
Regional Cerebellar Volume and Cognitive
Function From Adolescence to Late Middle Age

Jessica A. Bernard,1* Daniel R. Leopold,1,2 Vince D. Calhoun,3,4 and
Vijay A. Mittal1,2

1Department of Psychology and Neuroscience, University of Colorado Boulder, Boulder,
Colorado

2Center for Neuroscience, University of Colorado Boulder, Boulder, Colorado
3The Mind Research Network, Albuquerque, New Mexico

4The Department of ECE, University of New Mexico, Albuquerque, New Mexico

r r

Abstract: Cerebellar morphology and function have been implicated in a variety of developmental dis-
orders, and in healthy aging. Although recent work has sought to characterize the relationships
between volume and age in this structure during adolescence, young, and older adulthood, there have
been no investigations of regional cerebellar volume from adolescence through late middle age. Middle
age in particular has been largely understudied, and investigating this period of the lifespan may be
especially important for our understanding of senescence. Understanding regional patterns of cerebel-
lar volume with respect to age during this portion of the lifespan may provide important insight into
healthy aging and cognitive function as well as pathology from adolescence into later life. We investi-
gated regional cerebellar volume using a highly novel lobular segmentation approach in conjunction
with a battery of cognitive tasks in a cross-sectional sample of 123 individuals from 12 to 65 years old.
Our results indicated that regional cerebellar volumes show different patterns with respect to age. In
particular, the more posterior aspect of the neocerebellum follows a quadratic “inverse-U” pattern
while the vermis and anterior cerebellum follow logarithmic patterns. In addition, we quantified the
relationships between age and a variety of cognitive assessments and found relationships between
regional cerebellar volumes and performance. Finally, exploratory analyses of sex differences in the
relationships between regional cerebellar volume, age, and cognition were investigated. Taken
together, these results provide key insights into the development and aging of the human cerebellum,
and its role in cognitive function across the lifespan. Hum Brain Mapp 36:1102–1120, 2015. VC 2014 Wiley

Periodicals, Inc.
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INTRODUCTION

Across the lifespan, there is variation in cognitive per-
formance, associated first with brain development, and
later with senescence [Craik and Bialystok, 2006]. How-
ever, as noted by Craik and Bialystok [2006], there is often
little integration and cross talk between the developmental
and aging fields. Moving away from cross-sectional com-
parisons of young and older adults, for example, and
moving toward investigations that look cross-sectionally at
the lifespan is particularly important for capturing trajecto-
ries of brain and cognitive development. Investigating ado-
lescence and middle age may be especially important for
understanding cognitive function and brain differences in
later life. Indeed, recent longitudinal work investigating
white matter during middle age indicated that baseline
white matter structural integrity was predictive of change
4 years later in healthy individuals [Ly et al., 2014]. That
is, measures of white matter structural integrity at time
one during middle age were associated with the degree of
white matter atrophy measured between 3 and 4 years
later. This highlights the importance of investigating brain
morphology during middle age, as it may be predictive of
changes later in life.

In both the development and aging fields, there have
now been many studies investigating brain-behavior rela-
tionships to better understand development and senes-
cence [e.g. Bernard and Seidler, 2013; Raz et al., 2000;
Tamnes et al., 2013; Woodruff-pak et al., 2001; Ziegler
et al., 2013]. Indeed, the benefit of investigating individual
differences in brain structure to better understand individ-
ual differences in performance has been recently reviewed
[Kanai and Rees, 2011]. These analyses have greatly
increased our understanding of the brain and cognition at
different points across the lifespan. An emerging literature
focusing on the cerebellum has recently begun to highlight
the role of this structure in a variety of task domains. The
cerebellum is now known to be involved in a variety of
motor and cognitive processes [e.g. Chen and Desmond,
2005a; Leiner et al., 1993, 1989; Stoodley and Schmahmann,
2009]. Indeed, with respect to the latter, there is now a
growing and compelling literature to indicate that the cer-
ebellum is important for cognition, and may indeed be
important for the formation of internal models of cognitive
processes [Ito, 2008; Ramnani, 2006]. Furthermore, the cer-
ebellum appears to have a distinct functional topography
associated with motor and cognitive task performance
[Stoodley et al., 2012; Stoodley and Schmahmann, 2009].
The anterior cerebellum has been associated with motor
performance, whereas Crus I in particular has been impli-
cated in working memory as well as language function
[Chen and Desmond, 2005b; E et al., 2014; Stoodley et al.,
2012; Stoodley and Schmahmann, 2009].

Cerebellar morphology has been investigated in both
pediatric and aging populations. The developmental litera-
ture has generally supported cerebellar growth trajectories
that mirror concurrent cortical development [Tiemeier

et al., 2010]. In healthy older adults, cerebellar volume is
smaller, and longitudinal evidence indicates that this is
due to volumetric shrinkage [e.g. Bernard and Seidler,
2013; Hoogendam et al., 2012a; Luft et al., 1999; Raz et al.,
2001, 2000, 1998; for a recent review see Bernard and Seid-
ler, 2014]. Although both the aging and child development
literatures have investigated cerebellar volume, this has
largely been through investigations of total cerebellar vol-
ume. Given the recent evidence to indicate a functional
topography within the cerebellum [Stoodley et al., 2012;
Stoodley and Schmahmann, 2009], it is important to inves-
tigate the cerebellum via a regional approach, particularly
if we hope to better understand cerebellar-behavioral
relationships.

We recently did so in a distinct sample of young (18–30
years old) and older (65–80 years old) adults, demonstrat-
ing that there are regional age differences within the cere-
bellum with differential relationships with behavior in
young and older adults [Bernard and Seidler, 2013]. How-
ever, these cross-sectional findings focused on two very
specific young and older adult age groups, and we did not
investigate the critical intervening time of middle age nor
did we look at individuals during adolescence. Indeed,
our results indicated linear relationships between volume
and age [Bernard and Seidler, 2013], but it may be the case
that these patterns are nonlinear when adolescence and
middle age are considered. Such an approach is important
for understanding regional patterns of cerebellar develop-
ment during this portion of the lifespan. Furthermore,
although we investigated general cognitive function and
working memory, our primary focus was on motor behav-
ior. Regional cerebellar volume has been investigated dur-
ing child and adolescent development [Tiemeier et al.,
2010], but cross-sectional investigation from adolescence to
middle age is important for understanding regional cere-
bellar volume development and senescence, and for
understanding the relationships with cognitive function.
There remains a large gap in the literature with respect to
regional cerebellar volume in middle age, particularly with
respect to behavior. Thus, here we focused on understand-
ing regional cerebellar volume from adolescence through
late middle age, with a particular interest in middle age
and cognitive function as this portion of the lifespan
includes periods of development, but also the start of
decline. This stands to provide a sorely needed perspective
on cerebellar development and aging, and gives further
insight into the role of this structure in cognition.

Using a large sample (N 5 123) of adolescents and
adults, ranging from age 12 to 65, we used a novel seg-
mentation method to investigate region-specific cerebellar
volume and associations with cognitive function (spatial
and verbal working memory, spatial and verbal learning,
and processing speed) across a large cross-section of
human development. We hypothesized that different cere-
bellar subregions (anterior, posterior, Crus I, and vermis)
would show differing relationships with age. Specifically,
we hypothesized that the posterior cerebellum especially
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would follow a pattern consistent with prefrontal cortical
development and change with aging, as suggested by Dia-
mond [2000], and supported by the coupling of the poste-
rior cerebellum with the prefrontal cortex [Bernard et al.,
2012; Krienen and Buckner, 2009; Salmi et al., 2010]. That
is, because the prefrontal cortex is one of the last cortical
regions to reach maturity [cf., Casey et al., 2000] we
expected that posterior cerebellar volume would also reach
its peak volume later in adolescence. Additionally, we
hypothesized that regional cerebellar volume would be
associated with cognitive performance in a manner con-
sistent with previous reports on the functional topography
of the cerebellum [Stoodley et al., 2012; Stoodley and
Schmahmann, 2009], particularly with respect to the later-
ality of spatial and verbal cognitive functions. That is, we
expected tasks relying on verbal processing (verbal work-
ing memory and verbal learning) to be associated with lat-
eral posterior regions of the right cerebellum (particularly
Crus I), whereas those tasks relying on spatial processing
(spatial working memory and spatial learning) were
expected to be associated with the left cerebellar hemi-
sphere. Finally, we predicted that digit-symbol coding (a
measure of processing speed), which has a large motor
component, would be associated with anterior motor
regions of the cerebellum.

