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Abstract

Though the cortical contributions to age-related declines in motor and cognitive performance are

well-known, the potential contributions of the cerebellum are less clear. The diverse functions of

the cerebellum make it an important structure to investigate in aging. Here, we review the extant

literature on this topic. To date, there is evidence to indicate that there are morphological age

differences in the cerebellum that are linked to motor and cognitive behavior. Cerebellar

morphology is often as good as -- or even better -- at predicting performance than the prefrontal

cortex. We also touch on the few studies using functional neuroimaging and connectivity analyses

that further implicate the cerebellum in age-related performance declines. Importantly, we provide

a conceptual framework for the cerebellum influencing age differences in performance, centered

on the notion of degraded internal models. The evidence indicating that cerebellar age differences

associate with performance highlights the need for additional work in this domain to further

elucidate the role of the cerebellum in age differences in movement control and cognitive function.
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1.1 Introduction

Daily life requires a wide variety of motor and cognitive behaviors. Take for example a trip

to the grocery store to purchase ingredients for dinner. One needs to navigate the store,

execute a series of reach and grasp movements to place ingredients into a grocery cart, and

rely upon memory to ensure that all of the necessary ingredients have been purchased. With
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healthy aging, there are performance declines in both the motor and cognitive domains. As

the population rapidly ages, understanding the factors that contribute to these age-related

performance declines is critical for the development of appropriate targeted interventions

and preventative measures. While much progress has been made to date with respect to our

understanding of these performance declines, the majority of this work has focused on the

cerebral cortex. However, accumulating evidence supports a role for the cerebellum in both

motor and cognitive behaviors (eg. Leiner et al. 1986, 1993; Stoodley and Schmahmann

2009; Stoodley et al. 2012), and study of this structure may also provide important insights

into aging. Here, we provide an overview of the cognitive and motor deficits in aging with

respect to cortical structure and function. Importantly, we also provide a review of the extant

literature on the role of the cerebellum in these functional age differences. While much of

this work has focused on cross-sectional morphological comparisons, we will also briefly

touch upon task-based functional magnetic resonance imaging (fMRI) studies and work

using resting state functional connectivity MRI (fcMRI). In concert, this literature supports

an important role for the cerebellum in the cognitive and motor performance declines

associated with aging, perhaps due to degraded internal models of motor and cognitive

behaviors. Lastly, we will discuss potential targets for both future basic science research and

applied interventions focusing on the cerebellum in order to mitigate these declines.

1.1.2 Cognitive and Motor Function and Aging

With advanced age, individuals begin to exhibit performance declines in a variety of

domains, including working memory, processing speed, spatial processing, and long-term

memory, though notably crystallized knowledge, such as vocabulary, remains intact (Park et

al., 2001). Neural functional changes have been associated with performance declines (cf.

Reuter-Lorenz and Park 2010; Seidler et al. 2010). It has been suggested that the brain relies

upon neural scaffolding to try to maintain performance (Park and Reuter-Lorenz 2009;

Reuter-Lorenz and Park 2010). That is, additional prefrontal cortical resources are recruited

to compensate for functional declines, and though this activation may not be as neurally

efficient as that seen in young adults, the additional brain activation may allow older adults

to maintain higher levels of performance (Park and Reuter-Lorenz 2009; Reuter-Lorenz and

Park 2010). Indeed, over-activation in healthy aging is thought to perhaps be compensatory

in nature, given that in prefrontally-mediated cognitive tasks, activation of additional brain

regions is often associated with better task performance for older adults (Reuter-Lorenz and

Cappell, 2008).

Bilateral prefrontal cortical recruitment during cognitive task performance in older adults

was first demonstrated by Reuter-Lorenz and colleagues (2000) during the performance of

verbal and spatial working memory tasks. Subsequent to this finding, such activation

patterns were conceptualized within the hemispheric asymmetry reduction in older adults

(HAROLD) framework (Cabeza, 2002). Since these initial findings, this pattern has been

repeatedly demonstrated numerous times, indicating that such bilateral patterns of activation

are a robust difference between young and older adults during cognitive task performance

(for reviews see Reuter-Lorenz and Cappell 2008; Park and Reuter-Lorenz 2009; Reuter-

Lorenz and Park 2010).
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In addition to the known cognitive performance declines associated with advanced age,

deficits are also seen in the motor domain (reviewed in Seidler et al. 2010). There are gait

and balance declines associated with advanced age (Bohannon et al., 1984; Holviala et al.,

2012; Laughton et al., 2003; Maki et al., 1990; Prince et al., 1997), and older adults show

less learning on sensorimotor adaptation (Anguera et al., 2011) and motor sequence learning

tasks (Bo et al., 2011a, 2009). Perhaps not surprisingly, much like during cognitive task

performance, there are also differences in neural recruitment during the performance of

motor tasks.

Using a simple button-pressing task, Mattay and colleagues demonstrated that there is

greater activation in the motor cortex as well as in the cerebellum in older adults (Mattay et

al., 2002). Similarly, during a finger-to-thumb opposition task Naccarato and colleagues

(2006) also showed decreased laterality in motor cortical activation with advanced age. The

extent of this bilateral activation was positively correlated with age (Naccarato et al., 2006).

More recently, multi-voxel pattern analysis was employed to analyze a tapping task in

young and older adults, with the results showing decreased distinctiveness in motor

representations in the motor cortex and cerebellum in older adults (Carp et al., 2011). More

bilateral motor cortical representations in older adults has also been demonstrated at rest in

the absence of task performance using transcranial magnetic stimulation (Bernard and

Seidler, 2012).

Along with more bilateral activation in motor cortical regions during motor task

performance, older adults also recruit additional prefrontal cortical regions (Heuninckx et

al., 2008, 2005). Indeed, motor performance (alternating hand and foot movements) was

positively correlated with the degree of activation in the prefrontal cortex in older adults

(Heuninckx et al., 2008). Finally, dual-task motor and cognitive paradigms have shown

greater motor performance declines in older adults (Huxhold et al., 2006; Li et al., 2001;

Lindenberger et al., 2000; Lövdén et al., 2008) indicating an increased reliance on cognitive

resources during motor performance.

Taken together, the literature to date provides a great deal of evidence for age-related

declines in cognitive and motor function. Notably however, the work investigating the

neural underpinnings of these declines has focused largely on the cerebral cortex. A

complete overview of this literature is beyond the scope of the current review; the reader is

referred to other articles for additional information (Park and Reuter-Lorenz, 2009; Reuter-

Lorenz and Cappell, 2008; Seidler et al., 2010). While previous work focusing on age

differences in the cerebral cortex has greatly advanced our knowledge and understanding of

the aging mind and brain, an emerging literature points to the cerebellum as an important

area of interest in aging. This is particularly pertinent given work implicating the cerebellum

in both cognitive and motor tasks (eg. Leiner et al. 1986, 1989, 1991, 1993; Chen and

Desmond 2005a, 2005b; Stoodley and Schmahmann 2009). The majority of this work to

date has focused on cerebellar morphology, but evidence from both fMRI and resting state

fcMRI also point to a potential role for the cerebellum in age related cognitive and motor

performance declines.
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2.1 Cerebellar Morphology in Aging

As briefly noted above, the majority of the literature investigating the cerebellum in

advanced age is focused on cerebellar structure. Within this literature, several

methodological approaches have been used. These include stereological studies done on the

post-mortem brain, neuroimaging methods quantifying the volume of hand-traced regions of

interest, voxel-based morphometry (VBM), and diffusion tensor imaging (DTI) which

focuses on white matter structural integrity. Across these different methodologies, the

overall finding however remains the same – the volume of the cerebellum is smaller and

white matter integrity is reduced in older adults. The specificities of these findings and work

across these methods will be described in turn below.

2.1.1 Stereology

Stereological studies require the precise counting of cell types typically done in the post-

mortem brain, though there are also methods based on in vivo neuroimaging. This line of

work has been very informative for increasing our understanding of age differences in the

cerebellum at the cellular level. For example, Andersen and colleagues (Andersen et al.,

2003), found that with advanced age, there were significantly fewer Purkinje and granule

cells in the anterior cerebellum. There was also a significant age-related association in the

volume of the anterior cerebellum, and overall lower volume of cerebellar white matter

(Andersen et al., 2003). More recently, similar methods have revealed differences in

cerebellar volume in the brains of Alzheimer's Disease patients versus healthy age-matched

controls, though there were no differences in the number of Purkinje nor granule cells in the

two groups (Andersen et al., 2012). This latter finding highlights the potential impact of age-

related disease on the cerebellum, and the need for further study in this domain.

