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Though commonly thought of as a “motor structure”, we now know that the cerebellum's reciprocal connections
to the cerebral cortex underlie contributions to both motor and non-motor behavior. Further, recent research
has shown that cerebellar dysfunction may contribute to a wide range of neuropsychiatric disorders. However,
there has been little characterization of normative variability at the level of cerebellar structure that can
facilitate and further our understanding of disease biomarkers. In this manuscript we examine normative
variation of the cerebellum using data from the Human Connectome Project (HCP). The Multiple Automatically
Generated Templates (MAGeT) segmentation tool was used to identify the cerebella and 33 anatomicallydeﬁned lobules from 327 individuals from the HCP. To characterize normative variation, we estimated
population mean volume and variability, assessed diﬀerences in hemisphere and sex, and related lobular
volume to motor and non-motor behavior. We found that the eﬀects of hemisphere and sex were not
homogeneous across all lobules of the cerebellum. Greater volume in the right hemisphere was primarily driven
by lobules Crus I, II, and H VIIB, with H VIIIA exhibiting the greatest left > right asymmetry. Relative to total
cerebellar gray-matter volume, females had larger Crus II (known to be connected with non-motor regions of
the cerebral cortex) while males had larger motor-connected lobules including H V, and VIIIA/B. When relating
lobular volume to memory, motor performance, and emotional behavior, we found some evidence for
relationships that have previously been identiﬁed in the literature. Our observations of normative cerebellar
structure and variability in young adults provide evidence for lobule-speciﬁc diﬀerences in volume and the
relationship with sex and behavior – indicating that the cerebellum cannot be considered a single structure with
uniform function, but as a set of regions with functions that are likely as diverse as their connectivity with the
cerebral cortex.

Introduction
The cerebellum contains over half of the neurons in the human
brain, is reciprocally connected to the cerebral cortex, and contributes
to a huge variety of motor, cognitive, and emotional behavior in
humans (Kansal et al., 2017; Ramnani, 2006; Schmahmann, 2010).
Due to its dense reciprocal connectivity with the cerebral cortex, there
has been recent interest in understanding how the cerebellum may
contribute to a wide range of disorders including aﬀective and language
disorders (Adamaszek et al., 2015, 2014; Küper and Timmann, 2013;
Schmahmann, 2010), Parkinson's disease (Mirdamadi, 2016; Wu and
Hallett, 2013), autism spectrum disorder (D’Mello et al., 2015),
multiple sclerosis (Kutzelnigg et al., 2007), and Alzheimer's disease
(Sjöbeck and Englund, 2001), amongst others. Recent work in healthy
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individuals has primarily focused on mapping motor and cognitive
functions to lobules of the cerebellar cortex (Baer et al., 2015; Buckner
et al., 2011; O’Reilly et al., 2010; Stoodley and Schmahmann, 2010,
2009), yet there is little known about the normative anatomical
variability of the cerebellum and its subregions. Improving our understanding of how adaptive and maladaptive cerebellar neuroanatomy is
phenotypically expressed in development, aging, or in neuropsychiatric
disorders requires a detailed characterization of the normative structural variability of the cerebellum and its lobules.
Larsell and Jansen provided the most comprehensive nomenclature for
the description of human cerebellar structure (1972). Their anatomical
descriptions have been transformed into a three-dimensional stereotaxic
atlas that is the basis for the localization of cerebellar functional and
structural ﬁndings in virtually all human anatomical, clinical, and neuroi-
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Materials and methods