MATERIALS AND METHODS

Participants

Healthy participants were recruited as part of an
ongoing collaboration between Intermountain Neuroimag-
ing Consortium sites at the University of Colorado Boulder
and the Mind Research Network (Albuquerque, New Mex-
ico). The Colorado sample contributed data from 45 partic-
ipants, while the New Mexico sample contributed data
from 95 participants, for a total of 140 participants (12–65
years old). All participants gave their informed consent,
and for those under the age of 18, a parent or guardian
provided consent. All procedures were reviewed and
approved by the local institutional review board at the
two respective institutions. At both sites, all participants
were screened using a structured clinical interview to rule
out any psychiatric illnesses, substance abuse, or depend-
ence. Furthermore, all participants were healthy and free
of any neurological disorder or insult. Although general
information about occupation was collected for partici-
pants, specifics regarding the exact nature of work were
not available, particularly as it may relate to use-
dependent plasticity. Eight participants were excluded
from our analyses due to the inability to effectively and
adequately normalize or segment their neuroimaging scans
(see Structural MRI Scanning and Processing, below),
seven individuals were excluded due to a lack of demo-
graphic information and neuropsychological assessments,
and finally two were not scanned due to contraindications

for the scanner environment (e.g., braces, piercings that
could not be removed). The final sample used in our data
analysis included 123 participants ranging in age from 12
to 65 years old (mean, standard deviation; 30.92 6 13.69
years; 46 females). Figure 1 shows the breakdown of par-
ticipants by age group. Additionally, within this sample of
123 individuals, 5 were left handed and 3 reported using
both hands while the remaining 115 were right handed.
Because of the small sample of left and mixed handed
individuals we were unable to directly compare them to
the rest of the sample. However, they were equally distrib-
uted across the age spectrum ranging from 18 to 62 years
old. Within the general population it is estimated that
approximately 10% of individuals are left and mixed
handed [Hardyck and Petrinovich, 1977]. By including
these individuals, who make up 6.5% of our total sample,
we are investigating a sample that is generally more repre-
sentative of the population as a whole.

Structural MRI Scanning and Processing

Structural brain images were acquired using matching
parameters and on scanners of the same make and model
at all testing locations (Siemens Tim Trio 3 Tesla). Struc-
tural images were acquired with a T1-weighted 3D mag-
netization prepared rapid gradient multiecho sequence
(MPRAGE; sagittal plane; repetition time [TR] 5 2530 ms;
echo times [TE] 5 1.64 ms, 3.5 ms, 5.36 ms, 7.22 ms, 9.08
ms; GRAPPA parallel imaging factor of 2; 1 mm3 isomor-
phic voxels, 192 interleaved slices; FOV 5 256 mm; flip
angle 5 7�; time 5 6:03 min). A turbo spin echo proton den-
sity/T2-weighted acquisition (axial oblique aligned with
anterior commissure-posterior commissure line; TR 5 3720
ms; TE 5 89 ms; GRAPPA parallel imaging factor 2; 0.9 3

0.9 mm voxels; FOV 5 240 mm; flip angle: 120�; 77 inter-
leaved 1.5 mm slices; time 5 5:14 min) was acquired to

Figure 1.

Distribution of participants by age group and sex.
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check for incidental pathology. Data collected at the Mind
Research Network were downloaded from the COllabora-
tive Informatics and Neuroimaging Suite data exchange
tool [COINS; http://coins.mrn.org/dx; Scott et al., 2011].

Lobular volume was calculated using the lobular regions
as defined by the spatially unbiased infratentorial template
(SUIT) atlas [Diedrichsen, 2006; Diedrichsen et al., 2009],
and the methods parallel those previously used to investi-
gate regional cerebellar volume in advanced age [Bernard
and Seidler, 2013]. This allowed us to investigate specific
hypotheses with respect to regional volume and both age
and cognitive performance. Furthermore, it allowed us to
put these results into context with comparable existing
work using regional cerebellar volume in development
and aging [Bernard and Seidler 2013; Tiemeier et al., 2010].
Individual lobular volumes of each subject were deter-
mined for all lobules in the right and left hemispheres,
and the vermis. For all structural analyses, the original
raw high-resolution structural images were used. First, we
created masks of each lobule and a mask for the whole
cerebellum using the probabilistic SUIT atlas. Next, the
cerebellum was extracted and separated from the rest of
the brain using the SUIT toolbox [version 2.5.2; Diedrich-
sen, 2006; Diedrichsen et al., 2009] implemented in SPM8
(Welcome Department of Cognitive Neurology, London,
UK; http://www.fil.ion.ucl.ac.uk). We masked the
extracted anatomical image with the threshold classifica-
tion map that was produced during the isolation process.
This resulted in a high-resolution image of the cerebellum,
excluding all surrounding cortical matter. Third, the SUIT
cerebellum template was normalized to each individual
subject’s cerebellar anatomical image (in native space)
using Advanced Normalization Tools [Avants et al., 2008;
Penn Image Computing & Science Lab, http://www.picsl.
upenn.edu/ANTS/]. ANTS was used as the nonlinear
warping as it has been shown to do better in comparison
to more well-known algorithms, such as those imple-
mented in SPM [Klein et al., 2009]. The transformation
was first applied to the SUIT cerebellum, and then the
resulting warp vectors were applied to the individual lob-
ular masks. The result was a mask of each lobule normal-
ized to individual subject space for each participant.

Finally, these masks were loaded into MRICron (http://
www.mccauslandcenter.sc.edu/mricro/mricron/index.
html) and converted to volumes of interest. Volumes of
interest were then overlaid onto each individual subject’s
structural scan and inspected to ensure accurate registra-
tion. We then used MRICron to calculate the descriptive
statistics for each lobule, providing us with the gray mat-
ter volume of each lobule in cubic centimeters. To reduce
multiple comparisons in our analyses, we calculated the
regional volumes for the anterior cerebellum (lobules I-VI),
posterior cerebellum (Crus II-lobule X), and Crus I, bilater-
ally, along with the vermis (Vermis VI-Vermis X). These
regional breakdowns were used previously by Bernard
and Seidler [2013], and were defined based on principal
component analysis (please see Supporting Information

Figure 1). To ensure that the components also apply to our
sample, we replicated the analysis in the individuals from
18 to 30 years old (N 5 52), consistent with the young
adult sample from Bernard and Seidler [2013]. In brief, all
of the corrected volumes for each hemisphere and the ver-
mis were entered into two separate analyses (left and right
hemisphere separately) into SPSS. We used varimax rota-
tion and investigated the rotated solutions. Please see Sup-
porting Information Tables I and II for the results of these
analyses. In general, they replicate the prior work, and fur-
ther justify our use of these regional distinctions. Further-
more, the automated methods used here are similar to
several recent additional automated methods [Park et al.,
2014; Weier et al., 2014]. Both the total cerebellar volumes
and lobular volumes here are consistent with those found
with hand tracing and the automated methods used by
Weier et al. [Weier et al., 2014].

