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Abstract

With the rapidly growing population of older adults, an improved understanding of brain and
cognitive aging is critical, given the impacts on health, independence, and quality of life. To

this point, we have a well-developed literature on the cortical contributions to cognition in
advanced age. However, while this work has been foundational for our understanding of brain and
behavior in older adults, subcortical contributions, particularly those from the cerebellum, have
not been integrated into these models and frameworks. Incorporating the cerebellum into models
of cognitive aging is an important step for moving the field forward. There has also been recent
interest in this structure in Alzheimer’s dementia, indicating that such work may be beneficial

to our understanding of neurodegenerative disease. Here, | provide an updated overview of the
cerebellum in advanced age and propose that it serves as a critical source of scaffolding or reserve
for cortical function. Age-related impacts on cerebellar function further impact cortical processing,
perhaps resulting in many of the activation patterns commonly seen in aging.
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Introduction

A comprehensive understanding of the aging brain and behavior continues to elude
researchers, though certainly substantial advances have been made. Given the rapidly aging
population across the majority of the globe, improved understanding of brain aging and its
subsequent impacts on behavior, health, and independence, are increasingly important. To
this point, we now have several decades of literature investigating the brain in aging with
respect to both structure and function due to the advent of brain imaging methodologies such
as magnetic resonance imaging (MRI) and positron emission tomography (PET). Thanks

to this foundational work, we now have a better understanding of age differences and
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longitudinal changes in brain structure (e.g., Raz et al. 2010, 2012; Walhovd et al. 2011),
function (e.g., Reuter-Lorenz et al. 1999; Cabeza 2002; Cabeza et al. 2002, 2018; Reuter-
Lorenz and Cappell 2008), and both structural and functional connectivity (e.g., Sullivan
and Pfefferbaum 2006; Andrews-Hanna et al. 2007; Damoiseaux et al. 2008; Salat 2011;
Bernard et al. 2013a, 2021a; Ferreira and Busatto 2013; Ferreira et al. 2016). This has also
extended to further advance our understanding of neurodegenerative diseases associated with
aging, in particular Alzheimer’s dementia. However, while our understanding of the aging
brain and behavior has expanded greatly in the past several decades, the ability to predict
behavioral outcomes for aging individuals, particularly those related to neurodegenerative
disease, remains largely elusive. To this point, the primary focus of research on aging, with
the exception of extensive work looking at the hippocampus (e.g., Daselaar et al. 2006;
Woodruff-Pak et al. 2010; Carr et al. 2017) has focused on the cerebral cortex. While this
work has been foundational for our understanding of brain and behavioral aging, it has also
left a hole in our understanding of brain processes, and in turn, in our understanding of the
factors that contribute to age-related behavioral differences and changes. Often overlook and
relatively understudied is the cerebellum, or “little brain”.

In the human brain, the cerebellum represents approximately 10% of total brain volume,
and recent estimates suggests that the surface area of the cerebellum is 78% of that in the
cerebral cortex (Sereno et al. 2020), highlighting the computational power of this structure.
Further, the posterior cerebellum, which is both structurally and functionally linked to the
prefrontal cortex (PFC) (e.g., Kelly and Strick 2003; Krienen and Buckner 2009; Strick

et al. 2009; Bernard et al. 2012), has increased in relative volume in proportion with the
evolution of the PFC (Balsters et al. 2010). Given the interconnectedness of this cerebellar
territory with the PFC, it is perhaps not surprising to find that functional task activation is
seen in this region during the performance of cognitive tasks (Stoodley and Schmahmann
2009; Stoodley et al. 2012; Keren-Happuch et al. 2014; King et al. 2019). In addition

to these posterior regions that are volumetrically larger as compared to other non-human
primates (Balsters et al. 2010), there are also regions associated with motor function, having
disynaptic connections with the motor cortex via the thalamus (e.g., Kelly and Strick 2003;
Salmi et al. 2010; Stoodley et al. 2012; Bernard et al. 2016; King, Hernandez-castillo,
Poldrack, et al. 2019). Because there are known differences in both motor and cognitive
function that are experienced in older adults (OA) (e.g., Seidler et al. 2010; Cabeza et al.
2018), understanding how the cerebellum differs in this population, and changes across
adulthood is of a great deal of interest and importance.