maging studies (Schmahmann et al., 1999). Though lobules were initially
described relative to anatomical landmarks, there is considerable evidence
that they exhibit a high degree of anatomical connectional (Strick et al.,
2009) and functional speciﬁcity (Stoodley and Schmahmann, 2009). This
well-characterized functional speciﬁcity strongly suggests that volumes of
individual lobules are useful for further quantitative analyses. As such, the
stereotaxic parcellation of Larsell's lobules introduced by Schmahmann
et al. (1999, 2000) has been used as the basis for recent automatic
segmentation algorithms (Bogovic et al., 2013; Diedrichsen, 2006; Park
et al., 2014; Weier et al., 2014; Yang et al., 2016). These methodologies
have improved our understanding of the structure-function relationship
between cerebellar cortical lobules and motor performance, cognition,
emotion, and disease.
To the best of our knowledge, relatively few anatomical MRI studies
have explicitly assessed the variability of cerebellar lobular volumes.
Makris et al. (2003, 2005) assessed the lobular volumes of a postmortem brain from a single forty-one year old and applied the
segmentation to ten individuals; Diedrichsen et al. (2009) reported
lobular volumes from the cerebella of twenty young adult subjects,
Balsters et al. (2010) compared lobular volumes in twenty adults to
those of non-human primates, and a more recent paper by Weier et al.
(2014) characterized lobular volumes in 150 adults. While these, and
other research on the relationship between lobular volumes and
behavior (e.g., Bernard et al., 2015; Bernard and Seidler, 2013), have
set the stage for the characterization of normative cerebellar lobular
structure, no single publication provides a comprehensive account of
how structure may diﬀer between hemispheres, sexes, and how
structure is related to both behavior and the interaction between
behavior and sex.
Previous research has identiﬁed diﬀerences in regional volumes
between hemispheres and sexes in whole-brain analyses. Good and
colleagues (Good et al., 2001) presented the ﬁrst MRI-based conﬁrmation of hemispherical asymmetries and sex diﬀerences in the entire
brain, including a ﬁrst indication of right > left asymmetry in the lateral
cerebellum. Relatively consistent cortical asymmetry results have also
been identiﬁed by others (e.g., Esteves et al., 2017; Goldberg et al.,
2013), though sex diﬀerences may be more subtle and less reproducible
(Esteves et al., 2017; Kang et al., 2015). In the cerebellum, total
cerebellar volume has been reliably reported to be larger in males than
females – with an estimated eﬀect size of 1.68 (Cohen's d) (for review,
Ruigrok et al., 2014). Regionally-speciﬁc sex diﬀerences (male >
female) have also been identiﬁed, though not systematically investigated, within cerebellar cortical gray-matter (Diedrichsen et al., 2009;
Dimitrova et al., 2006; Raz et al., 2001, 1998; Rhyu et al., 1999;
Tiemeier et al., 2010; Weier et al., 2014). In addition, there is evidence
that females have larger cerebella relative to total intracranial volume
(Dimitrova et al., 2006; Weier et al., 2014).
In the present study, we set out to characterize cerebellar graymatter lobular structure and its relationship to sex and behavior in a
large normative sample. We used cerebellar lobular segmentations
(Park et al., 2014) of high resolution T1-weighted structural magnetic
resonance imaging (MRI) data from the Human Connectome Project
(Van Essen et al., 2013) to estimate individual lobular volumes. We
followed a three-pronged approach to characterizing cerebellar structure: 1) extraction of normative lobular volume and the assessment of
hemispheric diﬀerences, along with the calculation of cerebellar graymatter speciﬁc relative lobular volume and the assessment of sex
diﬀerences, 2) assessment of the relationship between relative lobular
volume and performance on tasks involving speciﬁc regions of the
cerebellum, and 3) assessment of the relationship between sexually
dimorphic structural regions and behavioral performance. Our work is
based upon the premise that the cerebellum cannot be considered as a
single structural or functional unit; thus, we hypothesized that the
distribution of hemispherical and sex diﬀerences would diﬀer across
lobules and that the relationship between literature-deﬁned regions
and behavior would follow previously suggested patterns.

Participants
All participants in this study were obtained from the preprocessed
datasets made available through the Human Connectome Project S900
release (www.humanconnectome.org) (Van Essen et al., 2013). Only
those right-handed individuals with handedness greater than or equal
to 50 (Oldﬁeld, 1971) who had undergone with both T1-weighted (T1w: 0.
7 mm iso, TI/TE/TR=1000/2.14/2400 ms, FOV=224×224 mm) and
diﬀusion-weighted imaging (DWI: 1.25 mm iso, TE/TR=89.5/5520 ms,
FOV=210×180 mm, multiband 3, b-values=1000/2000/3000 s/mm2, 90
diﬀusion directions across each b-value) were used in the present study.
Sex, age, handedness, participant ID, and mother's ID were extracted as
control variables and for identifying unrelated individuals. Fluid intelligence
(PMAT24_A_CR), as measured with the shortened form A of Raven's
Progressive Matrices, was also extracted to further describe the sample
(Bilker et al., 2012). As described in section 2.3.2, an additional six
behavioral variables were extracted to test for brain-behavior correlations
in the cerebellum: NIH Toolbox List Sorting Test, age adjusted (ListSort_
AgeAdj); Penn Word Memory Test, total correct (IWRD_TOT); NIH
Toolbox 9-hole Pegboard Dexterity Test, age adjusted (Dexterity_AgeAdj);
NIH Toolbox Grip Strength Test, age adjusted (Strength_AgeAdj); Penn
Emotion Recognition Tests for anger and fear (ER40ANG, ER40FEAR);
Variable Short Penn Line Orientation Test, total correct and total positions
oﬀ (VSPLOT_TC, VSPLOT_OFF).
Image processing
Cerebellar lobular segmentation of the T1w images preprocessed by
the HCP (Glasser et al., 2013; Glasser and Essen, 2011) was performed
with the Multiple Automatically Generated Templates segmentation tool (MAGeT Brain: https://github.com/CobraLab/MAGeTbrain)
(Chakravarty et al., 2013; Park et al., 2014). In brief, MAGeT Brain
works by performing initial pair-wise non-linear registrations between
ﬁve expert labeled cerebellar lobular atlases and twenty-one
representative T1w images from the dataset, and are propagated into
each template image to create ﬁve possible cerebellar labels for each
template. Each template brain is then non-linearly registered to each
subject, yielding 105 possible labels that are then fused by majority
voting to produce the ﬁnal lobular segmentations. The cerebellar
segmentation contains 33 labeled structures (11 per hemisphere: H
III, IV, V, VI, Crus I, Crus II, VIIB, VIIIA, VIIIB, IX, X; 11 vermal: I/II,
III, IV, V, VI, VIIA, VIIB, VIIIA, VIIIB, IX, X).
To further reﬁne the segmentation and correct for white-matter
partial volume eﬀects that are present in the original labels of the atlas
segmentations (Park et al., 2014), DWI were used to create putative
white matter (WM) masks to remove any residual white matter
included in some of the original folia of the initial manual segmentations due to resolution and contrast constraints (Park et al., 2014). We
ﬁrst calculated fractional anisotropy (FA) from the b=3000 shell of the
co-aligned DWI with MRtrix 3 (Tournier et al., 2012), created
individual binary WM masks (FA > 0.35), and inverted and multiplied
the masks and MAGeT segmentations to produce the ﬁnal cerebellar
lobule segmentations. Fig. 1 illustrates the original MAGeT segmentation and corresponding WM-corrected segmentation in a single subject. All image analyses where performed by converting data into the
MINC ﬁle format (http://www.bic.mni.mcgill.ca/ServicesSoftware/
MINC) and all nonlinear registrations were performed with the ANTs
suite of tools (Avants et al., 2008).
Analyses
To examine population variability of cerebellar structure, we
randomly selected a set of unrelated individuals from the HCP S900
dataset. Since the HCP includes a large number of twins and non-twin
2
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Fig. 1. Cerebellar MAGeT segmentation and white-matter reﬁnement in a representative participant. Columns from left to right: 0.7mm isotropic T1w image, original labels, labels after
thresholding at FA > 0.35 to reduce white-matter partial voluming, semitransparent FA thresholded labels. The right hemisphere is on the right of the image.