Recent stereological work in mice has also provided interesting data with respect to the

aging cerebellum. Though the hippocampus is often implicated in aging, the impact of age

on both the hippocampus and cerebellum was recently compared in a mouse model from 4

to 24 months of age (Woodruff-Pak et al., 2010). There was a significant age-related loss of

Purkinje cells in the cerebellum, though pyramidal cell numbers in the hippocampus were

stable. In addition, both cerebellar-mediated (eye-blink conditioning) and hippocampal-

mediated (contextual fear conditioning) tasks were tested in these mice. At 24 months, the

mice showed worse performance on the cerebellar eyeblink conditioning task, but there was

no age effect for the hippocampal fear conditioning task (Woodruff-Pak et al., 2010). Taken

together, the authors suggest that the cerebellum shows earlier senescence than the

hippocampus, and this might have crucial implications for aging (Woodruff-Pak et al.,

2010). Overall, across stereological studies in both humans and animal models, there is

evidence to indicate age-related decreases in the numbers of cerebellar cells, and as such, a

decrease in cerebellar volume.

2.1.2 Cerebellar Volume

Evidence of age differences in cerebellar volume assessed using MRI came starting in the

early 1990s (Shah et al., 1991), and since that time a large body of literature has supported

the idea that cerebellar volume is smaller in older individuals. First, we review work looking
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at the cerebellum as a whole, investigations using large divisions of the cerebellum (the

entire cerebellar vermis, or cerebellar hemispheres), and those exploring gray matter

globally using VBM. We will then focus on work, including our own, that has taken a finer

grained approach to subdivide the cerebellum to investigate regional volumes with respect to

aging.

Stereological techniques, similar to those previously described in animal models, have also

been used in humans with neuroimaging approaches. Tang and colleagues (2001) conducted

a longitudinal study of brain volume, and investigated the cerebral cortex, ventricles, and the

cerebellum. Scans were completed about 4 years apart, on average. For each participant,

scans were carefully investigated using point counting to determine the brain area, and

subsequently the volume. Significant decreases in cerebellar volume were found, on the

order of 1.2% per year with increased age (Tang et al., 2001).

Total cerebellar volume has been investigated primarily using automated techniques, with

several studies reporting smaller cerebellar volume with advanced age (Hoogendam et al.,

2012; Jernigan et al., 2001; Lee et al., 2009; Walhovd et al., 2011, 2005). Interestingly,

cerebellar volume does not seem to associate linearly with age. In increasingly older

individuals, cerebellar volume got smaller at a faster rate and was better described by a

quadratic function (Hoogendam et al., 2012; Walhovd et al., 2011, 2005). Compared to other

brain regions, the cerebellum showed significant negative correlations with advanced age,

similar in magnitude to the prefrontal cortex and second only to correlations between age

and the hippocampus (Jernigan et al., 2001). However, in both the cerebrum and the

cerebellum in this sample white matter declines were greater in magnitude than gray matter

declines (Jernigan et al., 2001), and more recent work has also indicated that white matter

drives age differences in cerebellar volume (Hoogendam et al., 2012). However, they also

noted that the underlying physiological factors that influence brain aging may differ across

regions (Hoogendam et al., 2012).

Using only a mid-sagittal MRI in a cross-sectional study of adults between 26 and 79 years

old, Shah and colleagues (Shah et al., 1991) revealed a negative correlation between age and

volume of the cerebellar vermis. Additional studies have since confirmed this finding of

smaller cerebellar vermis volume in older adults (Raz et al., 2001, 1998; Rhyu et al., 1999;

Sullivan et al., 2000) and have indicated that the vermis lobules VI and VII as well as VIII-

X may be particularly vulnerable to the effects of age (Raz et al., 1998). However, in a

follow-up study by Raz and colleagues (2001) this finding was not replicated. Sex

differences in cerebellar vermis volume have also been reported in advanced age (Rhyu et

al., 1999).

In the cerebellar hemispheres age differences in volume have also been observed. In two

studies with large cross-sectional samples from young adulthood through old age Raz and

colleagues (Raz et al., 2001, 1998) found a reduction in volume of the cerebellar

hemispheres with advanced age. However, the volume of the pons remained stable, perhaps

indicating that the cerebellar cortex is selectively impacted by aging (Raz et al., 2001, 1998).
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In addition to the studies that used either automatic segmentation methods (eg. Walhovd et

al. 2005, 2011) or hand tracing (eg. Raz et al. 1998, 2001), whole brain methods of

measuring gray matter (and white matter) density and methods that investigate regional

covariance in volume have also been employed. VBM is a relatively automatic method of

investigating gray matter that provides a comparison of the density of gray matter in a

particular region (at the voxel-level) across subjects or groups (Ashburner and Friston,

2000). Typically completed as part of whole-brain analyses, VBM has indicated that gray

matter in the cerebellum is impacted by aging. However, across multiple studies, this

cerebellar impact is in addition to widespread effects in the prefrontal cortex and motor

cortical areas (Abe et al., 2008; Giorgio et al., 2010; Kalpouzos et al., 2009). Within the

cerebellum, the posterior lobe, specifically lobules Crus I and Crus II seem to be especially

impacted by aging (Abe et al., 2008).

VBM data have also provided insight into the cerebellum in middle age as well. While our

primary focus is on the cerebellum in advanced age, understanding the cerebellum over the

course of the lifespan, particularly during middle age when many changes may begin to

occur is important. Using a sample ranging from young adulthood to middle age, Terribilli

and colleagues (Terribilli et al., 2011) found that regions of the prefrontal cortex as well as

the cerebellum were negatively correlated with age; older individuals had less gray matter

density.

Using VBM, covariance in gray matter between brain regions has also been investigated in

aging (Alexander et al., 2006). The network of gray matter covariance related to age

included bilateral frontal, temporal, and thalamic gray matter along with gray matter in the

right cerebellum located in the regions of Crus I and II (Alexander et al., 2006). Interestingly

these regions are similar to those associated with the resting state networks of Crus I and II

(Bernard et al., 2012) and are consistent with targets of white matter from these lobules

mapped using DTI (Salmi et al., 2010). Together, this may speak to deficits in cerebello-

cortical networks that are associated with cognitive function, which may be causally

associated with age-related cognitive declines.

Su and colleagues (2012) used multi-voxel pattern analysis (MVPA) to differentiate gray

matter covariance patterns between young and older adults. MVPA is a method that allows

researchers to compare the similarity of neural representations between groups and under

different conditions, quantifying the distinctiveness of the patterns of brain activity or

structure (Haxby, 2012; Haxby et al., 2001). Using this method, two patterns of covariance

were able to classify individuals by age. The first group of regions was made up of the

caudate and the pre- and post-central gyri, while the second group included the cerebellum,

thalamus and inferior frontal gyrus (Su et al., 2012). Again, it is interesting that a pattern of

brain covariance that is able to differentiate young from older adults includes cerebellar and

prefrontal regions, which are together involved in cognitive function via cerebellar-thalamo-

cortical loops.

Finally, though much of the work to date has been cross-sectional allowing for little

inference about the changes in volume of the cerebellum in older adults over time, there are

now several published longitudinal studies also supporting cerebellar volumetric declines
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with age (Raz et al., 2013, 2005; Smith et al., 2007). Within the five-year period, the volume

of the cerebellum showed decreases from time point one to time point two, supporting that

age per se rather than cohort effects underlie age differences in cerebellar volume (Raz et al.,

2005). Additionally, it was noted that the rate of cerebellar shrinkage decreased from young

to middle adulthood but then increased again with advanced age, and that the volumetric

decreases in both the cerebellum and the hippocampus accelerated with age (Raz et al.,

2005). Changes in cerebellar volume with advanced age have recently been shown in a time

period as short as 6 months, though cognitive training may help mitigate these changes (Raz

et al., 2013). Furthermore, longitudinal VBM investigations of the aging brain have also

provided evidence for decreased cerebellar gray matter, in addition to decreases in total

brain gray matter, prefrontal, parietal, and temporal cortical gray matter (Smith et al., 2007).

2.1.3 Regional Cerebellar Volume

It is clear that with age there are decreases in cerebellar volume in advanced age. However,

it is notable that the majority of the work in this domain has focused on the volume of the

entire cerebellum, or large subdivisions (vermis and hemispheres), despite the distinct

lobular organization and known diverse functions of the structure. A role for the cerebellum

in both cognitive and motor behavior has been postulated for quite some time (Leiner et al.,

1993, 1989, 1986; Schmahmann and Sherman, 1998); moreover, recent work in non-human

primates has demonstrated segregated cognitive and motor cerebello-cortical closed-loop

circuits (Kelly and Strick 2003; Dum and Strick 2009; for a review see Strick et al. 2009).

Similar distinct circuits have also been demonstrated in the human brain using fcMRI

(Bernard et al., 2012; Bernard et al., 2013; Habas et al., 2009; Krienen and Buckner, 2009;

O'Reilly et al., 2010), and crucially, a functional topography has been demonstrated in the

cerebellum with fMRI and meta-analysis (Stoodley and Schmahmann, 2010, 2009; Stoodley

et al., 2012). Together, this work underscores the importance of investigations of cerebellar

sub-regions, as aging may differentially impact regions of the cerebellum associated with

cognitive and motor function, and indeed some work has begun to address this question.

As noted above, using stereological methods, regional effects of aging were found in the

anterior lobe of the cerebellum (Andersen et al., 2003). Using neuroimaging, Luft and

colleagues (1999) investigated a group of individuals ranging in age from 19 to 73 years old.