Current Perspectives on the Aging Brain and Behavior

At this point, the Literature on the cognitive neuroscience of aging has taken off and
produced a variety of descriptive frameworks and hypotheses related to cortical function and
activation patterns in OA. While an overview will be provided here to provide important
context, a more detail review and comparison across these frameworks is presented by
Festini and colleagues (Festini et al. 2018). Arguably, the most well-known of these patterns
is that of bilateral cortical activation in advanced age. First described by Reuter-Lorenz and
colleagues (Reuter-Lorenz et al. 1999), this was subsequently conceptualized as hemispheric
asymmetry reduction in older adults (HAROLD; Cabeza 2002). The HAROLD pattern
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has been robustly replicated, and though it was first focused on during cognitive task
performance, similar patterns are seen in the motor cortex as well (Mattay et al. 2002;
Seidler et al. 2010). In parallel to these bilateral patterns, a shift in activation from more
posterior cortical regions to more anterior regions in the prefrontal cortex has also been
described (Davis et al. 2008). While HAROLD and the posterior-to-anterior shift are both
largely descriptive, and provide excellent benchmarks for our understanding of functional
activation in the aging brain, additional frameworks have been subsequently developed to
generate theories and predictions with respect to brain activation patterns, and to better
understand the individual differences in behavioral outcomes for older adults.

The compensation-related utilization of neural circuits hypothesis (CRUNCH; Reuter-
Lorenz and Cappell 2008) postulates that the additional activation seen in OA in the
prefrontal cortex is compensatory. That is, OA use this activation to maintain performance
as tasks become increasingly difficult. Most notably CRUNCH allows for the generation

of testable predictions with respect to prefrontal activation patterns in OA in the context

of increasing task difficulty. Initial work looking at this idea was consistent with the
hypothesis. That is, as working memory load increased, OA showed increased activation

in the lateral PFC; however, they could only do this to a point and when the task became
too difficult, this activation decreased again (Cappell et al. 2010). More recently, it has been
demonstrated that training can improve the degree to which individuals can bring on these
resources, but in aging, this occurs only to a point (lordan et al. 2020). Notably, while there
is some evidence in support of the CRUNCH hypothesis, recent work has suggested that
these predictions do not always hold, and that there is, in general, not enough work testing
this directly to make any firm conclusions related to the compensatory nature of this bilateral
activation in older adults (Jamadar 2020).

While CRUNCH focuses on functional activation patterns in the PFC, the scaffolding theory
of aging and cognition, along with its revised version (STAC, STAC-R; Park and Reuter-
Lorenz 2009; Reuter-Lorenz and Park 2014) focuses instead on the brain, environmental,
and behavioral factors that contribute to behavioral outcomes in later life. In its revised
form STAC-R (Reuter-Lorenz and Park 2014) also considers the impact of plasticity, and
life experience at all points, recognizing that functional outcomes in OA are not static. In
both instantiations, STAC notes that scaffolding may be recruited in an effort to compensate
for changes in brain structure and networks in advanced age, but this scaffolding could

be in multiple forms (Park and Reuter-Lorenz 2009; Reuter-Lorenz and Park 2014). That

is, in individuals that better maintain white matter for example, they may be better able

to rely on other network connections for performance if there is volumetric loss in the

PFC. Similarly, bilateral activation patterns could be considered scaffolding of a sort, as
they too are recruited to compensate for other brain differences and changes and help to
maintain some degree of functional performance. Finally, cognitive training, exercise, or
nutritional interventions could also influence this scaffolding process, further mitigating
age-related changes, and contributing to the variability in performance in OA (Park and
Reuter-Lorenz 2009; Kennedy et al. 2014). Here, again, predictions related to brain structure
and networks with respect to their impact on behavioral performance and brain activation
patterns can be made. Notably, in the context of STAC and STAC-R, many things can

serve as scaffolding, further opening up new avenues for research to better understand
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factors (biological, psychological, environmental, etc.) that may scaffold function across
older adulthood. Critically, with this in mind, | have adopted the scaffolding term henceforth
throughout this review.