Signiﬁcance was assessed at α=0.05, Bonferroni corrected for the 33
hemispheric and vermal lobules (equivalent to p < 0.0015), and eﬀect
sizes were expressed with Cohen's d and plotted for display. A separate
identical set of analyses was performed on raw lobular volumes to
illustrate baseline lobule-speciﬁc volume diﬀerences between males
and females (α=0.05, Bonferroni corrected for the 33 hemispheric and
vermal lobules, equivalent to p < 0.0015).

siblings, we chose only unrelated individuals to ensure that family
structure did not become a confound in our analyses. All statistical
analyses were conducted with the R statistical package (v3.3.0).

Cerebellar lobular structure
Normative cerebellar structure was ﬁrst quantiﬁed by calculating
the volume mean and standard deviation for each lobule of the
cerebellum. This analysis presents the raw lobular volumes to provide
an estimate of the population mean and variability. We then compared
the lobular volumes of the right and left hemisphere to assess hemispheric diﬀerences using the lme4 linear mixed eﬀects regression
library in R (Bates et al., 2015) with the factor hemisphere (L, R)
predicting lobular volume and participant identiﬁcation number (ID)
as a random intercept to account for between-subject variance (this
analysis is similar to a paired t-test, but allows the inclusion of
regressors of no interest). The variables sex, age, handedness, and
ﬂuid IQ were included as regressors of no interest to ensure that the
results were not biased by any demographic diﬀerences in the sample.
Signiﬁcance was assessed by comparing models with and without the
factor hemisphere using an analysis of variance (ANOVA) (full model:
volume ~sex+age+handedness+ﬂuid IQ+hemisphere+(1|ID); reduced
model: volume~sex+age+handedness+ﬂuid IQ+(1|ID)), with α=0.05,
Bonferroni corrected for the 11 hemispheric lobules and total hemispheric volume, without vermal regions (correction for 12 comparisons, equivalent to p < 0.0042). Volume estimates were split according
to sex and plotted for illustration.
Relative lobular volumes were computed by dividing the volume of
each lobule by total cerebellar gray-matter volume and multiplying by
100 to express as a percentage. This normalization step was used to
control for the general eﬀect of diﬀerences in total cerebellar volume
between individuals and/or sexes that may obscure potential lobular
diﬀerences (Mankiw et al., 2017). All subsequent analyses were
performed on relative lobular volumes. As with the raw lobular
volumes, relative volume estimates were split according to sex and
plotted to illustrate trends. For completeness, relative volume of
lobules with respect to the relevant hemisphere or vermis were also
calculated.
Sex diﬀerences that may exist over and above the eﬀect of sex on
total cerebellar volume were quantiﬁed by assessing the signiﬁcance of
the factor sex in a linear regression model predicting regional lobular
volume and controlling for demographic variables age, handedness,
and ﬂuid IQ (model: relative volume~age+handedness+ﬂuid IQ+sex).

Brain-behavior regression
A subset of six behavioral tests assessing cognitive, motor, and
emotional behavior were selected from the HCP S900 to investigate
their potential relationship with cerebellar gray-matter volume. All
tests were selected in order to provide metrics that could be interpreted
in the context of recent studies linking behavior to cerebellar lobular
function (e.g., Stoodley and Schmahmann, 2009) and/or structure
(e.g., Bernard et al., 2015). Our selection included two memory tests
(working memory – NIH Toolbox List Sorting, age adjusted; episodic
memory – Penn Word Memory Test, total correct), two tests of motor
function (dexterity – NIH Toolbox 9-hole Pegboard Dexterity test, age
adjusted; strength – NIH Toolbox Grip Strength Test, age adjusted),
and two tests of emotion recognition (fear – Penn Emotion Recognition
Test, fear; anger – Penn Emotion Recognition Test, anger) (Barch
et al., 2013). With the exception of the 9-hole pegboard test of motor
dexterity, higher values reﬂect better performance. Linear regression
models relating relative regional volume (independent variable) to
behavioral performance (dependent variable) were constructed to test a
set of a-priori hypotheses based upon previous work identifying the
structural and functional correlates of cognitive, motor, and emotional
behavior in the cerebellum. Relative lobular volumes were summed for
analysis where there was evidence that the relationship with behavior
spanned multiple adjacent lobules, and considered separately when the
identiﬁed lobules were not adjacent and/or identiﬁed in diﬀerent
publications. Speciﬁcally, we hypothesized that working and episodic
memory would be related to the sum of H VI and Crus I, and separately
with H VIIIA (Bernard et al., 2015; Stoodley et al., 2012; Stoodley and
Schmahmann, 2009); dexterity/strength would be related to the sum of
the anterior lobe (H III, IV, V, VI), the sum of H VIIIA and VIIIB (R >
L) (Stoodley and Schmahmann, 2009), and that dexterity would also be
predicted separately by Crus I (Bernard and Seidler, 2013); anger and
fear would be related to Crus I (L > R) (Adamaszek et al., 2015, 2014;
Stoodley and Schmahmann, 2009), and H VI (R > L) (Stoodley and
Schmahmann, 2009). In each case sex, age, handedness, and ﬂuid IQ
3
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were included as regressors of no interest as above, resulting in a linear
model of the form: behavior ~age+handedness+ﬂuid IQ+sex+relative
volume. For these planned comparisons, linear regressions for each
hemisphere were performed separately and the eﬀect of relative
volume considered signiﬁcant at α=0.05 (uncorrected for multiple
comparisons).