Additionally, we calculated the estimated total intracra-
nial volume (TIV) for all participants to normalize the cer-
ebellar lobular volumes. We first segmented the gray
matter, white matter, and cerebrospinal fluid using the
segment function in SPM8. The voxel-based morphometry
(VBM8) toolbox (http://dbm.neuro.uni-jena.de/vbm/
download/) was used to get the total volume for each of
these tissue types, in each individual subject, in native
space. Although we used raw anatomical images in our
analyses, the segmentation algorithm includes corrections
for image intensity inhomogeneities. Individual segmenta-
tions were visually inspected on each participant to ensure
accurate segmentations. The volume of the gray matter,
white matter, and cerebrospinal fluid were summed to get
an estimated TIV for each individual. Recent work has
indicated that the SPM8 segmentation method used here
does not differ in the median TIV from that calculated
using manual methods, and these values are highly corre-
lated with one another [Ridgway et al., 2011]. Thus, this
estimated TIV is a reasonable for normalizing regional cer-
ebellar volumes. Normalized regional volumes were calcu-
lated by dividing the lobular volume by the estimated
TIV. All regional volumes are expressed as a percentage of
the TIV.

Cognitive Assessment

All participants completed a battery of standard cogni-
tive tasks. All of the tasks used in this study fell into the
domains that were previously linked to the cerebellar
functional topography [Stoodley and Schmahmann 2009;
Stoodley et al., 2012], with the exception of processing
speed. Processing speed was included because of the large
literature indicating age-related decreases in this domain
[e.g., Salthouse 1996]. Given our research interests, a priori
hypotheses, and prior work linking cerebellar volume to
performance [Eckert et al., 2010; Raz et al., 2000; Stoodley
et al., 2012; Stoodley and Schmahmann, 2009], we focused
on the following cognitive tests: symbol coding, Trails A,
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spatial span, letter-number span, verbal learning (Hopkins
verbal learning test-revised; HVLT-R), and spatial learning
(brief visuospatial memory test-revised; BVMT-R). Specific
administration methods for each test are all described in
turn below. Finally, to serve as a proxy for general intelli-
gence measures, the Boulder sample completed the Wide
Range Achievement Test (WRAT). This provides a mea-
sure of general intelligence in adolescents and young
adults [Wilkinson and Robertson, 2006] and was used give
the younger age range of participants in this sample. In
the Albuquerque sample, all participants completed the
Wechsler Test of Adult Reading [Weschler, 2008]. Both of
these tests use word and letter reading to assess general
intelligence, but the WRAT has been designed for use in
younger populations. Standard scoring on both tests
results in an average score of 100. Both assessments are
strongly correlated with intelligence assessed using the
WAIS [Green et al., 2008; Johnstone et al., 1996; Whitney
et al., 2010]. The scores in both samples were similar
(mean 6 standard deviation; Boulder: 104.72 6 12.14; Albu-
querque: 108.61 6 13.03) and indicate that the participants
were of average, or slightly better than average intelli-
gence. In addition, all participants were highly educated,
although the educational attainment was notably lower in
the Boulder sample (Boulder: an average of 12 6 2.38
years, range 6–15 years; Albuquerque: an average of
13.77 6 1.69 years, range 10–18 years). This is due to the
overall younger sample from the Boulder site, as many of
the participants are still completing their education.

Symbol coding

Participants had 90 s to fill in nonsense symbols (pro-
vided in a key) with their corresponding number as
quickly as possible [Wechsler, 1997]. We quantified the
total number of symbols that were matched (maximum
score of 110).

TABLE I. Multiple regression models relating regional

cerebellar volume and cognition

Predictor variable Beta P

Digit symbol
Vermis: adjusted R2 5 0.078, F(2,118) 5 6.06, P 5 0.003

Age 20.344 0.001
Vermis 20.118 0.239

Right anterior: adjusted R2 5 0.094, F(2,118) 5 7.21, P 5 0.001
Age 20.353 0.001
Right anterior 20.175 0.064

Left anterior: adjusted R2 5 0.088, F(2,118) 5 6.81, P 5 0.002
Age 20.343 0.001
Left anterior 20.155 0.099

Trails
Vermis: adjusted R2 5 0.044, F(2,115) 5 3.68, P 5 0.028

Age 0.189 0.070
Vermis 20.090 0.388

Right anterior: adjusted R2 5 0.044, F(2,115) 5 3.70, P 5 0.028
Age 0.198 0.047
Right anterior 20.088 0.375

Left anterior: adjusted R2 5 0.040, F(2,115) 5 3.44, P 5 0.036
Age 0.213 0.031
Left anterior 20.052 0.594

Spatial span
Vermis: adjusted R2 5 0.081, F(2,117) 5 6.23, P 5 0.003

Age 20.306 0.003
Vermis 0.009 0.927

Hemispheric regions: adjusted R2 5 0.115, F(3,116) 5 6.13,
P 5 0.001

Age 20.307 0.001
Left Crus I 0.227 0.096
Left posterior 20.303 0.021

Spatial learning
Vermis: adjusted R2 5 0.150, F(2,118) 5 11.56, P< 0.001

Age 20.383 <0.001
Vermis 0.041 0.667

Hemispheric regions: adjusted R2 5 0.157, F(3,117) 5 8.43,
P< 0.001

Age 20.435 <0.001
Left Crus I 0.027 0.840
Left posterior 20.146 0.248

Letter span
Vermis: adjusted R2 5 0.031, F(2,118) 5 2.89, P 5 0.059

Age 20.193 0.061
Vermis 0.041 0.687

Hemispheric regions: adjusted R2 5 0.029, F(3,117) 5 2.20,
P 5 0.092

Age 20.245 0.012
Right Crus I 0.008 0.956
Right posterior 20.102 0.501

Verbal learning
Vermis: adjusted R2 5 0.053, F(2,118) 5 4.38, P 5 0.015

Age 20.149 0.143
Vermis 0.157 0.124

Hemispheric regions: adjusted R2 5 0.037, F(3,117) 5 2.56, P 5 0.059
Age 20.191 0.049
Right Crus I 0.151 0.317
Right posterior 20.056 0.710

TABLE II. Significant models of digit-symbol coding per-

formance, with hypothesized cerebellar regions in males

Predictor variable Beta P

Digit symbol (right anterior): adjusted R2 5 0.134, F(2,76) 5 7.03,
P 5 0.002
Age 20.390 0.001
Right anterior 20.284 0.013

Digit symbol (left anterior): adjusted R2 5 0.167, F(2,76) 5 8.80,
P< 0.001
Age 20.409 0.001
Left anterior 20.342 0.003

Digit symbol (vermis): adjusted R2 5 0.107, F(2,76) 5 5.68, P 5 0.005
Age 20.395 0.001
Vermis 20.236 0.051

Two digit-symbol models are presented for anterior regions as
they were run separately to minimize issues of multicolinearity
due to strong correlations between homologous regions across
hemispheres.
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Trails A

Trails A [Reitan & Wolfson, 1985] assessed speed of
processing and attention. Participants connected circles in
numerical order, as quickly as possible, and we measured
completion time. The experimenter pointed out errors, and
the participant had to continue from the point of the error,
resulting in a longer completion time.

Spatial span

Spatial span was assessed using the Corsi blocks, from
the Wechsler Memory Scale [Wechsler, 1997]. Participants
repeated sequences of taps using a board with 10 blocks.
Two trials for each sequence length were completed. The
sequence length was increased until the participant failed
to repeat the sequence on both trials. The procedure was
repeated with participant pointing to the boxes in the
reverse order of their presentation. The sum of the for-
ward and backward conditions was calculated and used in
our analyses (range from 0 to 32).

Letter-number span

Verbal working memory was assessed using letter-
number span. Participants repeated a list of letters and
numbers numerically, and alphabetically, and the number
of items increased across trials. Four trials at each level are
completed, and the test was discontinued after the partici-
pant failed to correctly respond to all four trials at a par-
ticular level. Verbal working memory was quantified as
the sum of all correct trials (maximum score, 24).

Hopkins verbal learning test-revised

The HVLT-R [Brandt, 1991] was used as a measure of
verbal learning. Participants had to remember a list of
words, and repeat them back to the experimenter, in any
order. The entire procedure with the same list was
repeated three times. The total recall score was added
across all three trials.