The authors subdivided the cerebellum into the medial and lateral hemispheres, and the

former was further divided into three sub-regions. Additionally, they also subdivided the

vermis into three sub-regions. Total cerebellar volume remains relatively stable until age 50,

after which volumes are negatively correlated with age, but regionally, the vermis was

markedly impacted by age, while there were minimal trend-level changes in the medial

hemisphere, and the lateral hemisphere was not impacted by age at all (Luft et al., 1999).

Luft and colleagues therefore suggested a medio-lateral gradient of age decreases in

cerebellar volume. More recently, age differences in volume of the cerebellar vermis and the

whole cerebellum were demonstrated by Paul and colleagues (2009). Though they

subdivided the vermis and found that the posterior superior region (lobules VI, Crus I, Crus

II, and VIIb) was particularly impacted by age, they did not compare the vermis to other

more lateral regions of the cerebellum.
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Most recently, we took a lobular approach to investigating age differences in cerebellar

volume (Bernard and Seidler, 2013). Using cerebellar lobules as defined by the SUIT atlas

(Diedrichsen, 2006; Diedrichsen et al., 2009), we found overall differences in cerebellar

volume such that volume was significantly smaller in older adults. Interestingly however,

we also found a significant age by lobule interaction, with a general pattern indicating that

the anterior cerebellum and Crus I were most strongly impacted by aging (Bernard and

Seidler, 2013). Importantly, this further underscores the necessity of work investigating

lobular regions of the cerebellum in aging. Though we did not find evidence to support a

medio-lateral gradient of age differences in cerebellar volume as in Luft et al. (1999), it is

important to consider that we used different methodologies for subdividing the cerebellum

and investigating volume. Taken together, both studies indicate that regional cerebellar

morphology may be differentially impacted by aging. Table 1 provides a summary of the

studies investigating cerebellar morphological differences in young and older adults, and

highlights important patterns across these studies.

2.1.4 Diffusion Tensor Imaging of White Matter

Diffusion tensor imaging (DTI) assesses the structural integrity of white matter in the brain.

DTI measures the diffusion of water along the axons in the brain, and is quantified as

fractional anisotropy (FA), radial diffusivity (RD) -- which is interpreted as a measure of

myelination -- and axial diffusivity which indexes axonal integrity. DTI in older adults has

provided a wealth of information about the aging brain, and in general, white matter

integrity is decreased with advanced age (for a review see Sullivan and Pfefferbaum 2006).

In reviewing the literature on white matter structural integrity in aging, Sullivan and

Pfefferbaum noted that white matter differences with age follow an anterior to posterior

gradient, such that prefrontal white matter is typically most impacted by age, along with the

corpus callosum. However, they also noted that the cerebellum, possibly due to its

interactions with the prefrontal cortex and its role in cognitive function, may also contribute

significantly to age-related performance deficits (Sullivan and Pfefferbaum, 2006). The

consistent findings of decreased white matter integrity in the prefrontal cortex and corpus

callosum have been replicated repeatedly, and are beyond the scope of this review (e.g.

Fling et al., 2012, 2011; Head et al., 2004; O'Sullivan et al., 2001; Ota et al., 2006).

Importantly, however, though cerebello-cortical networks and brainstem white matter have

been delineated using DTI in young adults (Habas and Cabanis, 2007; Salmi et al., 2010),

new work has only just begun to investigate cerebellar white matter volume and structural

integrity in aging.

A whole brain analysis of gray and white matter volume as well as white matter structural

integrity revealed linear relationships between white matter volume and age in the

cerebellum such that white matter volume was smaller in older adults (Giorgio et al., 2010).

However, a large cross-sectional study demonstrated that cerebellar white matter actually

follows non-linear patterns of decline with advanced age and this pattern was confirmed in a

longitudinal follow-up sample (Fjell et al., 2013). Using DTI, Bennett and colleagues (2010)

also demonstrated age-related decreases in cerebellar white matter integrity (both FA and

RD) along with decreases in other brain regions. However, they argue that the degree to

which the cerebellum was impacted by aging indicates that patterns of age-related white
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matter integrity decreases are likely more complex than just following the hypothesized

anterior-posterior gradient (Bennett et al., 2010). Finally, decreased FA in the right

cerebellum and an overall increase in diffusivity in cerebellar white matter were detected by

Abe and colleagues (2008).

Using a voxel based technique to investigate changes in white matter fiber bundles with age,

Pagani and colleagues (2008) found correlations between white matter volume (calculated

based on DTI measures of FA) and age in the left superior cerebellar peduncle. Older adults

had smaller volume in the left cerebellar peduncle. Age differences were also found in the

corona radiata, the cingulum, and in the fornix (Pagani et al., 2008).

Two recent studies focusing on mobility and gait in aging have also implicated the white

matter integrity of the cerebellar peduncles (Cavallari et al., 2013; Kafri et al., 2013). The

cerebellar peduncles are white matter tracts of the cerebellum. The superior cerebellar

peduncle is the primary source of output for the cerebellum to the midbrain, while the

middle and inferior cerebellar peduncles connect the cerebellum with the cortex and spinal

and vestibular regions, respectively. In a large sample of older adults between the ages of 75

and 90, with no other known signs of cerebellar dysfunction, both mobility (self-paced

maximum walking speed, typical walking velocity, standing balance) and white matter

structural integrity of the cerebellar peduncles (superior, inferior, middle) were investigated

(Cavallari et al., 2013). Participants were grouped based on their mobility (high versus low

mobility scores), and there were significant differences in white matter integrity of the

cerebellar peduncles between the high and low mobility groups. Furthermore, within this

sample of older adults, multiple measures of white matter integrity (including FA and RD,

along with both axial and mean diffusivity) in the cerebellar peduncles were correlated with

age and mobility measures (Cavallari et al., 2013). This work highlights the importance of

cerebellar white matter for mobility in older adults, and provides some evidence that age

does negatively impact cerebellar white matter structural integrity.

Kafri and colleagues (2013) acquired DTI scans on a sample of older adults with high-level

gait disorder along with older and middle aged controls. Regions of interest in the superior

cerebellar peduncles, internal capsule (white matter tract in the brain), and cerebral

peduncles (white matter in the midbrain) were compared across the groups. The older adults

with high-level gait disorder had significantly lower FA in all of the investigated regions

except for the left internal capsule. Thus, age-related declines in balance and gait may be

linked to cerebellar white matter structural integrity, though further work is needed to

investigate this directly, and in comparison to young adult control groups. Furthermore,

work investigating cognitive behaviors with respect to these white matter tracts would be

particularly informative and provide support for the framework presented by Sullivan and

Pfefferbaum (2006) suggesting that the cerebellum may be important for age-related

declines in cognitive performance due to the rich connections between the cerebellum and

prefrontal cortex.
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3.1 Cerebellar Morphology and Performance

The large body of research demonstrating age differences in cerebellar morphology is

illuminating and points to the cerebellum as a potentially important area of study in aging.

Further support for the role of the cerebellum in aging comes from work linking

morphological differences to behavioral performance. While the cerebellum is not causally

implicated in age-related deficits, these relationships provide insight into the potential

contributions of the cerebellum to age-related motor and cognitive declines.

Several studies have linked the volume of the cerebellar hemispheres to motor function in

older adults. In one instance, adults between 22 to 80 years old completed a procedural

learning task (pursuit rotor) and two working memory tasks (verbal and non-verbal).

Volumes of the cerebellar hemispheres, striatum, prefrontal cortex and the hippocampus

were all investigated as well (Raz et al., 2000). Not surprisingly, the young adults performed

the pursuit rotor task better than the older adults. Smaller volumes in the cerebellar

hemispheres and putamen were associated with worse performance (less time on target), and

the authors speculate that shrinkage of the cerebellum and putamen mediate the impact of

age on procedural learning (Raz et al., 2000). During the later stages of learning, the

putamen was no longer related to performance, though the cerebellum and non-verbal

working memory were both important factors (Raz et al., 2000). It is also of note that the

volume of the cerebellar hemispheres was correlated with performance on both the verbal

and non-verbal working memory tasks (Raz et al., 2000). Together this work indicates that

reduced cerebellar volume may contribute to procedural learning deficits in older adults, and

that it also plays a role in working memory performance.

Eye-blink conditioning is also an implicit form of learning. In this paradigm, a puff of air is

administered to the eye resulting in a blink. Prior to the air-puff a tone is played. After

learning the association between the tone and air-puff individuals make anticipatory eye-

blinks (cf. Woodruff-Pak et al. 2000). The degree to which young adults learn this task,

quantified by anticipatory eye-blinks, is correlated with total cerebellar volume (Woodruff-

Pak et al. 2000). Older adults also show an association between total cerebellar volume and

eye blink conditioning, but have smaller cerebellar volumes than young adults and do not

form as strong of an association between the tone and air puff resulting in fewer anticipatory

eye-blinks (Woodruff-pak et al., 2001). Again, this implicates the cerebellum in deficits of

implicit learning in older adults.