Table 1
Summary of participant demographic variables. Mean and standard deviation for females
and males on each of the demographic variables (age, handedness, and fluid intelligence)
are listed with the t-value and p-values for two-tailed t-tests comparing sexes
(uncorrected). Significant p-values are indicated in bold.
Sex diﬀerences

Lobule-speciﬁc sex diﬀerences and the relationship with behavior
To determine whether or not sex diﬀerences in relative lobular
volume were behaviorally relevant, the existing literature on the
relationship between cerebellar lobules and behavior was used to
identify tasks within the HCP behavioral battery that are most closely
linked to literature-deﬁned lobular function. We compared a set of
linear models with and without the eﬀect of sex to assess its
signiﬁcance as a predictor of behavior. We tested for the main eﬀect
of sex (behavior~relative volume+sex) and then followed this up with a
model to test for the interaction eﬀect of sex and volume (behavior~relative volume+sex+sex*relative volume) with separate linear regression models. A signiﬁcant diﬀerence in the model comparison indicates
that sex is linked to a baseline shift in the relationship between relative
volume and behavior (i.e., an oﬀset diﬀerence), and a signiﬁcant
interaction eﬀect provides evidence that the relationship between
relative volume and behavior changes as a function of sex (i.e., a slope
diﬀerence). As these analyses were intended to be exploratory in nature
and help inform future studies, they were assessed for signiﬁcance at
an uncorrected two-tailed threshold of p < 0.05.

Demographic
measure

Sex

Mean

Standard
deviation

t-value

p-value

Age

F
M

29.31
28.02

3.71
3.43

3.23

1.37E-03

Handedness

F
M

84.90
78.02

13.63
14.94

4.24

3.08E-05

Fluid intelligence
(PMAT24_A_CR)

F
M

16.58
17.11

4.56
4.88

−1.00

0.32

volumes between the two hemispheres, with lobules IV, V, and VI of the
anterior lobe, H VIIIA, and H IX exhibiting signiﬁcantly greater volume on
the left while H III, Crus I, II, H VIIB, and H X had greater volume on the
right (Fig. 2B). Mean, standard deviations, and comparison statistics for
each lobule in raw and relative volumes are provided in Table S1. For ease
of comparison with other studies, we also calculated a laterality index for
each hemispherical lobule (Left−Right)/(Left+Right) and have included it
in Supplementary ﬁgure S1. Lobular volume relative to total cerebellar
gray-matter volume (Fig. 3A) and relative to hemispheric/vermal volume
(Fig. 3B) follow a similar overall pattern as that found in the raw volumes
(Table S1, Fig. 2A).
Cohen's d for the diﬀerence between males and females revealed a
spatial pattern of eﬀect sizes that was similar between the two hemispheres, with spatially segregated regions where both males and
females exhibited signiﬁcantly larger relative volume. Interestingly,
females had signiﬁcantly larger relative volumes in bilateral Crus II and
vermal VI while males had signiﬁcantly larger relative volumes in right
H V and lobules VIIIA, VIIIB (both hemispheres and vermis) (Fig. 4A).
In contrast, raw lobular volumes were signiﬁcantly greater in males in
all lobules except vermal VIIA (Fig. 4B). The statistics for the
comparison of lobule-speciﬁc diﬀerences between males and females
in both relative and raw lobular volumes can be found in Table S2.
Lobule-wise density plots illustrating the volume distributions of each
lobule individually, right and left hemispheres, and comparing males
and females for both raw (S2, S3) and lobular volumes relative to total
cerebellar gray-matter volume (S4, S5) are presented in Supplementary
ﬁgures S2-S5.

Results
A total of 327 unrelated right-handed participants were randomly
selected from the HCP S900 release for use in our analyses (females/
males: 193/134; mean age/range: 28.78/22–36 years; handedness
mean (SD): 82.08 (14.56); ﬂuid intelligence mean (SD): 16.80 (4.70)).
There were originally 805 individuals after screening for the presence
of complete T1w and diﬀusion images, 668 after selecting only those
individuals who were predominantly right handed (handedness > 49),
and 23 additional participants removed after failing inspection for
quality control (rated 0 or 0.5 on a three-point scale, rejected either for
registration failure [0] or due to the inclusion or exclusion of noncerebellar/cerebellar material within the segmentation [0.5]). The
remaining 645 individuals belonged to 327 families as identiﬁed by
the variable Mother_ID, and a single individual from each family was
randomly selected to make up the ﬁnal sample of participants. There
were no sex diﬀerences in ﬂuid intelligence (t=1.00, p=0.32), but there
were diﬀerences in age (t=3.23, p=0.001) and handedness (t=4.24, p <
0.001) between sexes in our randomly selected sample. Table 1
provides the mean, standard deviations, and statistics of the demographic variables for females and males.

