between linear and quadratic models with 

a requirement that model value must differ by 10 to be considered a superior fit (Bohon & 

Welch, 2021; Burnham & Anderson, 2004). AIC was calculated by the default ‘stats’ package in 

R (v4.0.5, R Core Team, 2021). The stargazer package (v5.2.2; Hlavac, 2018) was utilized to 

create Tables II-V. The ggplot2 package was used to create linear plots (Figure 2; v3.3.3; 

Wickham, 2016). 
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Reproductive Status Analyses 

To evaluate differences in adjusted regional cerebellar volume by reproductive stage, we 

used a MANOVA for right and left cerebellar regions in reproductive (n = 146), perimenopause 

(n = 56), early postmenopause (n = 58), and late postmenopause (n = 134) stages in females as 

compared to age-matched males (Harlow et al., 2012). Reproductive stage (4 groups) and sex (2 

groups) were categorical predictors and adjusted regional cerebellar volume was the outcome in 

this 4 x 2 MANOVA. Figures depicting group descriptives were created using default jamovi 

descriptive plots (Version 2.0.0.0; The jamovi project, 2021; Figure 3). 

Results 

 The sum of squares, mean squared error, F-statistic, p-value, η2, and partial η2 are 

presented for each cerebellar region in Table I. The estimated � coefficients, standard error, R2, 

adjusted R2, residual standard error, and F-statistic are shown in Tables II-V with 3 asterisks 

indicating a significant p-value after Bonferroni correction. 

Regional Cerebellar Sex Differences 

ANCOVAs revealed significant sex differences in adjusted volume for the following 

regions: left Lobule IV, left Lobule V, left and right Lobule VI, left and right Lobule VIIB, left 

and right Lobule X, left and right Crus I, and left and right Crus II, when controlling for age and 

following Bonferroni correction [F(1,527) > 10.999, p<.001, for detailed results, please see 

Table I]. There were no significant sex differences in any other regions (p>.002083). Figure 1 

displays the results of these analyses. 
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Table I. 

 Sex Differences in Adjusted Cerebellar Volume  

Cerebellar 
Region 

Sum of 
Squares  

Mean 
Square 

F Statistic  
(df = 1; 527) 

p-value η2 Partial η2 

I-II right 0.00000 0.00000 2.881    0.090  0.005 0.005 

I-II left 0.00001 0.00001 5.615    0.018*  0.01 0.011 

III right 0.00005 0.00005 0.553    0.458  0.00095 0.001 

III left 0.00055 0.00055 5.408    0.020*  0.009 0.01 

IV right 0.00200 0.00200 2.757    0.097  0.005 0.005 

IV left 0.00800 0.00800 13.051   < .001***  0.022 0.024 

V right 0.00800 0.00800 5.759    0.017*  0.01 0.011 

V left 0.02700 0.02700 19.773   < .001***  0.035 0.036 

VI right 0.31600 0.31600 50.344   < .001***  0.078 0.087 

VI left 0.21100 0.21100 33.215   < .001***  0.052 0.059 

Crus I right 0.17000 0.17000 11.046   < .001***  0.018 0.021 

Crus I left 0.30400 0.30400 19.027   < .001***  0.031 0.035 

Crus II right 0.07600 0.07600 10.999   < .001***  0.019 0.02 

Crus II left 0.13400 0.13400 19.457   < .001***  0.032 0.036 

VIIB right 0.02300 0.02300 11.621   < .001***  0.02 0.022 

VIIB left 0.02700 0.02700 12.899   < .001***  0.022 0.024 

VIIIA right 0.00200 0.00200 0.567    0.452  0.001 0.001 

VIIIA left 0.00040 0.00040 0.131    0.718  0.00022 0.00025 

VIIIB right 0.00200 0.00200 0.791    0.374  0.001 0.002 

VIIIB left 0.00057 0.00057 0.275    0.601  0.0005 0.00052 

IX right 0.01100 0.01100 6.015    0.015*  0.01 0.011 

IX left 0.01600 0.01600 8.553    0.004**  0.015 0.016 

X right 0.00100 0.00100 30.501   < .001***  0.052 0.055 
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X left 0.00060 0.00060 18.701   < .001***  0.033 0.034 

Note. Significance levels.* = p≤0.05, ** = p≤0.01,*** = p≤ 0.001 
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Figure 1. 