Walking and balance in older adults have also been investigated in relation to the

cerebellum. Rosano and colleagues (2007) measured walking speed and standing balance

(the amount of time spent standing with the feet in tandem) along with regional gray matter

volume determined using automatic labeling methods. Slower walking speed was associated

with smaller volume in both the cerebellum and the prefrontal cortex whereas poorer

balance was associated with volume of the cerebellum, putamen, and the posterior parietal

lobe (Rosano et al., 2007). Importantly this work also included numerous covariates to take

into account physical health and cognitive abilities. Though for both balance and walking

speed multiple brain regions are implicated, these findings further implicate the cerebellum
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in motor declines in older adults and also support the idea that cerebellar-prefrontal circuits

may be especially important for motor and cognitive performance in older age.

Cognitive function has also been investigated, particularly with respect to the volume of the

cerebellar vermis (MacLullich et al., 2004; Miller et al., 2013; Paul et al., 2009). Both

MacLullich and colleagues and Miller and colleagues investigated the volume of four

subregions of the cerebellar vermis with respect to a large battery of cognitive tests

(MacLullich et al., 2004; Miller et al., 2013). In the earlier study the authors found that the

vermis region associated with lobule VI, Crus I and Crus II was correlated with processing

speed, memory, and visual reproduction, while a more anterior region of the vermis (lobules

IV and V) was correlated with visual reproduction. In all instances, larger volume was

associated with better performance (MacLullich et al., 2004). The results from Miller and

colleagues (2013) are consistent with the earlier study. However, they also found

relationships between vermis lobules VIII-X and general cognitive function. There were

several additional relationships with vermis lobules IV and V including reading ability,

speed of processing and executive function (Miller et al., 2013). Generally, preserved

cerebellar volume was indicative of better cognitive functioning in older adults.

Paul and colleagues also investigated cognitive function and the cerebellar vermis along

with the prefrontal cortex in a large adult sample (Paul et al., 2009). In the older adults, both

the prefrontal cortex and the cerebellar vermis were smaller than in young adults.

Furthermore, volume of both the prefrontal cortex and vermis were associated with

cognitive performance (Paul et al., 2009). However, when the authors controlled for the

prefrontal cortex in their analysis of the vermis, the relationships were no longer significant

(Paul et al., 2009). Thus, while the cerebellum likely plays an important role in cognitive

performance in older adults, it is also important to consider additional brain regions, as well

as the potential interactions between the cerebellum and cortical regions.

Cerebellar and cortical gray matter as measured using VBM have also been investigated

with respect to cognition in older adults. Lee and colleagues looked at gray matter with

respect to performance on the Weschler adult intelligence scale (WAIS), a measure of

general intelligence, in older adults (Lee et al., 2005). Though they initially expected the

relationships between intelligence and gray matter to be in the prefrontal cortex, the

significant associations were actually found in the posterior cerebellum, roughly in the

region of Crus I (Lee et al., 2005). The authors also noted that age was negatively correlated

with gray matter density in this area of the cerebellum (and in the prefrontal cortex), when

controlling for education levels.

Consistent with these findings, cerebellar gray matter indexed with VBM has also been

linked to general cognitive ability as quantified with non-verbal reasoning, speed of

processing, and both short and long term memory (Hogan et al., 2011). Regions in the

cerebellum as well as the cortex were positively correlated with general intelligence.

Interestingly, within the cerebellum alone, when prefrontal cortex gray and white matter

were controlled for, this relationship remained significant, further implicating the

cerebellum in general cognitive function in older adults (Hogan et al., 2011). Taken together

both Hogan and colleagues (2011) and Lee and colleagues (2005) have provided converging
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evidence indicating the potential importance of the cerebellum in general cognitive function

in advanced age.

In a unique approach looking at structural covariance between brain regions, gray and white

matter variation in both the cerebellum and prefrontal cortex were associated with

processing speed declines in older adults (Eckert et al., 2010). This approach allowed the

authors to look at relationships between brain regions and their links with behavior. The

relationships between the prefrontal cortex and cerebellum with respect to performance not

only highlight the importance of both of these regions for processing speed in older adults,

but also underscore the utility of looking at brain regions together and as part of networks

that influence behavior.

Finally, we have recently investigated regional cerebellar volume with respect to both motor

and cognitive performance in young and older adults (Bernard and Seidler, 2013), given the

functional topography of the human cerebellum (Stoodley and Schmahmann, 2009; Stoodley

et al., 2012). As described above, we looked at individual lobular volumes in both the

cerebellar hemispheres and the vermis. In addition, young and older adult participants

completed a battery of motor and cognitive assessments including working memory,

executive function measures, balance, motor learning (visuomotor adaptation), and timing.

When pooling across both age groups, we found that working memory performance was

positively associated with volume in the posterior cerebellum (Crus II through lobule X),

whereas motor performance (timing, balance, choice reaction time) was often negatively

associated with volumes in the posterior cerebellum and Crus I (Bernard and Seidler, 2013).

While this was somewhat surprising at first, we postulate that this is due to interference from

cognitive processing given that the cerebellar regions in question are often associated with

cognitive function and networks involving the prefrontal cortices (Bernard and Seidler,

2013). Additionally, we looked at differential relationships between regional volume and

behavior in young and older adults. We found evidence of differential relationship across

several tasks, indicating that the cerebellum may be differentially engaged in these tasks in

older adults, perhaps due to volumetric differences in these regions (Bernard and Seidler,

2013).

Across this emerging literature investigating cerebellar morphology with respect to behavior

in older adults, several clear patterns emerge. Table 2 provides a summary of these findings.

First and most obviously is that the cerebellum is related to performance across a variety of

motor and cognitive task domains in older adults, indicating that volumetric differences in

older adults may be a key factor contributing to the age-related declines seen in both the

motor and cognitive task domains. Second, sub-regions of the cerebellum seem to be

distinctly related to performance in older adults. Though there is relatively little work to date

investigating cerebellar sub-regions and behavior, this is an important area of future inquiry,

and thus far seems to be an important approach to take when investigating the cerebellum

with respect to behavior. Third, the notion of covariance between the cerebellum and

additional cortical regions, particularly the prefrontal cortex is an important one.

Considering networks with respect to behavior is important for our understanding of the

aging mind and brain, and doing so by investigating covariance between brain volumes

provides important insights into this important scientific question. Finally, across studies
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investigating the cerebellum and the prefrontal cortex, in several cases, the cerebellum is as

good a predictor of behavioral performance declines in older adults as the prefrontal cortex,

if not better (Eckert et al., 2010; Hogan et al., 2011; Lee et al., 2005). While it is unclear

whether or not the stronger associations with the cerebellum and behavioral performance are

due to ease of measurement in the cerebellum relative to the prefrontal cortex, or because

the cerebellum is indeed the better predictor of performance declines remains unknown.

However, the fact that the cerebellum closely tracks the patterns and relationships seen in

the prefrontal cortex is important, and makes future investigation of this structure with

respect to aging especially informative.

4.1 Functional Investigations of the Aging Cerebellum

4.1.1 fMRI Investigations

During the performance of both motor and cognitive tasks, older adults show different

patterns of brain activation (Cabeza, 2002; Mattay et al., 2002; Naccarato et al., 2006;

Reuter-Lorenz et al., 1999). These differences are manifest as increased bilateral activation

in the motor and prefrontal cortices during motor and cognitive tasks, respectively (Mattay

et al., 2002; Naccarato et al., 2006; Reuter-Lorenz et al., 1999). This pattern of more

bilateral activation seems to extend to the cerebellum as well. In their finger tapping study in

young and older adults, Mattay and colleagues (2002) also found bilateral activation in the

cerebellum in older adults relative to young adults, indicating that this bilateral activation

pattern extends to the cerebellum.

Similarly, when older adults were asked to perform memorized sequences of finger

movements, though older individuals were able to match the performance of young

individuals, they did so at a slower pace (Wu and Hallett, 2005). Functional activation

during the performance of these sequences of movements was also greater in older adults.

There was more bilateral activation in motor cortical areas, as well as in the anterior

cerebellum (lobules I-V; Wu and Hallett, 2005), consistent with the findings of Mattay and

colleagues (2002). Interestingly however, the authors also found areas of greater

deactivation in the young adults, which correspond largely to the default mode network (Wu

and Hallett, 2005). Thus, not only do older adults recruit additional cortical motor and

cerebellar brain resources during motor task performance, they also fail to deactivate the

default mode network to the same extent as young adults, which may be detrimental to

performance.

More recently, new imaging analysis methods have been used to investigate these patterns

of bilateral activation during motor tasks in the cortex and subcortical regions. Using multi-

voxel pattern analysis to compare the neural representations associated with unimanual

finger tapping in young and older adults, a decrease in the distinctiveness of finger

representations was revealed in older adults compared to young adult controls (Carp et al.,

2011). Importantly, the decrease in distinctiveness was seen in both cortical motor regions as

well as in the cerebellum.