Brain-behavior regression
We performed a set of planned regressions between six behavioral
scores and cerebellar regions that have been implicated in overlapping
functional domains within the literature. We found no evidence that
working memory was related to the sum of the relative volume of H VI
and Crus I in the left (L) or right (R) hemispheres, nor was it related to
relative volume of H VIIIA in the left. However, working memory was
signiﬁcantly correlated with volume in right H VIIIA (R – working
memory: t=2.22, p=0.027). Episodic memory was not signiﬁcantly
related to either of the literature-deﬁned regions in the right or left (H
VI and Crus I; H VIIIA). For motor performance, dexterity was
signiﬁcantly related to the anterior lobe in the left (L – dexterity:
t=−2.31, p=0.022) but not the right, nor to volume in H VIIIA/B or
Crus I. Grip strength was not related to relative volume of the anterior
lobe in either hemisphere, nor with relative volume in H VIIIA/B
bilaterally. The only signiﬁcant relationship between emotion and
relative lobular volume was identiﬁed between fear and lobule H VI
in the right hemisphere (R – fear: t=2.46, p=0.015). Table 2 includes

Cerebellar lobular structure
The mean and standard deviation of each lobule of the cerebellum were
computed to provide a baseline population estimate of normative cerebellar
lobular structure. The mean and standard deviation of total cerebellar graymatter volume was found to be 108433.43+/−10738.55 mm3, with volume
in the right hemisphere (50172.12+/−5048.17 mm3) larger than that of the
left (49550.82+/−5017.81 mm3). For each hemisphere, lobular volume
showed an approximately logarithmic increase from anterior to posterior
for both the superior and inferior aspects of cerebellar cortex. Volume
increased from lobule H III to Crus I, and generally decreased from Crus I
to lobule H X. Vermal volumes increased approximately linearly from
anterior to posterior along the superior aspect of the cerebellum, and did
not exhibit a clear pattern inferiorly (Fig. 2A). When comparing volumes
between hemispheres, there was an overall diﬀerence in hemisphere size
such that the right was signiﬁcantly larger than the left (mean diﬀerence:
621.31 mm3). All lobules except H VIIIB had signiﬁcantly diﬀerent
4
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A

B

Left vs. Right Hemisphere

Fig. 2. Human cerebellar lobular volumes. A: Box and whisker plots of lobular volumes for both hemispheres and the vermis. B: Volume diﬀerence between lobules of the right and left
hemispheres and total hemispheric diﬀerence. All lobules except VIIIB have statistically signiﬁcant diﬀerences between hemispheres after Bonferroni correction for 12 comparisons,
error bars represent 95% conﬁdence intervals. Lobule colour-coding is consistent across plots. F=Female; M=Male.

Lobule-speciﬁc sex diﬀerences and the relationship with behavior

the full list of statistics and a complete pair-wise correlation matrix
with r and p-values has also been included in Supplementary ﬁgure S6
to provide an overview of the zero-order correlations between behavioral metrics and cerebellar lobules.

A

We used linear regression analyses to determine how sex may
modulate the relationship between relative volume and behavior after
correcting for demographic variables. We identiﬁed behavioral tasks

B

Relative to total cerebellar volume

Relative to total hemisphere/vermal volume

Fig. 3. Relative lobular volumes. A: Lobular volumes relative to total cerebellar gray-matter volume. B: Lobular volumes relative to respective hemispheric or vermal gray-matter
volume. F=Female; M=Male.
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A

B
Raw volume di erences
(male>female)

Relative volume di erences
(male vs. female)

Fig. 4. Lobule-speciﬁc sex diﬀerences in the human cerebellum. A: Eﬀect sizes of sex diﬀerences for relative lobular volume (percent of total cerebellar GM volume). Values above zero
indicate that males have greater relative volume than females, and vice-versa for values below zero. B: Eﬀect sizes of raw volume diﬀerences between males and females. All values are
above zero, indicating that males have greater raw lobular volume than females. In both panels, * indicates lobules that are signiﬁcantly diﬀerent after Bonferroni multiple comparisons
correction across all lobules.

provide evidence for an eﬀect on spatial processing total correct
(F=0.01, p=0.93), spatial processing error (F=0.58, p=0.45), dexterity
(F=2.86, p=0.09), or strength (F=0.08, p=0.77). In all cases, we found
that males performed better than females with the same relative
amount of regional cerebellar volume – though there was no evidence
for a relationship between volume and performance.