Sex Difference Adjusted Volume Distributions in Cerebellar Regions 

 

Fig.1 Violin plots demonstrating corected volume for each lobule in males and females across all 
participants. The curved edges depict the distribution of volume in these participants and box 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 4, 2021. ; https://doi.org/10.1101/2021.11.04.467177doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.04.467177
http://creativecommons.org/licenses/by-nc-nd/4.0/


16 

 

plots indicate the mean and interquartile ranges. The asterisk depicts areas that demonstrated a 
statistically significant difference by sex when controlling for age after Bonferroni correction 
(p<.002083). 

Linear and Quadratic Age-Volume Associations by Sex 

 Males and females were analyzed separately to ascertain whether adjusted regional 

cerebellar volume is associated with age over the adult lifespan. Linear regressions in males with 

age as the predictor and adjusted volume as the outcome revealed a significant relationship with 

age in the following areas: bilateral Lobules III, IV, V, VI, VIIB, VIIIA, VIIIB, IX, X, and 

bilateral Crus I and Crus II [F(1,266) > 11.960, p<.001, detailed results are presented  in Table II 

and Figure 2], after Bonferroni correction. Bilateral Lobules I-II were the only regions that did 

not demonstrate a significant linear relationship with age in either sex (p>.05).  
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Table II. 

               Linear Relationship with Age and Adjusted Cerebellar Volume in 
Males 

 

Cerebellar 
Region 

Age (β 
coefficient)  

Standard 
Error 

Observations R2 Adjusted R2 Residual 
Std. Error 
(df = 266) 

F Statistic 
(df = 1; 
266) 

I-II right 0.00000 0.00000 268 0.004 0.0003 0.001 1.089 

I-II left -0.00001 0.00000 268 0.008 0.004 0.001 2.174 

III right -0.0002*** -0.00003 268 0.09 0.087 0.01 26.428*** 

III left -0.0002*** -0.00003 268 0.077 0.074 0.01 22.270*** 

IV right -0.0003*** -0.00010 268 0.062 0.058 0.024 17.437*** 

IV left -0.0004*** -0.00010 268 0.084 0.081 0.025 24.501*** 

V right -0.0004*** -0.00010 268 0.043 0.039 0.036 11.959*** 

V left -0.0004*** -0.00010 268 0.047 0.043 0.036 13.030*** 

VI right -0.002*** -0.00020 268 0.147 0.144 0.071 45.968*** 

VI left -0.002*** -0.00020 268 0.148 0.144 0.073 46.085*** 

Crus I -0.003*** -0.00040 268 0.134 0.131 0.125 41.266*** 

Crus I left -0.003*** -0.00040 268 0.132 0.129 0.127 40.499*** 

Crus II -0.001*** -0.00030 268 0.059 0.055 0.079 16.604*** 

Crus II -0.001*** -0.00030 268 0.081 0.077 0.083 23.351*** 

VIIB right -0.001*** -0.00010 268 0.071 0.068 0.044 20.448*** 

VIIB left -0.001*** -0.00020 268 0.062 0.058 0.045 17.552*** 

VIIIA -0.001*** -0.00020 268 0.05 0.046 0.055 13.969*** 

VIIIA left -0.001*** -0.00020 268 0.1 0.097 0.057 29.530*** 

VIIIB -0.001*** -0.00020 268 0.062 0.059 0.048 17.699*** 

VIIIB left -0.001*** -0.00020 268 0.059 0.055 0.048 16.600*** 

IX right -0.001*** -0.00010 268 0.083 0.08 0.041 24.068*** 

IX left -0.001*** -0.00010 268 0.061 0.058 0.041 17.403*** 

X right -0.0001*** -0.00002 268 0.051 0.047 0.006 14.287*** 
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X left -0.0001*** -0.00002 268 0.045 0.042 0.006 12.596*** 

Note. Significance levels = * = p≤0.05, ** = p≤0.01,*** = p≤ 0.001 
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Figure 2. 

Linear Age Associations with Adjusted Volume in Cerebellar Regions by Sex 

 

Fig.2 Linear age-volume relationships by sex in each cerebellar region examined. The gray 
superimposed on each colored line depicts the 95% confidence interval for adjusted volume in 
each sex. 

In females, there was a significant linear relationship between age and adjusted regional 

cerebellar volume in the following areas: bilateral Lobules III, IV, VI, VIIB, VIIIA, IX, left 
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Lobule V, right Lobule X, and bilateral Crus I and Crus II [F(1,260) > 12.080, p<.001] after 

Bonferroni correction. Detailed results are presented in Table III and Figure 2. 