Finally, evidence for increased bilateral motor activation in the cerebellum is also seen when

participants complete grip force tasks (Ward and Frackowiak, 2003). Here, young and older
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adult participants completed an isometric force task with both the dominant and the non-

dominant hand. Consistent with finger tapping and sequencing paradigms, the older adults

again showed a more bilateral pattern of activation in the cerebral cortex and the cerebellum

(Ward and Frackowiak, 2003).

In addition to the finding of increased bilateral cerebellar activation during motor tasks in

older adults, there is also evidence for decreased activation in the cerebellum. In an

investigation of internally and externally generated hand movements, though there was

greater activity in the primary motor cortex of older adults, Taniwaki and colleagues also

found decreased activity in the cerebellum in old relative to younger adults (Taniwaki et al.,

2007). Additionally, because they were interested in the interactions between cerebellar and

basal ganglia loops, the authors used structural equation modeling to look at these networks.

They found significant age differences in the cerebellar and basal ganglia networks such that

connectivity decreases in the cerebellar network were found during the externally triggered

task whereas basal ganglia decreases were associated with the internally generated task

(Taniwaki et al., 2007). Together, this work further demonstrates that the cerebellum is

functionally impacted with advanced age.

Relatedly, we (Bo et al., 2011a) recently demonstrated that older adults show less activation

relative to young adults in lobule VI of the cerebellum during symbolic motor learning. In

young adults this region was preferentially activated under conditions in which movements

were symbolically cued, and activation was correlated with the degree of learning over the

course of the test session (Bo et al., 2011b). A similar correlation between lobule VI

activation magnitude and learning was seen in older adults, but along with their overall

decreased activation, they also showed less learning when compared to young adults (Bo et

al., 2011a).

Work on sensory perception has also demonstrated changes in cerebellar functional

activation with advanced age. Using an odor discrimination task and a test of olfactory

threshold, Ferdon and Murphy ( 2003) investigated olfaction in older adults with a specific

focus on Crus I and II as well as lobule VI. The older adults showed poorer performance on

the odor identification test, and also had decreased functional activity in Crus I and II when

compared to the young adults (Ferdon and Murphy, 2003). This work implicates the

cerebellum in sensory function in older adults. Furthermore, though this was not a cognitive

task, age differences were seen in areas of the cerebellum (Crus I and II) often associated

with cognitive functions and networks with the prefrontal cortex (Bernard et al., 2012; Chen

and Desmond, 2005b; Stoodley and Schmahmann, 2009; Stoodley et al., 2012) and this may

indicate that there would be decreased activation in similar areas in older adults during

cognitive task performance. Crucially, it is notable that past work may have found such

differences in the cerebellum during cognitive performance, but they were not the main

interest of the investigation. As a result, cerebellar findings are perhaps lost in tables

reporting foci of activation. Both meta-analysis of the extant literature as well as direct

investigations of the cerebellum during the performance of non-motor tasks in older adults

are needed in order to more fully understand the role of the cerebellum in age-related

cognitive performance declines.
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4.1.2 Resting state functional connectivity

Resting state functional connectivity MRI (fcMRI) measures correlations in the blood

oxygen level dependent (BOLD) signal between different brain regions at rest (Biswal et al.,

1995, 2010). fcMRI is particularly useful for studying aging as the results are not

confounded by task demands which may differ between young and older adults.

Furthermore, the scan is relatively short which is beneficial for older individuals who may

be uncomfortable in the scanner environment. To date, particular attention has been paid to

the default mode network and motor networks in aging populations (Andrews-Hanna et al.,

2007; Damoiseaux et al., 2008; Langan et al., 2010; Wu et al., 2007). Across these studies, a

general decrease in resting state connectivity was seen with advanced age. Furthermore,

these changes in default mode network connectivity are also associated with behavioral

performance declines in older adults (Andrews-Hanna et al., 2007). A complete overview of

the findings of studies investigating connectivity in aging is beyond the scope of this review,

and it has recently been reviewed elsewhere (Ferreira and Busatto, 2013). However, the

utility of fcMRI to better understand the aging brain is clear, though there has been

relatively little work to date investigating cerebello-cortical networks, with the exception of

one study (Bernard et al., 2013). With that said, some of the work investigating resting state

networks in the aging brain has implicated the cerebellum.

In addition to the aforementioned investigation of the motor network by Wu and colleagues

which demonstrated a decrease in resting state connectivity with age (Wu et al., 2007), this

group also investigated regional homogeneity (ReHo) in young and older adults (Wu et al.,

2007). ReHo measures the similarity of the time series of a voxel in the resting state with

respect to its neighbors. When comparing ReHo within regions of the motor network in

young and older adults, they found decreased ReHo in motor cortical regions, the thalamus,

and both the left and right cerebellum (Wu et al., 2007). The authors suggest that perhaps

this is due in part to histological changes with age. This work further indicates changes in

motor networks at rest, and also implicates the cerebellum to some degree.

Recently, we directly investigated cerebello-cortical resting state networks in young and

older adults (Bernard et al., 2013). Using masks of each lobule of the right hemisphere and

vermis, we were able to compare resting state networks in older adults to those that we had

previously defined in young adults (Bernard et al., 2012), while controlling for lobular

volume. In general, our findings were consistent with the overall pattern of decreased

functional connectivity in older adults (Andrews-Hanna et al. 2007; Wu, Zang, Wang, Long,

Hallett, et al. 2007; Damoiseaux et al. 2008; Langan et al. 2010; reviewed in Ferreira and

Busatto 2013), as this was the case across all of the networks we investigated (Bernard et al.,

2013). Interestingly however, connectivity between the cerebellum and both the basal

ganglia and medial temporal lobe were particularly impacted by advanced age. Importantly,

decreased connectivity in the cerebello-cortical networks was also behaviorally relevant.

That is, connectivity strength was correlated with both motor (manual dexterity, timing,

balance confidence) and cognitive (working memory) performance in older adults (Bernard

et al., 2013), with greater connectivity strength associated with better performance. While

more work investigating cerebello-cortical networks in older adults is needed, these findings

further highlight the role of the cerebellum in aging. The decreased connectivity of
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functional networks in older adults and their implications for behavior indicate the

cerebellum may play a role in many of the performance declines seen with advanced age.

5.1 A Framework for the Cerebellum in Aging

It is clear that the cerebellum in older adults differs from that of young adults not only in

morphology, but also with respect to resting state networks and functional activation during

task performance. Furthermore, these differences seem to contribute, at least in part, to many

of the age related motor and cognitive performance declines. However, though the

cerebellum is different in older adults and these differences also contribute to behavioral

outcomes, the question of how the cerebellum impacts behavior in older adults remains

open. Certainly smaller volume may directly impact the performance of a variety of tasks,

but the cerebellum must not be considered as an independently acting structure, and its

networks with cortical and other subcortical regions such as the basal ganglia are perhaps

the more important feature when conceptualizing the role of the cerebellum in motor and

cognitive aging.

We know now that the cerebellum has distinct networks with the cerebral cortex, forming

closed-loop circuits with motor and cognitive cortical regions (Dum and Strick, 2009; Kelly

and Strick, 2003; Strick et al., 2009) and also with the basal ganglia (Bostan and Strick,

2010; Hoshi et al., 2005). Altered interactions between the cerebellum and the cortex or

basal ganglia due in part to the process of normal aging have the potential to result in a

variety of behavioral disruptions. In particular, the disrupted cortico-cerebellar networks

(Bernard et al., 2013), along with both the morphological and functional differences between

the cerebella of young and older adults (eg. Bernard and Seidler, 2013; Bo et al., 2011b;

Carp et al., 2011; Eckert et al., 2010; Raz et al., 2000) may affect the formation of new

internal models, and/or result in the degradation of existing internal models of both motor

and cognitive behaviors.

Because of the role of the cerebellum in such diverse behaviors in both the motor and

cognitive domain, in conjunction with the distinct closed-loop cerebello-cortical circuits, it

has been proposed that the cerebellum is important for the formation of internal models of

behavior (Ito, 2008; Ramnani, 2006). In the motor domain, it is thought that the cerebellum

helps control movements through inverse and forward models that allow for one to predict

the trajectory of a movement and then engage in rapid online corrections (Ito, 2008). Indeed,

over the course of learning a new motor task, there are changes in the engagement of the

cerebellum (Imamizu et al., 2000) and in the excitability of the cerebellum (Jayaram et al.,

2011) both of which may be indicative of the formation of new internal models of actions. A

similar framework with respect to internal models for cognitive behaviors has also been

proposed. However in this case, the cerebellum forms internal models of the mental

processes that are associated with said tasks (Ito, 2008) and these models allow for fluid

cognitive performance. Though the study of the cerebellum in advanced age is still an

emerging field, we speculate that the age-related differences in morphology, functional

activation, and networks of the cerebellum may result in the degradation of capacity to

predict behavioral outcomes (cf. Miall et al., 1993), and impaired formation of new internal

models resulting in a wide array of performance declines. Specifically, we propose that in
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advanced age, forward models are especially impacted, though inverse models may also be

impacted.