Brief visuospatial memory test-revised

We assessed spatial learning using the BVMT-R [Bene-
dict et al., 1996]. Participants were shown a sheet of paper
with six figures and were given 10 s to study the display.
After the display was removed, participants were asked to
try to draw the figures just as they were shown on the
page. This was repeated three times. Drawings were
scored based on their accuracy as well as their location on
the sheet of paper. The sum of the scores on all three trials
was used in our analyses (maximum score of 36).

Statistical Analysis

All statistical analyses were performed using IBM SPSS
21 (IBM Corporation, Armonk, NY, 2012).

Cognitive performance and age

We investigated performance on the cognitive measures with
respect to age using curve fitting in SPSS. Scatterplots were cre-
ated and we used curve fitting to best determine any age-
related relationships (Fig. 2). In these analyses, we primarily
used linear and quadratic fits, guided by investigating the scat-
terplots. In several cases, we also conducted additional post hoc
models (primarily linear) and these are noted in the results.

Regional cerebellar volume and age

To investigate regional cerebellar volume with respect to
age, from adolescence to late middle age, we used curve fit-
ting in SPSS as we did with cognitive function. We also
investigated the relationship between age and total cerebellar
gray matter volume. Scatterplots of each group were used to
guide our curve fitting. We primarily used linear and loga-
rithmic fits to investigate relationships between regional cere-
bellar volume and age. However, for the posterior
cerebellum, we used a quadratic fit given the patterns in the
scatterplots, and our hypothesis that it would be comparable
to the slower prefrontal cortical development patterns (Fig.
3). Again, in several cases, we also conducted additional
post hoc models (primarily linear), noted in the results.

Regional cerebellar volume and cognitive perform-

ance from adolescence to middle age

Similar to the analysis approach taken by Bernard and
Seidler [2013], we used multiple regression to investigate the
relationships between regional cerebellar volume and cogni-
tive performance, taking age into account. For all models,
cognitive performance was the dependent variable, and
regional volumes and age were the independent variables.
Models for each cognitive assessment were created using a
priori regions hypothesized to be associated with the assess-
ment based on prior work investigating regional cerebellar
volume, and the cerebellar functional topography [Bernard
and Seidler, 2013; Stoodley et al., 2012; Stoodley and Schmah-
mann, 2009]. In all cases, we investigated the vermis, as ver-
mal volume, in both superior and inferior regions, has been
linked with several measures of cognitive function in older
adulthood [MacLullich et al., 2004; Miller et al., 2013]. Fur-
thermore, resting state networks of the vermis, particularly in
lobules VI and Crus II are similar to those of their hemi-
spheric counterparts. That is, they are associated with fronto-
parietal regions which are implicated in cognition [Bernard
et al., 2012]. For all analyses, we investigated the vermis inde-
pendently, and in cases where lobules from each hemisphere
were hypothesized, the homologous lobules were investi-
gated using separate regression models due to issues of mul-
ticolinearity. Cerebellar regions of the left and right
hemisphere were considered separately, and in cases where
we had specific hypotheses regarding laterality, only one
hemisphere was investigated. Age was included in all mod-
els. In addition to age and vermis volume, we investigated
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cognitive performance with respect to volume in the follow-
ing lobules: digit symbol and Trails A: left and right anterior
cerebellum; letter-number span and HVLT-R: right anterior,
right Crus I, right posterior; spatial span, and BVMT-R: left
Crus I, left posterior. Because of the a priori nature of our
hypotheses and analyses, we did not apply a multiple com-
parisons correction.

Sex differences in cognitive and cerebellar relation-
ships with age

Prior work has indicated that cerebellar volume in both
development and senescence may differ between males
and females [Raz et al., 2001; Rhyu et al., 1999; Tiemeier
et al., 2010]. We, therefore, completed exploratory analyses
relating cognitive performance and regional cerebellar vol-

ume with respect to age in males and females separately.
Analysis procedures paralleled those described above. In
addition, we investigated cognitive performance with
respect to regional cerebellar volume using multiple
regression in males and females. Due to the post hoc
exploratory nature of these analyses, we used a Bonferroni
correction for multiple comparisons for all analyses within
each sex (P< 0.008 for the six cognitive tasks, and
P< 0.007 for the seven cerebellar regions).

RESULTS

Cognitive Performance and Age

Scatterplots showing the associations between age and
performance on all cognitive domains are presented in

Figure 2.

Relationships between cognitive performance and age for all six

of the investigated tasks. All relationships with age were statisti-

cally significant. However, both measures of processing speed,

digit-symbol coding and Trails A were both significantly modeled

using quadratic fits. All other relationships were linear. Digit

symbol: total number of symbols; Trails A: time to complete

(seconds); spatial span, letter-number span, spatial learning, and

verbal learning: total score across three trials.
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Figure 2. Importantly, ANCOVA models controlling for
both age and education indicated that there are no signifi-
cant differences on cognitive performance across the two
locations on all measures (all Ps> 0.076) except verbal
learning (F(1,121) 5 4.15, P 5 0.048). Processing speed, as
measured by the digit-symbol coding task, was fit using a
quadratic model (R2 5 0.198, F(2,118) 5 14.61, P< 0.001). This
“inverted-U” pattern indicated an increase in performance
through adolescence and young adulthood, with decreases
in individuals starting after age 30. Trails A, which also
indexes processing speed, was first modeled using a quad-
ratic fit (R2 5 0.061, F(2,115) 5 3.75, P< 0.05), which indi-
cated performance increases through adolescence, but
decreases in participants approaching age 40. However,
we also included a post hoc linear model. The linear
model fit the data comparably well (R2 5 0.054,
F(1,116) 5 6.63, P 5 0.01), indicating linear increases in task
completion time from adolescence to late middle age.

Both measures of working memory (letter-number span
and spatial span) were fit with linear models (letter-num-
ber span: R2 5 0.045, F(1,119) 5 5.66, P< 0.05; spatial span:
R2 5 0.096, F(1,118) 5 12.56, P 5 0.001). For both domains,
older participants had poorer working memory perform-
ance (shorter span length), and this pattern began in ado-
lescence. Similarly, both measures of learning (HVLT-R,
verbal; BVMT-R, spatial) were fit with linear models
(HVLT-R: R2 5 0.05, F(1,119) 5 6.29, P< 0.05; BVMT-R:
R2 5 0.163, F(1,119) 5 23.09, P< 0.001) indicating that per-
formance decreased with age.

Regional Cerebellar Volume

Plots illustrating relationships between age and regional
cerebellar volume are presented in Figure 3. Of note, an
ANCOVA, controlling for age indicated that there are no
differences in total cerebellar volume (as a percentage of
TIV) when individuals from the two testing sites are com-
pared (F(1,121) 5 0.004, P 5 0.952). Total cerebellar gray mat-
ter volume was significantly related with age using a
logarithmic model (R2 5 0.175, F(1,121) 5 25.59, P< 0.001);
however, the scatterplot indicated that a linear fit might
also be appropriate. The post hoc linear fit was nearly
identical to the logarithmic fit (R2 5 0.175, F(1,121) 5 25.67,
P< 0.001). Broadly speaking however, adolescents have
more cerebellar gray matter volume, and volume is
smaller in young adult and middle-aged individuals.

Vermis gray matter volume was modeled using a loga-
rithmic fit (R2 5 0.253, F(1,121) 5 40.88, P< 0.001). Vermis
volume is higher in adolescents, but is smaller in young
adults, at which point the downward trend continues, but
less rapidly. A similar logarithmic relationship with age
was seen in both the left and right anterior cerebellum
(left: R2 5 0.145, F(1,121) 5 20.45, P< 0.001; right: R2 5 0.164,
F(1,121) 5 23.77, P< 0.001). However, the lateral region Crus
I was fit using a linear model for both the right and left
hemispheres, indicative of a more consistent rate of change

when cross-sectionally investigating individuals from ado-
lescence to middle age (left: R2 5 0.171, F(1,121) 5 25.04,
P< 0.001; right: R2 5 0.129, F(1,121) 5 17.84, P< 0.001).
Finally, the posterior cerebellum was investigated. Here,
the relationship between regional volume and age was sig-
nificantly modeled using a quadratic fit, for both hemi-
spheres (left: R2 5 0.111, F(2,120) 5 7.46, P 5 0.001; right:
R2 5 0.137, F(2,120) 5 9.54, P< 0.001). In this case, the pattern
indicates that posterior cerebellar gray matter volume
reaches its peak volume in adults around age 30 and in
older participants volume is increasingly smaller.