Table III. 

Linear Relationship with Age and Adjusted Cerebellar Volume in Females 

Cerebellar 
Region 

Age (β 
coefficient)  

Standard 
Error 

Observations R2 Adjusted 
R2 

Residual 
Std. Error 
(df = 260) 

F Statistic 
(df = 1; 
260) 

I-II right -0.00001* 0.00000 262 0.011 0.007 0.001 2.881* 

I-II left 0.00000 0.00000 262 0.002 -0.002 0.001 0.602 

III right -0.0002*** -0.00003 262 0.104 0.101 0.01 30.215*** 

III left -0.0002*** -0.00003 262 0.089 0.085 0.01 25.314*** 

IV right -0.0004*** -0.0001 262 0.098 0.095 0.025 28.274*** 

IV left -0.0005*** -0.0001 262 0.107 0.103 0.026 31.060*** 

V right -0.0004*** -0.0001 262 0.032 0.028 0.039 8.458** 

V left -0.0004*** -0.0001 262 0.044 0.041 0.038 12.076*** 

VI right -0.001*** -0.0003 262 0.093 0.089 0.087 26.544*** 

VI left -0.002*** -0.0003 262 0.128 0.125 0.086 38.213*** 

Crus I -0.002*** -0.0004 262 0.091 0.087 0.123 25.916*** 

Crus I left -0.002*** -0.0004 262 0.101 0.097 0.126 29.175*** 

Crus II -0.002*** -0.0003 262 0.129 0.125 0.087 38.357*** 

Crus II left -0.002*** -0.0003 262 0.111 0.108 0.084 32.573*** 

VIIB right -0.001*** -0.0002 262 0.084 0.08 0.046 23.699*** 

VIIB left -0.001*** -0.0002 262 0.081 0.078 0.046 23.069*** 

VIIIA -0.001*** -0.0002 262 0.058 0.054 0.057 15.950*** 

VIIIA left -0.001*** -0.0002 262 0.102 0.099 0.053 29.635*** 

VIIIB -0.0004*** -0.0001 262 0.029 0.025 0.043 7.795** 

VIIIB left -0.0004*** -0.0001 262 0.028 0.024 0.042 7.369** 
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IX right -0.001*** -0.0002 262 0.07 0.066 0.046 19.435*** 

IX left -0.001*** -0.0002 262 0.045 0.041 0.045 12.280*** 

X right -0.0001*** -0.00002 262 0.045 0.041 0.006 12.280*** 

X left -0.0001*** -0.00002 262 0.035 0.031 0.006 9.332** 

Note. Significance levels = * = p≤0.05, ** = p≤0.01,*** = p≤ 0.001 

Bilateral Lobules I-II, right Lobule V, bilateral Lobules VIIIB, and left Lobule X did not 

demonstrate a significant linear relationship with age in females (p>.002083). The quadratic 

variables in regressions were not significant for any regions in males or females (p>.05 and 

p>.002, respectively; please see Tables IV and V).  
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Table IV. 

 Quadratic Relationship with Age and Adjusted Cerebellar Volume in 
Males 

Cerebellar 
Region 

Quadratic 
Age (β 
coefficient) 

Standard 
Error 

Observations R2 Adjusted 
R2 

Residual 
Std. 
Error (df 
= 265) 

F Statistic 
(df = 2; 
265) 