from the HCP testing battery that were most closely linked to the
cerebellar regions that showed signiﬁcant sex diﬀerences in relative
volume (Fig. 4A): Crus II – primarily implicated in spatial processing
(Stoodley and Schmahmann, 2009) and mental rotation (Stoodley
et al., 2012), functions that were most closely assessed with the total
correct and error scores from the Variable Short Penn Line Orientation
Test (Barch et al., 2013; Benton et al., 1978; Gur et al., 2010); bilateral
H V, VIIIA, VIIIB, and vermal VIIIA, VIIIB – primarily implicated in
hand sensorimotor function (Grodd et al., 2001; Stoodley et al., 2012),
functions that were most closely assessed with the Dexterity (9-hole
Pegboard) and Strength (Grip Strength Dynamometry) assessments
(Barch et al., 2013).
We found that the main eﬀect of sex on the relationship between
Crus II and spatial processing was statistically signiﬁcant for spatial
processing error scores (t=−2.62, p=.01) but not total correct (t=1.70,
p=.09). However, relative volume of Crus II was not a signiﬁcant
predictor of performance in the regression model in either case (total
correct: t=−1.67, p = 0.10; error: t=1.48, p=0.14), and both eﬀects
were characterized by greater performance in males even though this
region had greater relative volume in females. The eﬀects of sex on the
relationship between motor lobules and measures of motor behavior
were both highly signiﬁcant (dexterity: t=−4.11, p=5.07×10−5;
strength: t=20.06, p < 2×10−16), and characterized by greater performance in males. As with spatial processing, however, relative volume
was not signiﬁcantly related to performance in the regression model
(dexterity: t=−0.40, p=0.69; strength: t=−0.61, p=0.54). Linear models
including the interaction between sex and relative volume did not

Discussion
The present study characterized normative cerebellar lobular
structure and its relationship with sex and behavior. We performed
lobular segmentations from T1w images and reﬁned them with
thresholded FA maps to reduce white-matter partial voluming. Raw
cerebellar volumes showed an increase across the hemispheres of the
anterior lobe to Crus I, and then decreased towards lobule X. We found
that the right hemisphere was signiﬁcantly larger than the left, and that
this eﬀect was not consistent across all lobules. Relative lobular
volumes showed a similar pattern of diﬀerences that can be used to
compare results between sexes, patient groups, and species. Planned
correlations between subsets of relative lobular volumes and task
performance that were informed by recent cerebellar literature provided some evidence for previously identiﬁed relationships. Sex
diﬀerences in raw lobular volume were statistically signiﬁcant across
virtually all lobules; however, a more speciﬁc analysis of diﬀerences in
relative volume revealed signiﬁcant eﬀects that were restricted to
lobules H V and VIIIA/B (males > females) and H Crus II (females >
males). Regressions between these regions and performance on tasks
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reported signiﬁcant right > left asymmetries in Crus I and X (consistent
with our ﬁndings), and right < left for Crus II (inconsistent) (2014);
Diedrichsen and colleagues reported signiﬁcant right > left asymmetries
for lobules I-IV (consistent for lobule III, inconsistent for IV) and right <
left asymmetries for lobule VI (consistent) (2009). Diﬀerences between
the ﬁndings of these three atlas-based studies may be attributable to
diﬀerences in the particular implementation of the “ground truth” rules
(Schmahmann et al., 1999) on which the segmentations are based (Park
et al., 2014).
The asymmetries that we have identiﬁed here are within the range
reported for regional volumes in the cerebral cortex. Laterality scores
for the cortex vary between approximately +/−0.13 (Esteves et al.,
2017; Goldberg et al., 2013), denoting up to 13% greater regional
volume. Our results indicate that the laterality index for raw cerebellar
lobular volumes ranges between approximately +/−0.12 (Figure S1),
signiﬁcant after multiple comparisons correction in all lobules except H
VIIIB (Fig. 2 & Figure S1). Though beyond the scope of the current
work, future work could assess the degree of homology between
hemispherical asymmetries of cerebellar lobules and cerebral cortical
regions – with the hypothesis that anatomically connected regions
exhibit similar laterality indices.

Table 2
Summary statistics and p-values for planned behavioral regressions. Uncorrected
statistics (t, p) for planned regressions between behavioral measures and cerebellar
gray-matter regions. All regression models included age, sex, handedness, and fluid
intelligence as covariates of no interest. Significant p-values are indicated in bold. Figure
S6 provides the complete uncorrected pair-wise zero-order correlations of all regions and
behavioural measures listed here.
Behavioural
measure