Regional Cerebellar Volume and Cognitive

Performance From Adolescence to Middle Age

We used multiple regression models to investigate the
relationships between regional cerebellar volume and cog-
nitive performance from adolescence to late middle age.
Table I provides beta values and statistics for all models.
The models investigating speed of processing measured
with the digit-symbol coding task (vermis, left, and right
anterior) were all significant in predicting performance.
However, for the vermis model, age was the only signifi-
cant predictor (P 5 0.001). In our model of the right ante-
rior cerebellum, age was again significantly associated
with performance, but there was also a strong trend indi-
cating that the right anterior cerebellum was negatively
associated with performance (P 5 0.06). A similar trend-
level result was seen for the left anterior cerebellum
(P 5 0.1). That is, those with larger anterior cerebellar vol-
ume, when controlling for age, performed worse on the
digit-symbol coding task. Of the three parallel models
investigating processing speed using the Trails A task,
only age showed a significant association with perform-
ance. There were no relationships with regional cerebellar
volume.

Spatial span and spatial learning (BVMT-R) were mod-
eled with the left posterior cerebellum and left Crus I, and
separately with the vermis. For spatial span, the vermis
model was significant, but within the model only the beta
for age was significant. However, in the model including
left posterior cerebellum and left Crus I, which was also
significant, age was negatively associated with perform-
ance (P 5 0.001), as was left posterior cerebellar volume
(P< 0.05). Larger posterior cerebellar volume was associ-
ated with worse performance (shorter span). Additionally,
there was a positive trend with left Crus I (P 5 0.09) such
that larger volume was indicative with better performance.
Like spatial span, the vermis model for spatial learning
assessed with the BVMT-R was significant, but age was
the only significant predictor. The model including left
Crus I and left posterior volume was also significant, but
none of the volumetric components were significant.

Letter-number span and verbal learning (HVLT-R) were
modeled with the right posterior cerebellum and right
Crus I, and separately with the vermis. Neither of the
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models of letter-number span were significant, although
the vermis model was trend level (adjusted R2 5 0.03,
F(2,118) 5 2.89, P 5 0.06). With respect to the HVLT-R, the

vermis model was significant, although none of the indi-
vidual predictor betas themselves were significant. The
model including right Crus I and posterior cerebellar

Figure 3.

Relationships between regional cerebellar gray matter volume

and age, as well as total cerebellar gray matter volume. All rela-

tionships with age were statistically significant. The anterior cer-

ebellum was modeled with a logarithmic function, while Crus I

was fit with a linear model, and the posterior cerebellum with a

quadratic model. Like the anterior cerebellum, the cerebellar

vermis was fit with a logarithmic model. Finally, total cerebellar

volume was modeled with a logarithmic fit. However, a linear

model fit the data equally well. We present the logarithmic fit

here.

r Bernard et al. r

r 1110 r



volume was trend level (adjusted R2 5 0.037, F(3,117) 5 2.56,
P 5 0.059).

Sex Differences in Cognitive and Cerebellar

Relationships With Age

To understand whether or not males and females show
similar patterns in the relationships between age and both
cognitive performance and regional cerebellar volume, as
is the case during adolescence [Tiemeier et al., 2010], we

completed additional exploratory analyses on males and
females separately. However, we want to emphasize the
exploratory nature of this analysis, particularly as the male
and female sample sizes greatly differ between the two
groups (n 5 77 and 46 for males and females, respectively),
and the female group is underpowered with respect to the
male group. We will refer to these results with respect to
the opposite sex but also in comparison to the results from
the full group. Scatterplots of these relationships are pre-
sented in Figures 4 and 5.

Figure 4.

Cognitive performance with respect to age for females (red

circles) and males (blue squares) separately. The relationships

with digit-symbol coding, spatial working memory (spatial span),

and spatial learning were trend level in females, but were not

significant after multiple comparisons. Trails A was not signifi-

cantly associated with age in females. In males, the aforemen-

tioned relationships were significant. In both sexes, there were

no significant relationships verbal working memory (letter-num-

ber span) nor with verbal learning (although this relationship

was trend level in males). Nonsignificant relationships and their

associated trend lines are presented for the purpose of compari-

sons between the sexes, and with the whole-group analyses pre-

sented in Figure 2. Digit symbol: total number of symbols; Trails

A: time to complete (seconds); spatial span, letter-number span,

spatial learning, and verbal learning: total score across three

trials.
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Figure 5.

Regional cerebellar gray matter volume with respect to age for

females (red circles) and males (blue squares) separately. In

females, all of the relationships were at trend level, with the

exception of the right posterior cerebellum, which was modeled

with a quadratic fit. Furthermore, in the anterior models,

although only trend level, linear fits best explained the relation-

ships between age and gray matter volume. In males, the major-

ity of the relationships were significant, with the exception of

the posterior cerebellum, which was trend level, and best fit

with a linear model. Nonsignificant relationships and their asso-

ciated trend lines are presented for the purpose of comparisons

between the sexes, and with the whole-group analyses pre-

sented in Figure 3.
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Cognitive Performance

Processing speed measured by the digit-symbol coding
task was significantly associated with age in males using a
quadratic fit, much like our whole-group analysis
(R2 5 0.211, F(2,76) 5 10.18, P< 0.001; Fig. 4). However, in
females, the relationship with age was only trend level
after correcting for multiple comparisons (R2 5 0.145,
F(2,39) 5 3.32, P 5 0.047). Processing speed measured using
the Trails A task was not significantly associated with age
in females with a linear fit (R2 5 0.037, F(1,40) 5 1.55,
P> 0.2) nor with a quadratic fit (R2 5 0.056, F(2,39) 5 1.15,
P> 0.3). In males, there was a quadratic association with
age (R2 5 0.125, F(2,73) 5 5.22, P 5 0.008).

In the whole-group analyses, both verbal and spatial
working memory measures were fit with linear models. In
females, after accounting for multiple comparisons
(P< 0.008) there was a nonsignificant linear trend for spa-
tial working memory (R2 5 0.113, F(1,40) 5 5.12, P 5 0.029)
while in males this relationship was significant (R2 5 0.107,
F(1,76) 5 9.125, P< 0.003). Verbal working memory,
although significant in the whole group, was not signifi-
cant for either sex (in both cases, P> 0.06). Similarly, the
learning measures also showed a linear relationship with
age in the whole group. In females, the BVMT-R (spatial
learning) was related with age, but this was not significant
after multiple comparisons correction (R2 5 0.098,
F(1,40) 5 4.34, P< 0.05). In males, the relationship was sig-
nificant (R2 5 0.177, F(1,77) 5 16.59, P< 0.001). When each
sex was looked at individually, there were no significant
relationships with the HVLT-R (verbal learning) after mul-
tiple comparisons correction, although the relationship
was trend level in males (females: R2 5 0, F(1,40) 5 0,
P> 0.9; males: R2 5 0.077, F(1,77) 5 6.41, P 5 0.013).

Regional Cerebellar Volume

Scatterplots of each region, divided by sex, are pre-
sented in Figure 5. Below, we report the uncorrected P-val-
ues and note throughout whether or not they reach
statistical significance using a Bonferroni correction. The
Bonferroni correction used here requires P< 0.007 for sta-
tistical significance. Patterns of anterior cerebellar volume
in females were again not significant with multiple com-
parisons correction, although the patterns do differ at
trend level from those seen with the whole group. That is,
linear fits were best for both the right and left anterior cer-
ebellum in females (right anterior: R2 5 0.162, F(1,40) 5 7.72,
P 5 0.008; left anterior: R2 5 0.122, F(1,40) 5 5.54, P< 0.05). In
males, like in the whole-group analysis, relationships
between anterior cerebellar volume and age were fit with
a logarithmic function (right anterior: R2 5 0.164,
F(1,79) 5 15.48, P< 0.001; left anterior: R2 5 0.164,
F(1,79) 5 15.52, P< 0.001).