I-II right  0.00000 0.00000 268 0.005 -0.002 0.001 0.677 

I-II left 0.00000 0.00000 268 0.014 0.007 0.001 1.931 

III right 0.00000 0.00000 268 0.097 0.09 0.01 14.163*** 

III left -0.00000* 0.00000 268 0.089 0.083 0.01 13.012*** 

IV right 0.00000 0.00000 268 0.062 0.055 0.024 8.784*** 

IV left 0.00000 0.00000 268 0.086 0.079 0.025 12.443*** 

V right 0.00000 -0.00001 268 0.043 0.036 0.036 6.022*** 

V left -0.00001 -0.00001 268 0.051 0.044 0.036 7.144*** 

VI right 0.00000 -0.00001 268 0.148 0.141 0.071 22.940*** 

VI left 0.00001 -0.00001 268 0.151 0.145 0.073 23.591*** 

Crus I right -0.00001 -0.00002 268 0.135 0.128 0.125 20.668*** 

Crus I left 0.00001 -0.00002 268 0.133 0.126 0.127 20.254*** 

Crus II right -0.00002 -0.00002 268 0.065 0.058 0.079 9.169*** 

Crus II left -0.00001 -0.00002 268 0.081 0.074 0.083 11.687*** 

VIIB right -0.00001 -0.00001 268 0.079 0.072 0.044 11.378*** 

VIIB left -0.00001 -0.00001 268 0.064 0.057 0.045 9.002*** 

VIIIA right 0.00000 -0.00001 268 0.05 0.043 0.055 7.036*** 

VIIIA left -0.00001 -0.00001 268 0.105 0.098 0.057 15.559*** 

VIIIB right -0.00001 -0.00001 268 0.064 0.057 0.048 9.067*** 

VIIIB left -0.00001 -0.00001 268 0.06 0.053 0.048 8.512*** 

IX right -0.00001 -0.00001 268 0.088 0.081 0.041 12.775*** 
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IX left -0.00001 -0.00001 268 0.067 0.06 0.041 9.548*** 

X right 0.00000 0.00000 268 0.051 0.044 0.006 7.157*** 

X left 0.00000 0.00000 268 0.049 0.042 0.006 6.887*** 

Note. Significance levels = * = p≤0.05, ** = p≤0.01,*** = p≤ 0.001. While the overall quadratic 
model appears significant, this may be driven by the linear age component in this model. The 
first column measuring quadratic β coefficients was examined to determine significant quadratic 
effects which would only be considered meaningful after Bonferroni correction (p<.002083). 
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Table V. 

 Quadratic Relationship with Age and Adjusted Cerebellar Volume in 
Females 

Cerebellar 
Region 

Quadratic 
Age (β 
coefficient) 

Standard 
Error 

Observat
ions 

R2 Adjusted 
R2 

Residual 
Std. Error 
(df = 259) 

F Statistic 
(df = 2; 
259) 

I-II right 0.00000 0.00000 262 0.011 0.004 0.001 1.464 

I-II left 0.00000 0.00000 262 0.003 -0.005 0.001 0.394 

III right 0.00000 0.00000 262 0.105 0.098 0.01 15.230*** 

III left 0.00000 0.00000 262 0.089 0.082 0.01 12.612*** 

IV right 0.00000 0.00000 262 0.101 0.094 0.025 14.489*** 

IV left 0.00000 -0.00001 262 0.11 0.103 0.026 15.937*** 

V right 0.00001 -0.00001 262 0.035 0.028 0.039 4.759*** 

V left 0.00001 -0.00001 262 0.051 0.044 0.038 6.949*** 

VI right -0.00004** -0.00002 262 0.115 0.108 0.086 16.814*** 

VI left -0.00003* -0.00002 262 0.14 0.134 0.086 21.155*** 

Crus I right -0.00001 -0.00002 262 0.091 0.084 0.123 13.022*** 

Crus I left -0.00002 -0.00002 262 0.102 0.095 0.127 14.770*** 

Crus II right 0.00000 -0.00002 262 0.129 0.122 0.087 19.130*** 

Crus II left 0.00000 -0.00002 262 0.111 0.105 0.084 16.236*** 

VIIB right 0.00000 -0.00001 262 0.084 0.076 0.046 11.804*** 

VIIB left 0.00000 -0.00001 262 0.082 0.075 0.046 11.541*** 

VIIIA right 0.00001 -0.00001 262 0.063 0.056 0.057 8.720*** 

VIIIA left 0.00000 -0.00001 262 0.102 0.095 0.053 14.760*** 

VIIIB right 0.00000 -0.00001 262 0.03 0.022 0.044 3.968** 

VIIIB left 0.00000 -0.00001 262 0.029 0.021 0.042 3.815** 

IX right -0.00001 -0.00001 262 0.076 0.069 0.046 10.615*** 

IX left -0.00001 -0.00001 262 0.048 0.04 0.045 6.484*** 

X right 0.00000 0.00000 262 0.051 0.043 0.006 6.919*** 

X left 0.00000 0.00000 262 0.035 0.027 0.006 4.676** 

Note. Significance levels = * = p≤0.05, ** = p≤0.01,*** = p≤ 0.001. While the overall quadratic 
model is significant, this may be driven by the linear age component in this model. The first 
column measuring quadratic β coefficients was examined to determine significant quadratic 
effects which would only be considered meaningful after Bonferroni correction (p<.002083). 
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Furthermore, comparisons of model fit using AIC did not demonstrate significant differences 

between linear and quadratic models as specified by a 10-unit difference (Table VI; Bohon & 

Welch, 2021; Burnham & Anderson, 2004). Although p-values and F statistics indicate 

significance for quadratic models, these values do not indicate that this model is superior to the 

linear model. 
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Table VI. 