As discussed in detail above, there are morphological differences in the cerebellum between

young and older adults, and we and others have linked cerebellar morphology to behavioral

performance in older adults (Bernard and Seidler, 2013; Paul et al., 2009; Raz et al., 2000).

To a certain degree it is not surprising that cerebellar morphological differences with age are

associated with behavioral performance deficits. However, why these volumetric differences

result in behavioral deficits is still unexplored, and the most promising suggestion is due to

difficulty in forming or accessing internal models for a given task. Thus, in advanced age,

the inability to appropriately monitor motor and cognitive behavior through the cerebellum

(using forward models) may result in performance declines. Indeed Ito makes a similar

argument with respect to pathology (Ito, 2008). While healthy aging is certainly not a

pathological state, similar processes may be occurring on a smaller scale in the aging brain

resulting in degraded internal models of behavior. We suggest that the forward models that

allow for the monitoring of behavior through a corollary discharge that allows for the

comparison of ongoing behavior with the predicted behavior (Ito, 2008) are degraded.

Further supporting this notion is the evidence pointing to decreased functional connectivity

between the cerebellum and cerebral cortex with advanced age (Bernard et al., 2013) along

with data demonstrating decreased structural integrity of cerebellar white matter (Bennett et

al., 2010; Fjell et al., 2013; Giorgio et al., 2010). If in advanced age, the cerebellum is

further unable to communicate with the cerebral cortex due to degraded connections,

important updates about performance due to monitoring of the actual behavior (either a

movement or an unseen mental process) cannot be transmitted as effectively resulting in

behavioral deficits. In a similar vein, this would also impede the formation of precise

internal models of behavior negatively impacting behavioral performance in both the motor

and cognitive domains during the learning of new tasks (Figure 1). In fact, recent behavioral

evidence in the domain of proprioception supports the notion that internal models are

different in older adults when compared to young adults (Boisgontier and Nougier, 2013).

Indeed, such a framework might explain, at least in part, the associations between the

cerebellum and behavioral performance in older adults (Bernard et al., 2013; Bernard and

Seidler, 2013; MacLullich et al., 2004; Miller et al., 2013; Raz et al., 2000; Rosano et al.,

2007), particularly given that as discussed above, these relationships are often comparable to

or larger than behavioral associations with the prefrontal cortex. Degraded internal models

would have a broad impact on behavior generally, and would also do so across task

domains. Such a broad impact on behavior may explain at least in part why the cerebellum is

so strongly associated with performance decrements in older adults, even above and beyond

the prefrontal cortex. However, further work is needed to test this notion directly, and

investigations of the interactions between the cerebellum and prefrontal cortex are also

warranted.

In addition to evidence indicating that the cerebellum is important for the formation of

internal models of behavior, others have argued that the cerebellum is important for the

timing of behaviors (Keele and Ivry, 1990; Spencer and Ivry, 2013), or that the main

function of the cerebellum is in sequence processing (Molinari and Leggio, 2013; Molinari
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and Petrosini, 1997). Neither of these hypotheses are mutually exclusive of internal models,

and indeed they may be indicative of the computations made by the cerebellum as part of

these internal models. Both timing and sequencing deficits of the cerebellum may also

explain the contributions of the cerebellum to age-related performance declines; several

studies have reported age deficits in timing (Baudouin et al., 2006; Block et al., 1998; Craik

and Hay, 1999; McCormack et al., 2002). There is also substantial evidence to indicate that

older adults have deficits in sequence learning (Bo and Seidler, 2010; Bo et al., 2011a, 2009;

Curran, 1997), and as we noted above, in our recent work we found decreased activation in

the cerebellum in old relative to younger adults, that was correlated with learning (Bo et al.,

2011a). These sequencing deficits in advanced age may be indicative of a broader cerebellar

deficit in sequencing, which may extend to the non-motor domain, contributing to the

declines in motor and cognitive processing seen in advanced age. Thus the aging of the

cerebellum may produce timing and/or sequencing deficits, which in turn result in declines

in both motor and cognitive task performance. Future work directly comparing these

possible accounts is needed to better understand the role of the cerebellum in advanced age.

Finally, altered cerebellar-basal ganglia interactions may be an important contributor to

performance declines in older adults. Work in animal models has demonstrated anatomical

connections between the cerebellum and the basal ganglia (Bostan and Strick, 2010; Hoshi

et al., 2005), and we have found similar connections in the resting state (Bernard et al.,

2012, 2013; Kwak et al., 2010). However, in older adults, there are decreases in the

connectivity between these regions in the resting state, and connectivity strength is

correlated with behavioral performance on both motor and cognitive tasks (Bernard et al.,

2013). In addition to the proposed deficits with respect to internal models in older adults, the

age differences in cerebellar-basal ganglia interactions may be particularly important for

behavior as well. The specific information shared between these two structures is not clear,

but given that the cerebellum monitors behaviors and detects errors within the internal

model framework (Ito, 2008) and that the basal ganglia play a role in goal driven behavior, it

may be the case that the cerebellum is sending error information to the basal ganglia. In turn,

this may result in the updating of goals. If this system of communication is interrupted or

degraded due to age-related changes in connectivity, then behavior could in turn be affected

across multiple domains. Admittedly however, all of these hypotheses at this point remain

speculative. Future work is clearly needed to better understand and elucidate the role of the

cerebellum in aging, along with the specific mechanisms resulting in age-related

performance declines.

6.1 Future Directions

6.1.2. Cerebellar Interventions in Aging

Though it is obvious that there is still a great deal of work to be done investigating the

functional brain changes in the cerebellum with advanced age, investigations into cerebellar

targets for interventions are also needed. Given that the evidence to date from the volumetric

literature points to a role for the cerebellum in behavioral declines associated with aging

(e.g. Bernard & Seidler, 2013; Hogan et al., 2011; Raz, Williamson, Gunning-Dixon, Head,
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& Acker, 2000; Woodruff-pak et al., 2001), interventions targeting the cerebellum may help

mitigate some of the motor and cognitive deficits in older adults.

Broadly speaking, such interventions may benefit from taking into account the scaffolding

theory of aging and cognition (STAC) (Park and Reuter-Lorenz, 2009; Reuter-lorenz and

Park, 2010). According to this theory, physical changes in the brain due to age result in

altered brain function (with respect to both resting state networks and functional activation).

But, to compensate for this the brain creates new circuits that may not be as efficient as

those in young adults (such as the increased bilateral activation seen in older adults),

allowing for some maintenance of cognitive function in late life (Park and Reuter-Lorenz,

2009; Reuter-lorenz and Park, 2010). The increased bilateral activation in the cerebellum in

advanced age that was recently reported (Carp et al., 2011) may perhaps contribute to this

scaffolding. However, targeting the cerebellum is also important for improving this

scaffolding. As we have discussed, there are structural changes in the cerebellum with

advance age, and by targeting the structure and its networks, we may be able to improve

these scaffolds in older adults, allowing for continued maintenance of performance in older

adults. To date, there is work to indicate that targeting the cerebellum may be effective.

Recently, Raz and colleagues (2013) demonstrated that older adults who completed 100

days of cognitive training over 6 months showed smaller declines in cerebellar volume

compared to controls. However, the mechanisms underlying this finding are unclear as there

were no correlations between cerebellar volume and cognitive performance or change.

Somewhat relatedly, providing explicit cues about the environment and context can improve

performance and prediction (Imamizu et al., 2007). Using a similar approach in older adults,

and harnessing this notion for training may also help ameliorate age related performance

declines. Further work in this domain is needed, though Raz and colleagues (2013) have

highlighted the potential for behavioral interventions. In addition to targeting the cerebellum

and cortico-cerebellar circuits through behavioral paradigms, non-invasive brain stimulation

is a particularly promising method (Reis et al., 2008). Transcranial direct current stimulation

(tDCS) is an especially interesting technique given its ease of use and the fact that it is well-

tolerated by participants.

tDCS is similar to transcranial magnetic stimulation (TMS) in that an electrical current is

applied to the scalp and induces changes in brain function. However, unlike TMS which can

cause discomfort when stimulating over the cerebellum due to the neck musculature, tDCS

is much more comfortable and generally well-tolerated by participants due to the low

amplitude of stimulation. The ease of use and comfort make it a reasonable method to

consider in future interventions, and indeed the potential benefits of tDCS in rehabilitation

have recently been discussed (Block and Celnik, 2012). Most importantly however, is the

recent work using tDCS over the cerebellum demonstrating a variety of behavioral benefits

in both the motor and cognitive domains (for a review see Ferrucci and Priori 2013).

Within the motor domain, across several studies the benefits of cerebellar tDCS on

adaptation learning have been demonstrated. Using a visuomotor adaptation paradigm with

reaching movements combined with a 30 degree visual transformation, Galea and colleagues

(2011) demonstrated that individuals that received cerebellar tDCS adapted to the
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perturbation more quickly than with primary motor cortex stimulation. However, stimulation

to the primary motor cortex did help with the retention of the learning (Galea et al., 2011).

This finding has been recently replicated by Block and Celnik (2013), though they also

demonstrated that while tDCS speeds the adaptation process, it does not aid in intermanual

transfer of the learning. Together however, this work highlights the potential of tDCS to

improve motor learning.