In a recent review on the cognitive neuroscience of aging, Cabeza and colleagues (Cabeza
et al. 2018) sought to clarify several key concepts, that are cross-cutting themes with

respect to the perspectives and frameworks just described. As they note, differences in
terminology and the definitions used in research in aging, can be a barrier to the needed
advances in the field, critical for better understand the variable trajectories that can be
experienced in later life (Cabeza et al. 2018). In their work, they provide definitions of
reserve, maintenance, and compensation based on work focused on aging in healthy OA.
Reserve refers to neurocognitive resources that can help buffer the effects of neural decline
seen in aging. Maintenance refers to the preservation of neural resources, with a particular
focus on bringing resources back to a baseline level, and not improvement beyond that
point. Finally, they refer to compensation as the recruitment of neural resources in the face
of increasing cognitive demands to help with performance (Cabeza et al. 2018). While

these definitions were not presented without controversy, particularly with respect to reserve
(Stern et al. 2019), they represent a helpful framework moving forward for research in this
domain. This terminology encompasses the ideas outlined above in existing frameworks

for function. Moving forward, | will be focusing on the idea of reserve and use this term
interchangeably with the notion of scaffolding. Ultimately, the concepts are the same and are
used in reference to the same idea. That is, what are the mechanisms that an individual may
rely upon to buffer against the changes experienced in older adulthood?

With all that said, what are the sources of reserve? What mechanisms are used to
compensate for changes in neural function in advanced age? While some of the theoretical
frameworks described above such as CRUNCH and STAC are agnostic as to the brain
regions involved (Reuter-Lorenz and Cappell 2008; Park and Reuter-Lorenz 2009; Reuter-
Lorenz and Park 2014), the majority of the work to this point has been focused on the
cerebral cortex. While this has been foundational for the development of these frameworks
and brought forth key insights into the aging brain, a portion of the puzzle is missing.

With the exception of the hippocampus, the integration of subcortical structures and circuits
into our broader conceptualizations of aging has been limited. Specifically, the cerebellum
may serve as a key region of reserve and may help scaffold function and performance

in the healthy brain. As individuals age, the cerebellum is impacted by the aging process
(MacLullich et al. 2004; Woodruff-Pak et al. 2010; Bernard and Seidler 2013a, 2014;
Bernard et al. 2013a; Miller et al. 2013), weakening this reserve, and in turn impacting
behavioral performance and cortical activation patterns. Indeed, loss of gray matter in the
cerebellum has been demonstrated to be second only to that in the hippocampus, and similar
in degree as losses in the PFC (Jernigan et al. 2001), while work in rodent models indicates
that cerebellar senescence may occur earlier relative to other brain regions (Woodruff-Pak et
al. 2010), and as such these losses may be particularly important for our understanding of
behavior.

As imaging methods have advanced in recent years, getting good coverage of the whole
brain to include the cerebellum in particular has advanced our knowledge of this structure,
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particularly in the context of its contributions to cognition (Schmahmann and Sherman 1998;
Stoodley and Schmahmann 2009; Stoodley et al. 2012; Keren-Happuch et al. 2014; King et
al. 2019), further underscoring the utility of its inclusion in our frameworks and discussions
of cognitive aging. Here, | will first provide an overview of cerebellar function and
processing, followed by an overview of the literature on the cerebellum and in advanced age.
| posit that the cerebellum is a critical form of reserve and that its functions serve to scaffold
cortical processing. Specifically, | argue that based on what is known to date about cerebellar
functions in behavior, this is a key region that contributes to automatic processing and
performance (Ramnani 2006, 2014; 1to 2008). In healthy young adults, cortical processing
can be offloaded to the cerebellum during task performance, freeing up cortical processing
resources so they can be further allocated if a task becomes more challenging. Based on
current work on the cerebellum in advanced age, | argue that this offloading cannot occur

as effectively, resulting in an increase in cortical processing, consistent with what is seen
and proposed in many of the existing frameworks (e.g., HAROLD, CRUNCH) (Cabeza
2002; Reuter-Lorenz and Lustig 2005; Reuter-Lorenz and Cappell 2008; Cappell et al. 2010;
Cabeza et al. 2018). This hypothesis also results in testable predictions with respect to
cerebellar activation patterns in conjunction with those in the cerebral cortex, as well as in
behavior. Notably, while the discussion throughout focuses primarily on the PFC, this idea
is applicable to all cortical areas, given that the cerebellum is connected to distinct regions
of the cortex through parallel closed-loop circuits (described further below) (Jissendi et al.
2008; Strick et al. 2009; Salmi, Pallesen, Neuvonen, et al. 2010). Thus, while the discussion
is often somewhat specific to the PFC, the idea would generalize more broadly across the
cortex.