Cerebellar
region

Hemisphere t-value p-value

Working memory

H VI & Crus I

L
R

−1.12
−0.33

0.27
0.75

VIIIA

L
R

0.93
2.22

0.35
0.03

H VI & Crus I

L
R

0.70
0.14

0.49
0.89

H VIIIA

L
R

−0.62
0.00

0.53
1.00

Anterior lobe

L
R

−2.31
−1.35

0.02
0.18

H VIIIA and VIIIB L
R

−0.41
0.28

0.68
0.78

Crus I

L
R

1.12
0.77

0.27
0.44

Anterior lobe

L
R

−0.08
−1.12

0.94
0.26

H VIIIA and VIIIB L
R

−0.43
−0.58

0.67
0.56

H VI

L
R

0.91
0.95

0.36
0.34

Crus I

L
R

−0.66
−1.09

0.51
0.28

H VI

L
R

1.42
2.46

0.16
0.01

Crus I

L
R

0.60
0.59

0.55
0.56

Episodic memory

Dexterity

Grip strength

Anger

Fear

The relationship between relative cerebellar lobular volume and
behavior
Our results provide additional evidence that the structure of speciﬁc
regions of the cerebellum are related to speciﬁc cognitive functions. We
found that working memory was related to right H VIIIA, dexterity to
the left anterior lobe, and fear to right H VI (after correcting for age,
sex, handedness, and ﬂuid intelligence). In all cases, better performance was associated with greater relative lobular volume. Though we
did conﬁrm previously reported eﬀects, the observed pair-wise correlations accounted for less than 5% of the variance (Figure S6). Recent
work has shown that a combined cohort of cerebellar disease suﬀerers
and healthy controls increases the variability of structural and behavioral scores that can be exploited to better identify brain-behavior
correlations (Kansal et al., 2017). Though diﬃcult to compare directly
due to diﬀerences in behavioral measures and unreported correlation
coeﬃcients, the authors appear to have found stronger correlations
between behavior and lobular volumes (visually estimated from Fig. 1
to be between r=0.20 and 0.60). It is unclear how the results would be
aﬀected if the authors explicitly controlled for total cerebellar graymatter volume. Even though the eﬀect that we identiﬁed is relatively
small, it is important to note that the behavioral test battery used in the
HCP was not designed to assess cerebellar function and that the
division of cerebellar structure into lobular volumes implicitly implies
that the entire lobule shares the same function. Lobular distinctions are
based upon known anatomy (Larsell et al., 1972; Schmahmann et al.,
1999) and are extremely useful – in particular for cases where the
eﬀects are known to be large such as in disease (e.g., Kutzelnigg et al.,
2007; Mirdamadi, 2016) or development (Bernard et al., 2015;
Bernard and Seidler, 2013), but they may miss subtle links between
structure and function by averaging across diﬀerent functional domains. Given that the cerebellum contains more neurons than the rest
of the brain and is reciprocally connected to most regions of the cortex
(Ramnani, 2006), it is reasonable to hypothesize that even cerebellar
regions that are spatially close may be diﬀerentially connected (Steele
et al., 2016; Strick et al., 2009) and exhibit distinct functional (Buckner
et al., 2011; O’Reilly et al., 2010) and behavioral links (Stoodley et al.,
2012). In addition, the eﬀects that we identiﬁed may also have been
reduced by the relative lack of variability in the homogenous population used in the current study (all healthy adults between 22 and 36
years of age, with high ﬂuid intelligence). Even with these caveats that
would likely reduce our ability to detect correlations within anatomically-deﬁned regions, our ﬁndings provide further support for the link
between motor and non-motor behavior and lobular structure in the

testing for functions that have previously been linked to them did not
provide evidence for a diﬀerential eﬀect of sex on the relationship
between relative volume and behavior. Our results provide the baseline
quantiﬁcation of population-wide normative structural variability of
the human cerebellum and its relation to performance that can serve as
the baseline from which to assess the impact of disease and develop
cerebellum-based biomarkers.
Cerebellar hemispherical asymmetries
We found that the volume of the right hemisphere was larger than that
of the left and that this overall diﬀerence was not consistently distributed
across all lobules of the cerebellum. Though we identiﬁed signiﬁcant
hemispherical asymmetries between all lobules except VIIIB (see Fig. 2,
Table S1, and Figure S1), the overall greater right hemisphere volume was
primarily driven by Crus I, II, and H VIIB, while lobules H IV, V, VI, and
VIIIA exhibited the most pronounced leftward asymmetry. Though the
cerebellar gray-matter localization is not well described, an early voxelbased morphometry study identiﬁed asymmetries in gray-matter volume
for left > right in the “medial cerebellum” and right > left in “lateral
cerebellum” that is largely consistent with our results (Good et al.,
2001). In addition, our lobular ﬁndings are partially consistent with the
results of a recent analysis of lobular volumes in 150 (Weier et al., 2014)
and twenty participants (Diedrichsen et al., 2009). Weier and colleagues
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that the somatotopic representation of the body spans multiple lobules
in the anterior lobe (and H VIII) (Grodd et al., 2001; Rijntjes et al.,
1999; Schlerf et al., 2010) that has been interpreted as aligning with
sagittal zones (Grodd et al., 2001). There is also evidence for a
corresponding gradient of somatotopic activity in the dentate nucleus
(Bernard et al., 2014; Küper et al., 2012) that is inﬂuenced by the
topography of projections from cerebellar cortex (Kelly and Strick,
2003; Steele et al., 2016). Based upon this detailed anatomical and
connectional work, we posit that the lobular organisation of the
cerebellum is a simpliﬁcation that is generally correct, but can be
further enhanced with more spatially speciﬁc information from nonhuman animal research and human connectional anatomy. As such, the
seminal work of Schmahmann and Sherman identifying cerebellar
cognitive aﬀective syndrome (Schmahmann and Sherman, 1998, 1997)
and subsequent work by Stoodley and colleagues (Stoodley et al., 2012;
Stoodley and Schmahmann, 2010, 2009) and others (Bernard et al.,
2015; Bernard and Seidler, 2013) provides good evidence that motor
and non-motor cerebellar functions are largely segregated along
lobular boundaries. These apparently competing views of cerebellar
organisation illustrate the need for a more nuanced approach that
integrates information from cerebellar gray-matter anatomy, whitematter connectional anatomy, and function. It is also important that we
consider fundamental methodological issues such as segmentation
(e.g., approaches and atlases), how to treat structural and behavioral
data (e.g., raw vs. relative volume, grouping of measures) (Mankiw
et al., 2017), and statistical methods (e.g., control variables, data
reduction techniques) in order to more clearly specify the relationships
between the cerebellum and behavior. Our study used lobular volumes
relative to total cerebellar gray-matter volume and included age, sex,
and ﬂuid IQ as covariates of no interest. While sex and age are
commonly used regressors, we also included ﬂuid IQ to control for
its potential relationship with cerebellar volume (e.g., Frangou et al.,
2004). Removing this covariate had no eﬀect on our ﬁndings (data not
shown), but systematically including or not including additional
control variables may allow the ﬁeld to more accurately specify the
structure-function relationship in the human cerebellum. While not
within the scope of the current study, an interesting ﬁrst step would be
to use to data-driven approaches such as principal components (e.g.,
Bernard and Seidler, 2013) or partial least squares (McIntosh and
Mišić, 2013) analyses to determine the relative importance of lobules to
the relationships between cerebellar structure and a wide range of
demographic variables and human motor and cognitive behavior.