In the whole-group analyses, Crus I was fit with a linear
function. In females, this was not significant for the left
hemisphere (R2 5 0.081, F(1,40) 5 3.52, P> 0.06), and trend

level in the right hemisphere, although not significant after
multiple comparisons correction (R2 5 0.134, F(1,40) 5 6.17,
P 5 0.017). In males, both relationships were significant
(left Crus I: R2 5 0.194, F(1,79) 5 19.03, P< 0.001; right Crus
I: R2 5 0.113, F(1,79) 5 10.02, P< 0.005). However, left Crus I
in males was also investigated with a logarithmic fit,
which better modeled the relationship between regional
volume and age (R2 5 0.214, F(1,79) 5 21.49, P< 0.001). Right
Crus I in males was also fit with a logarithmic function,
but it was similar to the linear fit with respect to the pro-
portion of variance that was explained (R2 5 0.13,
F(1,79) 5 11.82, P 5 0.001).

In females, the quadratic relationship between age and
left posterior cerebellar volume was a nonsignificant trend
after multiple comparisons correction (R2 5 0.156,
F(2,39) 5 3.62, P 5 0.036), although the relationship with the
right posterior cerebellum was significant (R2 5 0.259,
F(2,39) 5 6.83, P< 0.005). In males, both left and right poste-
rior cerebella were associated with age using a quadratic
fit, but only at the trend level (left: R2 5 0.096, F(2,78) 5 4.14,
P 5 0.019; right: R2 5 0.115, F(2,78) 5 5.06, P 5 0.009). Inter-
estingly however, in males, the bilateral posterior regions
were also modeled with linear fits. For the left posterior
cerebellum, this was highly similar to the quadratic fit
(R2 5 0.096; F(1,79) 5 8.35, P 5 0.005), and in the right poste-
rior cerebellum, this relationship was also significant
(R2 5 0.114, F(1,79) 5 10.21, P 5 0.002).

Finally, we investigated relationships between age and
total cerebellar gray matter volume and vermis volume in
males and females separately. In females, after accounting
for multiple comparisons the logarithmic relationship with
total cerebellar gray matter volume was not significant
(R2 5 0.107, F(1,40) 5 4.79, P 5 0.03), and appears as
although a linear fit may better describe the data, although
this also did not reach significance after multiple compari-
sons correction (R2 5 0.143, F(1,40) 5 6.67, P 5 0.01). How-
ever, in males, the logarithmic association with age was
significant (R2 5 0.185, F(1,79) 5 17.92, P< 0.001). The loga-
rithmic fits for vermis volume were significant in both
sexes (females: R2 5 0.232, F(1,40) 5 12.05, P< 0.005; men:
R2 5 0.246, F(1,79) 5 25.71, P< 0.001), consistent with the
group results.

Age, Volume, and Performance in Females and

Males

When we repeated the multiple regression models as
described above, in females only, there were no significant
relationships between cognitive performance and hypothe-
sized regional cerebellar volume, after correction for multi-
ple comparisons. However, in males, the models of digit-
symbol coding performance with both the left and right
anterior cerebellum were significant (in both cases,
P< 0.005), and the betas associated with regional cerebel-
lar volume themselves were also significant. Just as we
saw in the whole-group analysis, the betas were negative,
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indicating that larger anterior cerebellar volume is associ-
ated with worse performance. Please see Table II, for the
full model information and beta values.

DISCUSSION

Here, using a fine-grained regional approach to deter-
mining cerebellar volume, we characterized the regional
volumetric patterns associated with age, from adolescence
through late middle age. We did the same for a battery of
theoretically relevant cognitive tasks and also investigated
the relationships between regional cerebellar volume and
cognitive performance over this segment of the lifespan.
Our findings indicate that within the cerebellum, volumet-
ric patterns with age vary regionally, such that anterior
and vermal regions show logarithmic patterns indicative
of a fast drop in volume between adolescence and young
adulthood, with a slowing in volumetric differences from
young adulthood through midlife. In contrast, the lateral
lobule Crus I showed a negative linear relationship of con-
sistent difference, and the posterior cerebellum follows an
“inverted-U” pattern. The latter pattern is indicative of
continued volumetric gains through adolescence, peaking
around age 30. Additionally, regional cerebellar volume
was significantly associated with several cognitive varia-
bles, particularly processing speed and spatial working
memory. Finally, we conducted exploratory follow-up
analyses of sex indicating that although males and females
have relatively similar patterns between age and regional
cerebellar volume, there may be differences with respect
to the relationships between age, regional volume, and
cognitive performance. Taken together, our results high-
light the importance of investigating the cerebellum from
a fine-grained regional approach, and also shed important
light on this structure from adolescence through middle
age, the latter of which is relatively poorly understood.
This work provides an important new perspective on cere-
bellar development and aging, taking into account the
understudied period of middle age, and provides further
evidence supporting a role for the cerebellum in cognition.
A better understanding of cerebellar structure and its func-
tional associations is important for understanding develop-
mental pathology, as well as the cognitive and motoric
declines associated with late life.

Cerebellar Structural Relationships With Age

Within the cerebellum, our results indicate different vol-
umetric trajectories in the anterior, posterior, vermis, and
Crus I regions. The anterior cerebellum and vermis follow
a logarithmic pattern such that volume was largest in ado-
lescents and dropped quickly during young adulthood.
However, Crus I showed a linear pattern, whereas the
posterior cerebellum was modeled with a quadratic fit
with an “inverted-U” pattern. As we hypothesized, the
volumetric pattern of the posterior cerebellum seems to

follow the protracted developmental pattern of the pre-
frontal cortex [Casey et al., 2000]. This finding is in accord-
ance with the established coupling between the prefrontal
cortex and posterior cerebellum (Bernard et al., 2012; Dia-
mond, 2000; Krienen and Buckner, 2009; Salmi et al., 2010).
However, it was somewhat surprising to see that Crus I
showed a linear pattern, as opposed to the “inverted-U”
pattern as it is also part of the posterior cerebellum. This
may be due to the functional role of Crus I, as well as the
multifunctional lobules included in the posterior grouping
in this study.

With that said, it is important to note that lobules VIIIa
and VIIIb, included in this posterior region are often asso-
ciated with motor function [Grodd et al., 2001]. However,
the patterns of resting state connectivity of these lobules
include prefrontal and more premotor regions as opposed
to primary motor cortical connections [Bernard et al., 2012;
Buckner et al., 2011], and it was recently suggested that
this posterior motor representation serves different func-
tions than the anterior cerebellar motor representation
[Donchin et al., 2012]. Thus, although motor regions were
included, their resting state associations with the prefron-
tal cortex and differing function suggest that they may
show relationships with age that are more like the cogni-
tive areas of this region, consistent with the quadratic pos-
terior pattern seen here.

Overall, the differential relationships with age in other
regions of the cerebellum highlight the notion that the cer-
ebellum is not uniformly influenced by development and
aging during adolescence and midlife. This finding is
somewhat inconsistent with Ziegler et al. [2012] who
showed a nonlinear relationship with age as measured
using VBM in more anterior regions of the cerebellum.
However, it is of note that their sample only looked at
adulthood and later life, and they took a whole brain
methodological approach, both of which may, at least in
part, explain this difference.