Cerebellar processing and internal models

Before covering the cerebellum in aging in more detail, | will first provide a very brief
overview of cerebellar function. With that said, this is not meant to be exhaustive, but
primarily to serve as a touch point for readers less familiar with cerebellar function. For
readers interested in learning more about this topic there are many reviews available,

some more classic and many more recent that provide comprehensive accounts of this
functionality (Ramnani 2006, 2014; Ito 2008; Sokolov et al. 2017; Raymond and Medina
2018; Diedrichsen et al. 2019; Schmahmann et al. 2019) and more details about these
models. Broadly speaking, the cerebellum is thought to process internal models of behavior.
When considering internal models, it is recognized that they are important in the smooth
performance of motor tasks, and this has been adapted to include thought and cognitive
processes as well, given the closed-loop circuits linking the cerebellum to the cerebral
cortex (Ramnani 2006, 2014; Ito 2008; Sokolov et al. 2017; Schmahmann et al. 2019). In
the motor domain, over the course of learning new tasks, the cerebellum is involved and
activation becomes more refined (Imamizu et al. 2000) as the internal model becomes more
well-formed. Because the cytoarchitecture is consistent across the cerebellum, and the main
differences in the source of input, this argument and approach would extend to the cognitive
domain as well. Once an individual has well-formed and refined internal models, they may
be relied upon automatically to produce fluid behavior or thought. Further, with this reliance
upon learned internal models, individuals may then be able to free up cortical resources for
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other processing. Think for example about riding a bike, procedural knowledge that many
individuals have. Once this is well-learned, bike riding becomes fairly automatic, and during
a bike ride an individual may be able to think about other things or maintain a conversation
with a friend, all while keeping an eye on the path or road ahead. This is because automatic
procedural systems are allowing for the bike riding to occur while freeing up cortical
processing. If the resources allowing for that automatic bike riding, in this example the
internal models, are less reliable and functioning poorly (or, communicating less well with
the cortex) then the task will become more demanding and requires more cortical resources.
Indeed, we previously suggested that the structural and connectivity differences that impact
the cerebellum in advanced age (described briefly in the next section) negatively impact
processing related to internal models (Bernard and Seidler 2014).

The cerebellum in aging

Relatively recently, we reviewed the extant literature on the cerebellum in advanced age
(Bernard and Seidler 2014). In the interest of brevity, a brief overview of that work

is provided here, and an overview of notable updates to the literature are provided. As
reviewed by Bernard and Seidler (2014), there are significant age differences in cerebellar
volume, functional connectivity, and structural connectivity. This work proposed that as a
result of these differences in advanced age, cerebellar processing is negatively impacted.
As such, in the brain of older adults it is increasingly difficult to process efference

copies of task commands (be it motor or cognitive) due to the differences in connectivity
with the cortex (both structural and functional) and smaller volume which may relate to
reduced processing capacity (Bernard and Seidler 2014). Since this publication, additional
evidence supporting age differences in regional cerebellar volume has emerged, and it
further supports findings suggesting that regional cerebellar volume is associated with
behavioral performance (Koppelmans et al. 2015, 2017) Further, recent work from Han
and colleagues (Han et al. 2020) has advanced our understanding of regional cerebellar
volume in aging by demonstrating longitudinal changes in volume over time. While earlier
work had demonstrated changes in cerebellar volume in aging, this was done at a more
gross anatomical level (Raz et al. 2005, 2013). This new investigation looks at the lobular
level and has provided a more nuanced understanding of changes in the cerebellum in
advanced age (Han et al. 2020). In addition to this longitudinal work, we investigated
lobular volumetric associations with age from adolescence through middle age (Bernard et
al. 2015) and Romero and colleagues (Romero et al. 2021) conducted an extensive analysis
of lobular cerebellar volume in a large sample (n>2,500) ranging in age from 1 to 94