human cerebellum; a link that persists even after statistically controlling for the eﬀects of age, sex, handedness, and ﬂuid intelligence.
Sex diﬀerences in cerebellar volume
The majority of studies report greater total raw cerebellar volume in
males (Diedrichsen et al., 2009; Dimitrova et al., 2006; e.g., Raz et al.,
2001, 1998; Rhyu et al., 1999; Tiemeier et al., 2010; Weier et al.,
2014), with a recent meta-analysis including 19 cerebellar studies
estimating the size of this eﬀect to be 1.68 (Cohen's d) (Ruigrok et al.,
2014). We found a very similar eﬀect (Cohen's d=1.37), and extend
previous ﬁndings to show that the size of the eﬀect varies across lobules
(with Cohen's d for signiﬁcant eﬀects ranging from 0.4 in Vermal VIIB
to 1.28/1.35 in L/R H V; Fig. 4B, Table S2) – indicating that sex has a
diﬀerential impact on lobular volume. In contrast, while there is some
indication of regional sex diﬀerences in the cerebral cortex (Good et al.,
2001), the eﬀect is likely to be relatively small (Esteves et al., 2017;
Goldberg et al., 2013; Kang et al., 2015). In addition, after normalizing
lobular volume to total cerebellar gray-matter volume we found that
females had signiﬁcantly larger relative volume in Crus II (which
exhibits primarily non-motor structural connectivity) while males had
larger relative volume in primarily motor lobules (H V, VIIIA/B; but
also vermal VIIIA/B) (Coﬀman et al., 2011; Kelly and Strick, 2003).
Though we hypothesized that the relationship between relative volume
and performance on tasks known to recruit these regions would be
inﬂuenced by sex, we found no evidence for this eﬀect (i.e., no
interaction). Our results did show that there was a main eﬀect of sex
such that, for a given relative volume, males performed better than
females. However, since we there was no evidence for a correlation
between relative volume and performance in these regions, we do not
interpret our results as providing evidence that relative volume confers
a speciﬁc performance advantage in one sex over the other on these
tasks. This issue could potentially be addressed with a follow-up study
that uses more speciﬁc and targeted behavioral testing of cerebellar
function (e.g., Bernard et al., 2015; Bernard and Seidler, 2013; Kansal
et al., 2017).
Cerebellar functional organisation
The spatial distribution of the eﬀects that we identiﬁed is not
entirely consistent with the idea that there are predominantly separate
motor and non-motor lobules of the human cerebellum. While we did
ﬁnd that motor performance was linked with volume in “motor
regions”, so too was memory and emotion. This brings up the question
of what the organising principle of the cerebellum is, and whether there
are multiple overlapping organisations (Apps and Hawkes, 2009;
Voogd, 2014). Given the homogenous nature of cerebellar cytoarchitecture, local cerebellar cortical function is predominantly driven by its
white-matter connectivity – with mossy ﬁbre input (arising primarily
from pontine nuclei) interacting with climbing ﬁbre input from the
inferior olive (Apps and Garwicz, 2005) to drive cerebellar computations supporting motor and non-motor behaviour (Moberget and Ivry,
2016). Projections from climbing ﬁbres usually form only one or two
longitudinal sagittal strips (Apps and Hawkes, 2009) and this organisational principle can be used to divide the cerebellum into multiple
sagittal zones (Voogd, 2014). Sagittal zones are aligned along the
sagittal plane (i.e., diﬀerential connectivity when moving from medial
to lateral cerebellar cortex, or vice versa) and roughly perpendicular to
the gross anatomical organisation of the cerebellar lobules. On the
systems level, work with human resting-state functional connectivity
suggests that lobules have largely distinct proﬁles of connectivity
between somatomotor and supramodal regions (O’Reilly et al., 2010),
but that each lobule may participate in more than one functional
network (Bernard et al., 2012; Buckner et al., 2011), though there has
so far been no evidence that these networks can be segregated into
sagittal zones. There is, however, task-based functional MRI evidence

Conclusion
In summary, our ﬁndings represent the largest and most speciﬁc
population quantiﬁcation of cerebellar lobular gray-matter volumes,
hemisphere and sex diﬀerences, and relation to behavior in healthy
young adults. We found that the eﬀects of hemisphere and sex were not
equal across all lobules of the cerebellum, providing further evidence
that the cerebellum cannot be considered a single structure with
uniform function.
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