The logarithmic relationships between cerebellar volume
and age are consistent with normative development through
adulthood, based on measures of the whole cerebellar hemi-
spheres [Raz et al., 2005a]. Peak volume of the anterior
region and total grey matter volume are reached during the
early teen years and then begins to slowly decrease [Tieme-
ier et al., 2010]. The logarithmic pattern seen in our sample
is likely capturing the start of these decreases, which con-
tinue during early adulthood, but eventually slow down.
The linear relationship in Crus I is consistent with our prior
work, although it is notable that we did not include middle
age in our analyses [Bernard and Seidler, 2013]. To date,
there has not been any work investigating Crus I in develop-
ment, so its relationships with age are unclear. Together, our
results provide important new information regarding the
relationships between age and regional cerebellar volume
during midlife, furthering prior results indicating smaller
volume during later adulthood by demonstrating logarithmic
and linear relationships with age [Bernard and Seidler, 2013;
Raz et al., 2005a].

r Bernard et al. r

r 1114 r



Cognitive Function and Relationships With

Regional Cerebellar Volume

Consistent with prior work on cognitive function across
the lifespan, we found eventual performance deficits
across all of the cognitive tasks investigated, which relied
on more fluid cognitive abilities [Craik and Bialystok,
2006; Schaie, 1994; Park et al., 2001; Willis and Schaie,
2005]. These negative linear relationships indicate very
slowly decreasing performance from adolescence through
middle age, and the inclusion of older adults would
potentially indicate a relative plateau during midlife with
a more precipitous drop-off in performance during later
life, consistent with prior findings [Willis and Schaie,
2005]. However, it is important to note that processing
speed measures (digit-symbol coding and Trails A)
showed quadratic relationships with age indicative of
increased performance, reaching a peak during the later
20s, followed by worse performance during middle age.
This is consistent with developmental work showing
increases in processing speed in children and adolescents
[Kail, 1991] and declines in adulthood and later life [Salt-
house, 1996]. Furthermore, we were unable to investigate
the influence of education on these factors as all of the
individuals in our sample are very highly educated. There
was little variability, and those that were lower in educa-
tion were younger and still enrolled in school. It certainly
seems to be the case that education has an impact on cog-
nitive function in later life [Ardila, 2000; Whalley et al.,
2004] and understanding the interactions between age cog-
nitive function, and education, especially during midlife is
important for future work.

The close coupling between cerebellar and cerebral
structural development, supported by our findings and
those of others [Diamond, 2000; Lenroot et al., 2007; Tie-
meier et al., 2010], is also important for understanding
cognitive development. Interestingly, both processing
speed and spatial working memory reach adult-like matu-
rity by mid adolescence [De Luca et al., 2003; Luciana
et al., 2005; Luna et al., 2004], during the years when cere-
bellar volume is at its greatest [Tiemeier et al., 2010]. Thus,
cerebellar development through adolescence and young
adulthood is likely an important component to cognitive
development, just as it may be important for declines in
later life [Bernard and Seidler, 2014].

Importantly, we also found several associations between
cognitive function and regional cerebellar volume, irre-
spective of age in our sample, providing key information
regarding individual differences in performance with
respect to brain anatomy, and further support for the role
of the cerebellum in cognition. These relationships were
relatively consistent with the known cerebellar functional
topography with respect to the laterality of spatial process-
ing and the anterior contributions to motor function (given
the graphomotor contributions involved in processing
speed) [Stoodley et al., 2012; Stoodley and Schmahmann,
2009]. However, we did not differentially test the laterality

of these relationships, and thus only provide confirmatory
evidence. Furthermore, these findings in general provide
important information with respect to individual differen-
ces in performance and brain anatomy.

In several cases, the relationships between task perform-
ance and cerebellar volume were in the opposite direction
of what we would have initially expected. Larger volume
was associated with worse performance in several of our
multiple regression models. In older and younger adults
only, such counterintuitive findings were also seen [Ber-
nard and Seidler, 2013]. Here, larger volume in the ante-
rior cerebellum was associated with worse performance on
the digit-symbol coding task (processing speed), and
larger left posterior cerebellum was associated with shorter
spatial span. Post hoc follow-up analyses of the posterior
cerebellum, removing lobules VIIIa and VIIIb, which are
associated with motor functions showed similar counterin-
tuitive relationships, suggesting that the motor lobules are
not driving this finding.

It seems to be the case that bigger is not better in the
posterior cerebellum when it comes to cognitive perform-
ance. Similar findings have also been demonstrated in the
hippocampus [Foster et al., 1999] where larger volume is
associated with worse delayed recall. The authors suggest
that there may be abnormal pruning in the hippocampus
during development that results in these findings [Foster
et al., 1999]. This type of counterintuitive finding belies the
importance of in-depth cross-sectional studies, as they
hold the potential to yield important new perspectives. It
is possible that those with larger volume in the posterior
aspects of the cerebellum did not go through a sufficient
neural pruning process during development, which has
adverse consequences for behavior and that is being seen
here in our findings as well. However, our posterior
region also includes cerebellar lobules that have been asso-
ciated with the default mode network [Buckner et al.,
2011], which shows decreased activity during task per-
formance [Buckner et al., 2008]. While Buckner et al. [2011]
linked both Crus I and Crus II to the default mode net-
work, there are multiple studies linking these regions to
task positive activation during cognitive tasks [Balsters
et al., 2013; Chen and Desmond, 2005b; Stoodley et al.,
2012] to also indicate strong involvement in task-related
processing. Additionally, prior resting state work has asso-
ciated Crus I with frontoparietal networks [Bernard et al
2012], and this likely is contributing to some of the posi-
tive trends linking cognitive performance to Crus I vol-
ume. Crus II, however, is associated with the default
mode network across studies [Buckner et al., 2011; Bernard
et al., 2012], as was lobule IX. Lobule VIIb was also linked
with association cortices [Buckner et al., 2011]. Given the
strong presence of regions that are associated with the
default mode network, it is possible that larger volume in
this posterior cerebellar region is associated with the
inability to deactivate these regions during task perform-
ance. This is certainly however speculative and future
work would benefit from investigating these regions in
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association with internal mentation and mind wandering,
both of which have been associated with the default mode
network.

Finally, several multiple regression models evidenced
significant associations with age but not regional cerebellar
volume. We had initially expected to see relationships
between these regions and performance in our sample.
However, all of our participants were relatively high per-
forming healthy individuals. One possibility is that the
cerebellum is part of additional scaffolding relied on by
older adults to maintain cognitive performance at higher
levels [Park and Reuter-Lorenz, 2009; Reuter-lorenz and
Park, 2010]. When individuals are performing well, they
may not need to additionally rely on cerebellar regions for
task performance, so small differences in regional volume
may not yet be impacting performance.

Relatedly, we recently proposed that in advanced age,
the structural changes in the cerebellum may result in dys-
functional and degraded internal models of behavior [Ber-
nard and Seidler, 2014]. These internal model deficits may
result in performance declines, as seen in the motor and
cognitive domains in advanced age. Here, although
regional cerebellar volumes are certainly smaller in the
middle-aged individuals, the internal models may be func-
tioning well, such that these small morphological differen-
ces have not yet had an effect on behavior. As these
individuals continue to age, the proposed internal models
deficits will likely come into play.

Sex, Regional Cerebellar Volume, and Cognitive

Function

During development, there are known sex differences in
cerebellar volume trajectories [Tiemeier et al., 2010], and
there is some evidence to indicate that this is also the case
in aging [Raz et al., 2001; Rhyu et al., 1999], although
more recent work has suggested that when controlling for
TIV sex differences disappear in older adults (J€ancke et al.,
in press). As such, we completed exploratory post hoc
analyses of sex to probe potential differences between
males and females in regional cerebellar relationships with
age, cognitive performance, and cerebellar-behavior rela-
tionships. Primarily, we saw more linear relationships
between age and regional volume in females, although the
majority of these relationships were not statistically signifi-
cant, perhaps in part due to a lack of statistical power.
Furthermore, the quadratic relationships seen in the poste-
rior cerebellum in the whole-group analyses seem to be
driven by females. Comparably, the patterns of cognitive
performance were largely consistent, although often only
trends in females. Cerebellar-behavior relationships were
not, however, found in females, although the relationship
between regional volume, age, and processing speed was
still seen in males. Thus, while there may not be any sex
differences in volume in older adults when controlling for
TIV (J€ancke et al., in press), males and females may still

show different relationships between age and volume, par-
ticularly during adolescence and middle age, with an ulti-
mate endpoint where later life volumes do not differ.