years old. The trajectories presented by Romero and colleagues (2021) indicate that during
childhood and adolescence there is a rapid increase in lobular volume when looking at raw
volumes, and when normalized, this decreases with age. They also found that cerebellar
white matter shows an inverted-u shaped relationship with age. The findings from Romero
and colleagues (2021) are broadly consistent with our work looking at adolescence and
adulthood through middle age (Bernard et al. 2015), though the relationships with age
differed based on cerebellar region. That is, in the lateral posterior aspects of the cerebellum,
we demonstrated an inverted-u relationship with age, but in anterior regions (e.g., Lobule V),
the relationships were negative linear associations (Bernard et al. 2015). Furthermore, in a
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large investigation using the OASIS data set, additional age differences in lobular cerebellar
volume have been reported (Uwisengeyimana et al. 2020), while Cui and colleagues (Cui et
al. 2020) found that volume was smaller in Lobules VI, X, Crus I and Crus Il bilaterally in
addition to unilateral lobular differences when comparing old adults to young. Furthermore,
they found that lobular volume was related to memory recall (Cui et al. 2020). Thus, while
individual studies may show some differences regarding the specificity of patterns of lobular
volume differences, together however, the literature on cerebellar structure in advanced age
is quite clear. In OA, cerebellar grey matter volume is smaller, and decreases over time when
investigated longitudinally.

In parallel to these structural differences, cerebellar functional connectivity and activation
are also different in OA. Since my prior review (Bernard and Seidler 2014), additional work
characterizing cerebellar resting state connectivity in advanced age has been published.

de Dieu Uwisengeyimana and colleagues (2020) demonstrated within cerebellar age
differences, as well as age differences in cerebello-cortical connectivity impacting the
medial temporal lobes, default mode network, and basal ganglia, which is nearly identical
to what we first reported (Bernard et al. 2013a). Furthermore, work investigating earlier
differences in connectivity, with a focus on middle age demonstrated that connectivity in
the motor network to the anterior cerebellum is lower when compared to young adults
(Siman-Tov et al. 2017). This work suggests that differences, at least in connectivity of
motor regions of the cerebellum, may begin to emerge earlier in adulthood. Finally, work
from my own group investigating resting state connectivity in the cerebellum has added

to this literature. We took advantage of a large-data set (Cambridge Center for Aging and
Neuroscience) (Shafto et al. 2014; Taylor et al. 2017) to investigate relationships between
age and cerebellar dentate connectivity across adulthood. Work in both non-human primates
and in humans has demonstrated that the dorsal and ventral sub-regions of the cerebellar
dentate nucleus are associated with motor and frontal/association cortices, respectively
(Dum and Strick 2003; Strick et al. 2009; Bernard et al. 2014; Steele et al. 2017). As this is
a key output region of the cerebellum, it was of great interest to understand how connectivity
relates to age. Given what is known about lobular cerebellar connectivity, it is perhaps not
surprising that in this sample of nearly 600 adults, there were negative correlations with

age (Bernard et al. 2021a). For seeds in both the dorsal and ventral dentate, with older age,
connectivity from the dentate nucleus to the cerebral cortex was lower. Furthermore, the
associations between connectivity and age were investigated for both males and females.
Different patterns of connectivity and age relationships were revealed between the two
sexes, and several significant interactions emerged, suggesting that the experience of aging
may impact connectivity of the dentate nucleus differently in females and males (Bernard et
al. 2021a).