 Linear and Quadratic Age Relationships with Adjusted Cerebellar Volume 
AIC Model Fit Comparisons 

Cerebellar Male Linear Male Male Difference Female Female Female Difference 

I-II right -2823.266 -2821.537 -1.729 -2788.393 -2786.451 -1.942 

I-II left -2825.206 -2824.903 -0.303 -2744.361 -2742.55 -1.811 

III right -1706.314 -1706.144 -0.17 -1672.948 -1671.275 -1.673 

III left -1690.801 -1692.357 1.556 -1671.078 -1669.085 -1.993 

IV right -1243.713 -1241.9 -1.813 -1191.449 -1190.189 -1.26 

IV left -1222.608 -1221.048 -1.56 -1155.151 -1153.993 -1.158 

V right -1014.516 -1012.641 -1.875 -950.4254 -949.494 -0.9314 

V left -1015.424 -1014.681 -0.743 -964.9894 -964.7893 -0.2001 

VI right -655.3758 -653.4487 -1.9271 -531.0741 -535.5884 4.5143 

VI left -639.2261 -638.3193 -0.9068 -537.5826 -539.2996 1.717 

Crus I right -350.0718 -348.2694 -1.8024 -349.6141 -347.8241 -1.79 

Crus I left -342.7826 -340.9236 -1.859 -336.2806 -334.7146 -1.566 

Crus II right -593.0869 -592.7907 -0.2962 -532.7871 -530.8316 -1.9555 

Crus II left -571.5112 -569.6142 -1.897 -552.4897 -550.5119 -1.9778 

VIIB right -914.4859 -914.7168 0.2309 -868.234 -866.2353 -1.9987 

VIIB left -897.3501 -895.841 -1.5091 -862.2395 -860.3338 -1.9057 

VIIIA right -788.1929 -786.3414 -1.8515 -756.5358 -756.0113 -0.5245 

VIIIA left -768.2488 -767.7909 -0.4579 -791.916 -789.916 -2 

VIIIB right -868.088 -866.5641 -1.5239 -895.3248 -893.4927 -1.8321 

VIIIB left -858.9451 -857.4072 -1.5379 -909.2549 -907.5398 -1.7151 

IX right -947.1447 -946.599 -0.5457 -867.9726 -867.7259 -0.2467 

IX left -948.2789 -947.9425 -0.3364 -875.0307 -873.7391 -1.2916 

X right -2020.553 -2018.631 -1.922 -1937.413 -1936.96 -0.453 

X left -2016.254 -2015.435 -0.819 -1950.794 -1948.849 -1.945 
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Note. Superior model fit would be determined by a difference of |10| between linear and 
quadratic models.   

Reproductive Status  

 The interactions between sex and reproductive stage investigating their relationship with 

cerebellar volume were not statistically significant across cerebellar regions [F(3,350) = 0.987, 

(p= .483), please see Figure 3].  
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Figure 3. 

Reproductive Stage Associations with Adjusted Volume in Cerebellar Regions by Sex 

 

Fig. 3 Mean, interquartile range, and adjusted volume distribution for age-matched males and 
females in categorized female reproductive stages. There were no significant interactions. 
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Figure 4. 

Reproductive Stage Associations with Adjusted Volume in Cerebellar Regions by Sex 

 

Fig. 4 Mean, interquartile range, and adjusted volume distribution for age-matched males and 
females in categorized female reproductive stages. There were no significant interactions. 
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Figure 5. 

Reproductive Stage Associations with Adjusted Volume in Cerebellar Regions by Sex 

 

Fig. 5 Mean, interquartile range, and adjusted volume distribution for age-matched males and 
females in categorized female reproductive stages. There were no significant interactions. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 4, 2021. ; https://doi.org/10.1101/2021.11.04.467177doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.04.467177
http://creativecommons.org/licenses/by-nc-nd/4.0/


31 

 

Discussion 

This study investigated regional cerebellar volume to better understand whether age 

differences and associations with lobular volume differ by sex and as a function of reproductive 

stage. Specifically, we explored sex differences in regional cerebellar volume as well as 

differences based on reproductive stage along with linear and quadratic age associations with 

lobular cerebellar volume in males and females separately. We found significant sex differences 

as well as significant linear associations across the majority of regions in males and females. 