Two factors may contribute to the lack of significance in
the females, and more moderate findings in males. First, it
may be that we lacked power in the female sample, as it
was about half the size of the male sample. In particular,
we were especially lacking in older females (Fig. 1). Given
this, our findings with respect to sex should in general be
interpreted with caution. With that said, this is likely not
the only contributing factor. We also must consider hor-
monal differences, and the potential impact of menopause
and perimenopause, which is certainly a factor in our sam-
ple. During development, puberty impacts subcortical
brain development [Goddings et al., 2013], and may con-
tribute to the sex differences in cerebellar development
[Tiemeier et al., 2010]. In older women, hormone replace-
ment therapy postmenopause is associated with differen-
ces in brain volume, and may help prevent volumetric loss
associated with menopause [Erickson et al., 2005; Erickson
et al., 2007; Resnick et al., 2009]. In our sample, we did not
have measures of menopausal status or hormone replace-
ment usage and were, therefore, unable to address this
interesting question. Future work investigating the cerebel-
lum in midlife and later life would benefit from taking
into account perimenopause and menopause, along with
hormone replacement therapy to better understand their
potential impact on this important brain structure. Further-
more, studies with matched sample sizes of males and
females, as well as larger samples of older females are also
necessary to better understand these findings, and mitigate
potential concerns with respect to statistical power.

Limitations

There are several important limitations to this work that
need to be considered. First, we used methods and regions
based on our a priori hypotheses regarding regional vol-
ume and cognition. Other methods, such as VBM, would
allow for a more data driven comparison of differences
and would not be confined to our predefined search space
(in this case, cerebellar regions). Future work taking
advantage of VBM would aid our understanding of cere-
bellar volume and its relationships with age and cognition,
and may further refine our knowledge regarding these
associations.

Second, the data in this study were collected as part of a
larger investigation into cognition and psychopathology,
and therefore, cognitive measures were the focus of data
collection. Although the Boulder sample does have some
measures of motor performance and learning, this is only
available for younger individuals. Prior work has impli-
cated regional cerebellar volume in motor performance
[Bernard and Seidler, 2013], and future work would bene-
fit from investigating larger batteries of motor and cogni-
tive function in one study. Relatedly, all of the participants
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here were age-matched to a clinical population, and as
such we did not have any individuals over the age of 65.
However, the investigation of adolescence and middle age
are especially important for understanding cerebellar
development and senescence, and as such this work
answers key open questions related to the relationships
between regional cerebellar volume and age during this
portion of the lifespan. Although we would expect to see
additional declines in both volume and cognitive function
in those over age 65, existing work allows us to infer fur-
ther declines. Future work, especially longitudinal work
including the whole lifespan, is however warranted. Addi-
tionally, this resulted in an oversampling of the 18–25 year
old cohort. Although we were primarily interested in
models with respect to age as opposed to age group com-
parisons, studies with larger older samples or more bal-
anced sampling are needed to further investigate and
confirm the patterns with age shown here.

In addition, we did not collect information related to
advanced expertise and only have very basic data regard-
ing occupation in our participants. An interesting body of
literature on use dependent plasticity has indicated that
there are changes in sensorimotor structures in musicians
[e.g., Imfeld et al. 2009] and professional athletes [H€anggi
et al., 2010]. Cerebellar volume may be impacted by such
expertise, or perhaps above average intellectual/cognitive
capabilities. Indeed in piano expert piano players, cerebel-
lar volume is larger in comparison to controls [Hutchinson
et al., 2003]. However, the investigations showing volumet-
ric differences in skilled populations are typically looking
at professionals with years of consistent practice and expe-
rience. Although many of our participants have likely had
some sports or musical experience, it is highly unlikely
that we have the number of participants with the extensive
experience described in prior work looking at expertise
[e.g., Imfeld et al 2009; H€anggi et al 2010] to have the
power to detect such differences. Furthermore, many of
our younger participants have not had time to reach such
levels of expertise. This may introduce additional noise
into our analyses, but it is unlikely that this is significantly
impacting our results.

We did include a small sample of left and mixed
handed individuals in our sample. Prior work has indi-
cated cerebellar asymmetries in left and right-handed indi-
viduals [Good et al., 2001; Snyder et al., 1995], although
there are no handedness differences in cerebellar volume
[Snyder et al., 1995]. Given that only eight people were
either left or mixed handed, we did not statistically com-
pare their volumes to the right-handed sample due to
issues of power. Numerically, the left and mixed handed
group shows a smaller total cerebellar volume (corrected
for total intracranial volume), but this was a difference of
0.5% volume, and the standard deviation of the right-
handed group was large (mean 6 SD; right handed:
8.11 6 1.01%; left handed: 7.65 6 0.67%). Because we were
interested in the relationships between regional volume
and age/cognition, and are not doing direct comparisons

of volume across groups, this small number of left/mixed
handed individuals likely has little impact on our findings.
Additionally, it adds to the representative nature of our
sample, as approximately 10% of the population is left or
mixed handed [Hardyck and Petrinovich, 1977], thus our
sample is roughly consistent with the population as a
whole.

Finally, it is of note that we used nonlinear models in
many of our analyses, based largely off of our qualitative
assessment of the data patterns. The fits used were chosen
based on two factors. First, we consulted the existing liter-
ature in both adolescence and advanced age [e.g., Raz
et al., 2005a, 2005b; Tiemeier et al., 2010; Ziegler et al.,
2012]. These investigations indicated that there are likely
nonlinear associations with age and the cerebellum during
adolescence and across the adult lifespan. During develop-
ment in particular, the posterior aspects of the cerebellum
show a nonlinear increase (inverse-U pattern). Coupled
with the suggestion that the posterior cerebellum tracks
the slower development of the prefrontal cortex [Diamond,
2000], we investigated the posterior cerebellum with a
quadratic function. Although Ziegler et al. [2012] found
nonlinear associations with the anterior cerebellum, multi-
ple studies by Raz et al. [2005a, b, 2010] indicated that the
volume of the cerebellar hemispheres shows a linear rela-
tionship with age. As such, this was applied to the ante-
rior cerebellum and Crus I. We also based our decisions
on our qualitative assessments of the patterns of data,
which is more arbitrary and may induce bias. Whether or
not these fits differ significantly in terms of variance
explained from a linear fit is interesting to consider, but it
is also important to note that these patterns do not appear
linear indicating that in most cases the fits would not be
ideal. We did, however, complete exploratory assessments
of linear models in cases where we initially used nonlinear
fits, and comparisons of the models indicate that there are
no significant differences across the fits. Although this
does not show that one fit is statistically better than the
other, the fact that both models are significant (which was
the case for the linear models) indicates that at a more
basic level we are reporting noteworthy effects. However,
in most cases the models we used originally accounted for
a larger degree of variance than linear models (typically
between 2 and 3% more variance was explained). With
that said, although we see differential volume-age relation-
ships across the regions investigated, these findings should
be considered cautiously as linear models also provide
reasonable and statistically comparable fits.

Conclusions

Using a sensitive anatomical method to investigate
regional cerebellar volume, we found that from adoles-
cence to late middle age regional cerebellar volume rela-
tionships with age differ regionally. Furthermore, we
characterized age-related patterns of performance on a

r Cerebellar Volume and Cognition r

r 1117 r



variety of cognitive tasks and provided further evidence
that the cerebellum contributes to cognitive performance
in a regionally specific manner across the lifespan. Taken
together, these results represent an important step in char-
acterizing the cerebellum and its role in cognitive function
over a large portion of the lifespan. This understanding of
regional volume-age relationships and their relationship to
cognition has important implications for our understand-
ing of normal development and aging but may also serve
as a key reference point for investigations into develop-
mental and age-related pathology.
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