With that said, patterns reflecting multi-directionality in advanced age are not uncommon.
Thus, while there is a substantial amount of evidence demonstrating lower connectivity
between the cerebellum and cortex in advanced age, this is not exclusively the case. In

an investigation of dynamic network segregation in advanced age, while most networks
showed lower segregation in advanced age, this was not the case for the cerebellum (He
et al. 2020). Furthermore, Seidler and colleagues (Seidler et al. 2015) investigated lobular
cerebellar connectivity in the context of motor function and demonstrated both higher and
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lower connectivity in older individuals depending upon the cerebellar seed. Cerebellar lobule
V111 showed higher connectivity with the putamen with increasing age, while Lobule V
showed lower connectivity with cortical regions (Seidler et al. 2015). Certainly, differences
in sample size, region, and analysis method could all result in somewhat diverging patterns.
On average, across studies there are noted age differences in cerebellar connectivity when
comparing young and older adults, wherein connectivity is generally lower in older adults.
However, aging is characterized by multi-dimensionality and there may be limited instances
where resting state cerebellar networks do not differ in advanced age.

While resting state connectivity provides insights into the functional interactions and
dynamics of the cerebellum in the context of the cortex and other subcortical regions,
functional activation during task performance in older adults is also of interest and
importance. Briefly, though the cerebellum is active during task performance across domains
(e.g., Stoodley et al. 2012; Keren-Happuch et al. 2014; King, Hernandez-Castillo, Poldrack,
et al. 2019), there are very few direct investigations of cerebellar functional activation in
advanced age. Though this literature is relatively limited, the work to date has led to key
insights. Using a predictive motor timing task Filip and colleagues (Filip et al. 2019) were
the first to directly investigate cerebellar function in older adults. Interestingly, the authors
found no major negative impacts of age on performance, even in the presences of robust
age differences in cerebellar structure (Filip et al. 2019). In parallel, they were the first

to suggest the idea of cerebellar scaffolding of function in advanced age, as they also
demonstrated increased functional activation in the cerebellum during task performance in
older adults that was associated with better performance. As such, they argued that this
increased activation was in order to scaffold and maintain performance.

In our own work looking at second-order rule learning, we found mixed results with respect
to cerebellar activation patterns in older adults relative to young adults. In this investigation,
modelled after prior work demonstrating that the cerebellum can encode higher-order rules
in young adults (Balsters et al. 2013), we demonstrated that while older adults did learn
these higher-order rules, there were age differences in this learning. Older adults never
reached the same degree of performance as young adults (Jackson et al. 2020). When
investigating cerebellar activation, analyses of effect sizes suggested significantly greater
activation in the cerebellum during early learning in young adults when compared to older
adults (Jackson et al. 2020). Unlike Filip and colleagues (Filip et al. 2019), when older
participants were learning the higher-order rules, they did not recruit the cerebellum as
extensively as young adults. However, when receiving performance feedback older adults
did show some cerebellar regions where activation effect sizes were larger than those seen in
young adults (Jackson et al. 2020). Thus, in this cognitive task, activation of the cerebellum
during performance is seemingly more complex.

In an attempt to synthesize across the existing literature, we also computed a large-

scale activation likelihood-estimation meta-analysis (Bernard et al. 2020). While direct
investigations of cerebellar functional activation in older adults are limited to those
described above, some degree of cerebellar activation in many, if not most, commonly used
tasks in cognitive and motor aging result in cerebellar activation (Stoodley and Schmahmann
2009; Stoodley et al. 2012; Keren-Happuch et al. 2014; King et al. 2019). We took
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advantage of this and synthesized these findings to compare young and older adults. After
collecting activation foci from 175 studies, we had data from 1,710 young adults and 2,160
older adults, across behavioral domains (Bernard et al. 2020). This investigation revealed
several key findings. First, when examining the functional topography of activation in the
cerebellum, the general patterns of overlap in older adults were greatly similar to what has
previously been reported in young adults (Stoodley and Schmahmann 2009; Keren-Happuch
et al. 2014; King et al. 2019; Bernard et al. 2020). Second, when we contrasted young

and older adults we saw that for cognitive tasks, activation overlap was substantially /ower
in older relative to younger adults. However, when we looked at motor tasks this pattern
was reversed and activation overlap was Aigherin older relative to younger (Bernard et al.
2020). This latter finding in the motor domain is consistent with what was observed by Filip
and colleagues (Filip et al. 2019) during predictive motor timing. Thus, their suggestion