However, our results did not suggest superior model fit between linear and quadratic age-volume 

associations. Lastly, there was no interaction between sex and reproductive stage on regional 

cerebellar volume. The significant sex differences in regional cerebellar volume--when 

controlling for age--implies a potential influence of sex hormones on the cerebellum; however, in 

our assessments based on reproductive stage, that did not come to pass. Significant negative 

linear relationships between volume and age for each sex in most cerebellar regions could 

indicate a sex differences in these trajectories over time, although longitudinal data is required to 

support this theory. 

Sex differences in adjusted regional cerebellar volume were found in the majority of 

lobules examined while controlling for age. These results are largely consistent with past work 

(Han et al., 2020; Luft et al., 1999; Steele & Chakravaty, 2018) and may suggest that hormones 

impact cerebellar lobular structure. Consistent with Han and colleagues’ longitudinal sex-related 

findings in older adults (ages ≥ 50), we found significant sex differences in right Crus II and left 

Lobule VI (Han et al., 2020). Regarding Han and colleagues’ cross-sectional findings, we did not 

replicate any areas of significant sex differences (Han et al., 2020). Of note, our study was not an 

exact replication of this work. We used a different age range and parcellation method (Han et al., 
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2020). In younger adults (ages 22-36), Steele and Chakravarty reported significant sex 

differences in several regions including bilateral Crus II (Steele & Chakravaty, 2018), consistent 

with our work here. Our work provides evidence for structural cerebellar sex differences. 

Females in our study had greater adjusted cerebellar volume than males in all regions that 

differed (Figure 1) which was consistent with previous literature (Dimitrova et al., 2006; Weier 

et al., 2014). Although our data are limited by their cross-sectional nature, this study is the first 

to examine sex differences in adjusted regional cerebellar volume across the entire adult lifespan 

in one sample.  

While hormonal influences may elucidate nuances in structural cerebellar changes, 

chronological age has also exhibited an impact on cerebellar volume. The majority of age-

volume associations were characterized by significant negative linear relationships with age in 

both males and females. These findings are consistent with extant literature demonstrating 

negative linear relationships between cerebellar subregions and age (Han et al., 2020; 

Koppelmans et al., 2017; Luft et al., 1999; Bernard & Seidler, 2013). However, linear 

relationships were not entirely consistent between sexes. Right Lobule V, bilateral Lobules 

VIIIB, and left Lobule X demonstrated significant linear relationships in males which were not 

seen in females. The sex differences observed here suggest sex-specific aging trajectories may be 

present, although longitudinal data are required to support this theory. Finally, prior work in 

adolescent and middle-aged individuals showed quadratic associations with age (Bernard et al., 

2015), though we did not see that here after Bonferroni correction. Notably, neither linear nor 

quadratic models evaluating age-volume associations demonstrated a significantly better fit. 

Further investigation of cerebellar volume trajectory as it differs between the sexes is warranted 

in the context of longitudinal studies.  
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Our initial hypothesis was that regional cerebellar volume would differ based on female 

reproductive stage given the widely varying hormonal environment. Yet, our study did not reveal 

any interactions between reproductive stage and sex in the context of cerebellar volume. This 

was surprising given Mosconi and colleagues’ findings in which females demonstrated 

significant differences in gray and white matter volumes between reproductive and both 

perimenopausal and postmenopausal stages (Mosconi et al., 2017). As estrogen therapy has 

resulted in increased cerebellar gray matter volume in recipients as compared to controls 

(Boccardi et al., 2006; Ghidoni et al., 2006), the notable declines in estrogen during menopause 

were expected to have a pronounced influence on cerebellar structure. We speculated that 

cerebellar regions associated with cognition would be particularly impacted as brain areas 

associated with cognition are influenced by hormonal fluctuations and cognitive deficits have 

been associated with hormone levels across reproductive stages (Epperson, Sammel, & Freeman, 

2013; Greendale, Derby, & Maki, 2011; Pritschet et al., 2020; Taylor, Pritschet, Yu, & Jacobs, 