Relatedly, adaptation has also been looked at with respect to gait. Jayaram and colleagues

(2012) used cerebellar tDCS during a gait adaptation task on a split-belt treadmill. Like the

upper limb adaptation work, cerebellar tDCS improved locomotor adaptation. Finally,

visuomotor tracking and adaptation of the ankle was investigated with cerebellar tDCS

(Shah et al., 2013). Consistent with both the upper limb and locomotor findings, individuals

were able to better track a sine wave with flexion of their non-dominant ankle when they

received tDCS over the cerebellum.

While tDCS investigations in the motor domain have consistently demonstrated the benefits

of cerebellar tDCS to learning, work on cognitive function has been somewhat mixed,

though notably there has also been much less work done in this domain. tDCS applied to the

cerebellum has been shown to be detrimental to working memory (Boehringer et al., 2012;

Ferrucci et al., 2008). However, Pope and Miall (2012) have shown benefits of tDCS on

cognitive performance. In their work, participants performed the paced auditory serial

addition task, the paced auditory serial subtraction task, and a verb generation task. In the

more complex subtraction task, performance after receiving tDCS was improved, as was

performance on the verb generation task. However, the easier addition task was not

improved with tDCS (Pope and Miall, 2012). This work indicates that there may be potential

cognitive benefits to be gleaned from cerebellar tDCS, but they are dependent upon task

difficulty (Pope and Miall, 2012). Clearly, further work is needed to investigate the

cognitive benefits of cerebellar tDCS given the mixed results to date, but this may be

potentially beneficial to older adults.

With that in mind, cerebellar tDCS may be particularly helpful for older individuals who

have demonstrated performance declines due to the natural changes that occur with

advanced age. Investigating the possible motor and cognitive benefits of cerebellar

stimulation is an interesting new research direction that has the potential to open up new

treatment and intervention options for older adults in order to improve quality of life and

day-to-day function. Future work investigating cerebellar stimulation will not only improve

our understanding of cerebellar contributions to age-related motor and cognitive declines,

but it also has the potential to lead to new treatment interventions for aging individuals.

6.1.2. Cerebellar Contributions to Age-Related Pathology

In addition to pursuing cerebellar targets for interventions to improve behavioral

performance in older adults, more in-depth investigations of the cerebellum with respect to

age-related pathologies are warranted. In Parkinson's disease, studying the cerebellum has

been an emerging area of great interest (cf. Wu and Hallett, 2013). Ballanger and colleagues

(2008) found that during a motor task where Parkinson's patients made button presses, there

was increased neural activity in the cerebellum. They speculate that this additional cerebellar
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activation may be an attempt to compensate for the basal ganglia deficits so that patients

could move more quickly (Ballanger et al., 2008). Similarly, hyperactivation in the

cerebellum of Parkinson's patients when performing a motor task is negatively correlated

with activation in the putamen (Yu et al., 2007). That is, individuals who had less activation

in the putamen also had more activation in the cerebellum, providing further support for the

notion that the cerebellum compensates for basal ganglia dysfunction in Parkinson's disease.

However, the exact role of the cerebellum in Parkinson's disease has yet to be delineated,

and a pathological role of the cerebellum has also been proposed in addition to the evidence

for compensation (Wu and Hallett, 2013).

Also of note is work pointing to a potential role for the cerebellum in Alzheimer's disease

(AD). A post-mortem stereological study comparing women with AD and age-matched

controls found that though there were no differences in the number of Purkinje and granule

cells in the cerebellum, women with AD had smaller cerebellar volume (Andersen et al.,

2012). Furthermore, additional post-mortem work demonstrated that out of 100 cases of AD,

47 individuals had plaques in the cerebellum, while none of the control individuals had such

plaques (Joachim et al., 1989). Together, this work indicates that the cerebellum is perhaps

impacted by AD, and this may contribute to the deficits seen in these patients.

Recent neuroimaging research also highlights the cerebellum in AD. A group of older

individuals were classified based on the severity of their dementia, and volumes of the

cerebellar hemispheres, vermis and posterior lobe were investigated along with the volume

of the temporal lobe (Baldaçara et al., 2010). Smaller volumes in these regions were seen in

patients with the most severe deficits, and interestingly, volumes of both the temporal lobe

and cerebellum were positively associated with dementia rating scales and self-reported

activity performance. That is, larger volumes indicated better function. Finally, it was also

noted that smaller volume in the temporal lobe, posterior cerebellum, and cerebellar vermis

were predictive of dementia in a subset of individuals that were healthy at the initial point of

study (Baldaçara et al., 2010). While the temporal lobe is also implicated along with the

cerebellum, this work further underscores the potential role of the cerebellum in the

pathophysiology of AD. Finally, fcMRI investigations in patients with amnestic mild

cognitive impairment have demonstrated that altered connectivity between the hippocampus

and a variety of brain regions including the cerebellum is associated with episodic memory

retrieval (Bai et al., 2009). Thus it appears that cerebellar-hippocampal interactions may at

least to some degree underlie memory deficits associated with AD. Across this work,

evidence is increasingly pointing to a potential role for the cerebellum in AD, and at the very

least, a better understanding of the cerebellum in the aging brain may provide important

insights into age-related pathology making this a fruitful area of future study.

7.1 Limitations

While it is clear that the cerebellum is decreased in volume with age, that there are

functional network differences in the cerebellum between young and older adults, and that

these volumetric and functional network differences are associated with both motor and

cognitive function, it is important to note that considering individual structures, or

subregions of a structure (in this case, individual cerebellar lobules) may not provide us with
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the most accurate picture of brain aging. Regional analyses of lobular cerebellar volume

have certainly provided us with greater insight into cerebellar function, and its contributions

to aging, but investigating interactions between multiple regions is also of great importance.

The cerebellum has anatomical and functional connections with both prefrontal and motor

cortical areas (Kelly and Strick 2003; Dum and Strick 2009; Habas et al. 2009; Krienen and

Buckner 2009; Strick et al. 2009; Bernard et al. 2012, 2013, In Press). It is therefore

important to consider the interactions between these regions in aging populations, and to

determine which brain region (or combination of brain regions) best explains the

performance declines seen in healthy aging. While some studies have begun to do this

(Eckert et al., 2010), a multifactorial approach will be an important future step in our

investigations of the neural underpinnings of cognitive and motor aging.

8.1 Conclusion

Age differences in overall cerebellar volume, as well as in regional volumes, are the most

consistent and well-documented phenomena related to cerebellar aging. In addition, age

differences in cerebellar functional activation as well in resting state functional connectivity

have also been reported. Taken together it is clear that the cerebellum is impacted by aging,

and given its role in a wide variety of task domains, it is an important area of research for

understanding the neural underpinnings of age-related motor and cognitive performance

declines. Indeed, both cerebellar morphology and resting state network connectivity have

been linked to behavioral performance in older adults. We propose that the functional and

morphological age differences in the cerebellum result in degraded internal models, and

impede the formation of new internal models contributing, at least in part, to the wide

variety of motor and cognitive deficits seen in older adults. Future work investigating the

cerebellum, as well as interactions between the cerebellum and the cerebral cortex in older

adults is warranted. Such work will provide further new insights into the aging mind and

brain, by taking into account the contributions of the cerebellum to a wide variety of

behaviors.
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Highlights

- Significant age differences in total and regional cerebellar gray matter volume

- Evidence also indicates decreased white matter structural integrity and functional

connectivity

- Cerebellar volume is strongly correlated with behavior, often more so than

prefrontal cortex volume

- We propose that cerebellar structural changes with advanced age result in degraded

internal models

- Degraded internal models may underlie age-related motor and cognitive

performance declines
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Figure 1.
Cerebellar-prefrontal interactions (via the thalamus) are illustrated as an example circuit that

is disrupted in advanced age. In young adults (solid lines), we see strong functional

connectivity between these regions. In older adults (dashed lines), connectivity is decreased.

We suggest that age effects on these cerebellar-prefrontal interactions may play a critical

role in motor and cognitive performance declines in advanced age. Disruption of additional

cerebello-cortical circuits, including those with the motor cortex and basal ganglia,

contribute to the wide variety of motor and cognitive performance declines seen in age. The

bottom schematic illustrates the hypothesized framework linking the cerebellum to age-

related declines in motor and cognitive performance. With advanced age, there is a loss of

cerebellar volume, and there are also degraded connections, both structural and functional,

between the cerebellum and cerebral cortex. Together, we suggest that this results in

degraded internal models that have a negative impact across task domains, given the closed-

loop circuitry of the cerebellum. Ultimately, this contributes to the motor and cognitive

performance declines seen in older adulthood. Non-invasive brain stimulation and

behavioral interventions targeting the cerebellum may help mitigate some of these declines.
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Table 1

Summary of studies investigating morphological differences in the cerebellum between young and older

adults. Both gray and white matter findings are included. DTI: diffusion tensor imaging; MVPA: multi-voxel

pattern analysis; VBM: voxel based morphometry; Anterior cerebellum: lobules I-V; Posterior cerebellum:

lobules VI-X.