2019; Rentz et al., 2017; Weber, Maki, & McDermott, 2014). Furthermore, Pritschet and 

colleagues (2020) demonstrated time synchronous associations between cortical network 

dynamics and estradiol in a dense-sampling of a single female’s estrous cycle. These changes in 

the estrous cycle highlight the general impact of hormones on the female brain, and we may in 

turn speculate that the menopausal transition may also have impacts, given the associated 

hormonal changes. Examination of the same female over multiple visits (as opposed to a single 

time point) may be necessary to capture the impact of menopause. That is, the dynamic nature of 

the resting state signal investigated by Pritschet and colleagues (2020) may be more susceptible 

to hormonal changes/fluctuations in the short term, while impacts on structure may not be 

quantifiable until much later after hormone levels have decreased. Furthermore, this study may 
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or may not reflect circulating hormones due to individual variability in the onset of the 

menopausal transition and the amount sex hormone levels can fluctuate monthly within a female. 

That is, examination of self-report measures is prone to more variation and inaccuracies than 

longitudinal hormone assays and structural characterizations of cerebellar regions in each 

reproductive stage have yet to be established. It is also of course plausible that reproductive 

stages are unrelated to adjusted regional cerebellar volume, although further investigation is 

suggested, particularly with longitudinal and hormone data. We speculate that the lack of 

differences reported here is due in large part to the self-report data used and evaluating a single 

time point for each participant. Detailed hormonal analyses evaluating each participant at 

multiple time points across the aging trajectory may be better suited to measure an influence of 

hormonal environment on the cerebellum. 

Limitations 

 The Cam-CAN sample has benefits and drawbacks that impact the way the results of this 

study can be interpreted. One advantage that fewer empirical research studies can boast is that 

this sample was acquired via population-based recruitment, whereas most samples tend to be 

overly represented by motivation-based recruitment. However, this was a cross-sectional sample 

which limits our interpretation of the data, as we cannot investigate change over time. While this 

dataset is relatively large, evaluating cross-sectional data may not necessarily characterize 

normal aging processes. As Henson and colleagues described it, the effects of birth-year are not 

necessarily the same as evaluating true aging within individuals (2020). Furthermore, cohort 

effects may exist within these data that could have impacted our results.  
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 Our parcellation method differed from previous studies which could make comparisons 

across studies, more challenging. For instance, MacLullich and colleagues have shown positive 

correlations between cognitive test performance and segmented vermis volume in older adult 

males (MacLullich et al., 2004). In our study we examined the vermis as a part of nearby lobular 

regions, but it was not parceled out. While this region is captured within our study, our results 

could not be directly compared to previous literature on the vermis.  

The STRAW+10 criteria are considered a gold standard in the field of reproductive 

health and although these criteria exhibit significant strengths, they cannot fully compensate for 

the limitations of relying solely on self-reported menstrual symptoms in this study (Harlow et al., 

2012). The professionals who developed the STRAW+10 criteria recognized that research or 

clinics may not have access to measurement of endocrine levels or additional confirmatory 

factors for reproductive stage; thus, the principle criteria only require self-report of menses 

duration or absence. While the STRAW+10 criteria are valuable to this study, these groupings 

are ultimately our best approximation based on the self-report data available. Hormonal assays 

would have provided a more direct and accurate assessment of sex hormone levels improving 

reproductive stage categorization and allowing for a more direct investigation of relationships 

between sex steroid hormones and lobular cerebellar volume. Hormonal birth control or 

treatment of menopausal symptoms also may have confounded our analyses. Ideally, future 

research would evaluate past and current hormone treatments as well as hormonal assays in the 

context of longitudinal data collection. 

Conclusions 
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 In summary, this study investigated sex differences in regional cerebellar volume and 

volume-age associations in addition to the impact of reproductive stage. We found significant 

sex differences in regional cerebellar volume when controlling for age which suggests a possible 

influence of sex hormones on the cerebellum. This study also found linear age-volume 

associations across the majority of cerebellar lobules investigated; however, not all regions 

showed the same associations across the sexes, which may suggest differential patterns or areas 

of decline by sex. Aging has been linked to declines in cognitive performance, motor function, 

and cerebellar volume. Understanding cerebellar volume in the context of sex-differences and 

healthy aging may provide insight into clinical aging. As incidence of AD is greater in females 

above and beyond survivor effects, investigation of sex differences as they relate to reproductive 

stage with longitudinal data may provide greater insight into this pattern. Further investigation 

into hormonal influences on cerebellar structure and function is warranted for clinical 

application. 
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