Study Method Volumetric Findings

Gray Matter

Andersen et al. 2003 Post-mortem Stereology -Significant age-associated loss of Purkinje and granule cells in anterior
cerebellum
-Age-related decreases in volume of anterior cerebellum, and overall
decrease in cerebellar white matter volume

Andersen et al. 2012 Post-mortem Stereology - Differences in cerebellar volume in Alzheimer's patients compared to age-
matched controls

Tang et al. 2001 In vivo Stereology (Neuroimaging) - Longitudinal findings indicating a 1.2% decrease in cerebellar volume with
increasing age

Hoogendam et al.
2012

Automatic Labeling -Smaller cerebellar gray and white matter with increased age
-Age differences in cerebellar volume largely driven by white matter

Jernigan et al. 2001 Hand Tracing - Significant negative correlations between total cerebellar volume and age,
similar in magnitude to those in pre-frontal cortex, and second only to those
in the hippocampus

Lee et al. 2009 Automatic Labeling - Total cerebellar volume significantly smaller in older adults

Walhovd et al. 2005 Automatic Labeling - Declines in gray and white matter volume with age that were best fit using a
curvilinear function indicating greater declines with advanced age

Walhovd et al. 2011 Automatic Labeling - Cerebellar gray matter negatively associated with age, and further evidence
for accelerated declines in cerebellar white matter based on a curvilinear
function

Shah et al. 1991 Hand Tracing - Significant negative correlation between age and volume of anterior
cerebellar vermis

Raz et al. 1998 Hand Tracing -Significant negative correlations with age in the cerebellar vermis and
hemispheres
-Vermis lobules VI, VII, and VIII-X may be especially vulnerable to age
effects

Raz et al. 2001 Hand Tracing -Significant negative correlations with age in the cerebellar vermis and
hemispheres.
-Estimate that volume declines in the cerebellum occur at a rate of about 2%
per decade
- Does not replicate regional findings of Raz et al. 1998

Rhyu et al. 1999 Hand Tracing - Smaller cerebellar vermis volume only in women over 50, and no
differences in total cerebellar volume

Sullivan et al. 2000 Hand Tracing combined with
Automatic Segmentation

-Lower gray matter volume of the cerebellar vermis and hemispheres in
advanced age
-Also the case for lobules I-VIII

Abe et al. 2008 VBM - Negative age-related associations with gray matter density of Crus I and
Crus II as well as in the prefrontal cortex

Kalpouzos et al. 2009 VBM - Lower gray matter density in widespread brain regions including the
cerebellum

Giorgio et al. 2010 VBM - General widespread reduction in gray matter, including in the cerebellum,
along with prefrontal and motor cortical regions

Teribilli et al. 2011 VBM - In middle age there are also negative relationships between age and gray
matter and the cerebellum and prefrontal cortex (subjects 18-50 years old)

Alexander et al. 2006 VBM and Gray Matter Covariance - Network of gray matter covariance associated with advanced age that
included Crus I and II in the cerebellum, along with bilateral frontal,
temporal, and thalamic gray matter
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Study Method Volumetric Findings

Su et al. 2012 MVPA -Two patterns of volumetric covariance differentiate age groups
-One of the two patterns includes gray matter of the cerebellum, thalamus,
and inferior frontal gyrus

Raz et al. 2005 Hand Tracing - 5 year longitudinal study demonstrating volumetric loss over time in the
cerebellar hemispheres

Smith et al. 2007 VBM - Bi-annual longitudinal scanning indicated a significant decline in overall
gray matter volume with changes in the cerebellum, along with the frontal,
parietal and temporal cortices and basal ganglia

Raz et al. 2013 Hand Tracing -6-month longitudinal study indicating declines in cerebellar volume, but
they are attenuated with cognitive training
-Also showed volumetric shrinkage in the lateral prefrontal cortex,
hippocampus, and caudate

Luft et al. 1999 Hand Tracing & Automatic
Labeling

-Stable total cerebellar volume until about age 50, after which volume is
smaller
-Regional differences such that the vermis was greatly influenced by age,
trend level decreases in the medial hemispheres, and no age differences in the
lateral hemispheres

Paul et al. 2009 Automatic Labeling - Volumes of vermis lobules VI, Crus I, Crus II, and VIIb were especially
impacted by advanced age

Bernard & Seidler
2013

Automated Lobular Volume
Measurement

- Older adults showed smaller total cerebellar volume, but an age by lobule
interaction further indicated that the anterior cerebellum and Crus I were
especially impacted by age

White Matter

Giorgio et al. 2010 DTI - Linear negative association between cerebellar white matter integrity and
age

Fjell et al. 2013 Automatic Segmentation &
Labeling

- Non-linear decrease in cerebellar white matter volume with advanced age
that was also confirmed with a longitudinal sample

Bennett et al. 2010 DTI -Lower cerebellar white matter integrity, as well as in other cortical brain
regions in older adults
-Impact on cerebellar white matter indicates that anterior-posterior gradient
of decline is not fully followed

Abe et al. 2008 DTI - Lower FA with age in right cerebellum, and overall increase in diffusivity
in all cerebellar white matter, indicative of age-related loss of integrity

Pagani et al. 2008 DTI-based Volume Calculations - Negative correlations between age and white matter volume in the left
superior cerebellar peduncle

Cavallari et al. 2013 DTI -White matter integrity of cerebellar peduncles were negatively correlated
with age
-Mobility measures were also associated with white matter in the cerebellar
peduncles

Kafri et al. 2013 DTI - White matter integrity of the superior cerebellar peduncles was lower in
older adults with gait disorder
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Table 2

A summary of relationships between cerebellar morphology and motor and cognitive performance in older

adults. Notably, in several instances, the magnitude of these relationships were comparable to, or larger than

those between behavior and prefrontal cortex morphology. WAIS: Weschler Adult Intelligence Scale; STM:

short-term memory; LTM: long-term memory; VBM: voxel-based morphometry; Anterior cerebellum: lobules

I-V; Posterior cerebellum: lobules VI-X.

Study Method Task(s) Relationships with Cerebellum

Raz et al. 2000 Hand Tracing -Procedural Learning
-Verbal and Non-Verbal Working
Memory

-Cerebellar hemisphere and putamen volume positively
associated with early learning across sample from ages 22-80
-Cerebellar hemisphere volume remained correlated during
late learning and was also associated with working memory
measures

Woodruff-Pak
et al. 2000 and
2001

Hand Tracing - Eye-blink conditioning - Positive correlation between total cerebellar volume and
eye-blink conditioning in young adults alone, and when
collapsing across young and older adults

Rosano et al.
2007

Automatic Labeling -Walking speed
-Standing balance

-Slower walking speed negatively correlated with cerebellum
and PFC volumes
-Standing balance negatively correlated with cerebellum,
putamen, and posterior parietal lobe volume

MacLullich et
al. 2004

Hand Tracing -Raven's Matrices
-Paragraph recall
-Memory
-Visuospatial memory
-Verbal fluency
-Processing speed
-WAIS

-Vermis (lobules VI, Crus I and Crus II) volume associated
with processing speed, memory, and visuospatial memory
-Anterior vermis volume also associated with visuospatial
memory

Miller et al.
2013

Hand Tracing - Battery comparabley to
MacLullich et al. 2004

- Results generally consistent with MacLullich et al. 2004
-In addition, relationships between vermis lobules VIII-X
and general cognitive function along with vermis lobules IV
and V with reading ability, speed of processing, and
executive function
-Across both studies, preserved volume associated with
better performance

Paul et al.,
2009

Automatic Labeling -Motor tapping
-Reverse digit span
-Attention switching
-Verbal interference
-Spatial processing (maze task)
-Verbal Fluency
-Timing

-Prefrontal cortical and cerebellar vermis volumes associated
with cognitive performance (attention & spatial processing)
-When controlling for prefrontal cortical volume,
relationships with cerebellar vermis were no longer
significant

Lee et al. 2005 VBM - WAIS -Gray matter density in Crus I was correlated with general
intelligence assessed by the WAIS
-No relationships with PFC, which was counter to the
authors’ hypotheses

Hogan et al.
2011

VBM -Speed of Processing
-Non-Verbal Reasoning
-STM
-LTM

-Positive correlations with cerebellum and cortex gray matter
(general intelligence)
-When controlling for PFC cerebellum alone remained as a
strong predictor of general intelligence

Eckert et al.
2010

Structural Covariance
(source based
morphometry; SBM)

- Speed of Processing - Structural covariance between gray and white mater of the
PFC and cerebellum associated with declines in processing
speed

Bernard and
Seidler 2013

Automated Lobular
Volume
Measurement

-Verbal Working Memory
-Executive Function
-Balance
-Choice RT
-Motor Adaptation
-Timing

- Across age groups working memory performance
positively associated with posterior cerebellum
-Timing, balance, & choice RT were negatively associated
with posterior cerebellum volume across both groups
-Differential engagement of cerebellum across age groups
for some tasks
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