of scaffolding of performance in the motor domain is consistent with our meta-analytic
findings. However, this was not the case for cognition. Indeed, it seems as though the
scaffolding is “shaky”, as older adults are bringing on cerebellar resources to help with
performance during cognitive tasks. One possibility that we suggested for these domain
differences is in the context of internal models (e.g., Ramnani 2006; Ito 2008; Bernard

and Seidler 2014; Bernard et al. 2020), as older adults have differing input and feedback
loops for information about ongoing cognitive versus motor performance relative to younger
adults. That is, cognitive performance information will have feedback coming from the
cortex, whereas feedback about motor behaviors may be more peripheral and via spinal
circuits, and these pathways may be differentially impacted in advanced age (Bernard et

al. 2020). In this context however, this work provides an indication that cerebellar function
during cognitive performance may be altered in older adults, and contributes, at least in part
to the differences and declines experienced in advanced age.

Cerebello-Subcortical Interactions in Advanced Age

As described above, the cerebellum is structurally and functionally different in advanced
age. And, while connectivity measures imply interactions with the cortex also differ, there
are two subcortical circuits that are notable and worth further discussion, particularly

when considering whether and how the cerebellum contributes to age-related behavioral
differences and changes. In our exploratory resting state work investigating lobular
connectivity, we consistently saw differences in connectivity with both the striatum and
medial temporal lobes (Bernard et al. 2013a), and additional recent work has replicated this
(Uwisengeyimana et al. 2020). Given the suggested importance of subcortical structures and
interactions, further consideration of the basal ganglia and medial temporal lobes in relation
to the cerebellum is of importance for our conceptualization of the role of this structure in
cognitive aging.

Cerebellum and Basal Ganglia

The basal ganglia, like the cerebellum are often considered in the context of motor behavior,
given their prominent role in movement disorders such as Parkinson’s Disease. However, the
connectivity patterns of the basal ganglia indicate interactions with the cortex more broadly,

including cognitive and associative regions (Di Martino et al. 2008; Draganski et al. 2008;
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Gordon et al. 2021; Liu et al. 2021). Furthermore, there is longstanding evidence to suggest
that the basal ganglia are important for cognitive processing (e.g., Graybiel 1997; Middleton
and Strick 2000). A more recent meta-analysis has also provided strong support for the basal
ganglia in cognitive processing, and further demonstrates a degree of functional topography
that is consistent with the known network topography and organization (Di Martino et al.
2008; Draganski et al. 2008; Bernard et al. 2017; Gordon et al. 2021; Liu et al. 2021).

Thus, much like the cerebellum there are both cognitive and motor contributions of the basal
ganglia, though a complete overview of this literature is beyond the scope of this review.

The most recent investigations of connectivity patterns of the basal ganglia have
demonstrated that there is a great deal of evolutionary conservation with respect to the
connections with the cortex, as compared to non-human primates; however, there has also
been the emergence of circuits that are seemingly uniquely human and relate to language
(Liu et al. 2021). Furthermore, when mapping function using meta-analysis, activation
overlap across unique task domains parallels the relative organization of circuits mapped
using diffusion tensor imaging (Bernard et al. 2017). Notably, this work broadly suggests a
degree of topographical organization within the basal ganglia, while also providing evidence
that these nuclei are involved in a wide range of task domains beyond just motor function.

In advanced age, function of the basal ganglia is also notably impacted. Much of the

work in this domain has focused on dopamine. Differences in dopaminergic function in

the basal ganglia of aged individuals have been reported across mammal species (Morgan
and Finch, 1988). In the human brain, in advanced age there is a decrease in dopaminergic
receptor density, a decline in the dopamine transporter, and a decrease in dopaminergic
cells in the substantia nigra resulting in an overall downregulation of the dopaminergic
system (Backman et al. 2006). It has also been suggested that the dopaminergic system

may be under responsive during cognitive performance (Bdckman et al. 2010). Finally,
dopamine release may be decreased in advanced age (Karlsson et al. 2009). Meta-analytic
data supports this, though age-effects on dopamine release are not as clear as there is less
data in this regard (Karrer et al. 2017). Critically however, these age-differences in dopamine
associated with the basal ganglia are related to cognitive performance (Backman et al. 2006,
2010; Karrer et al. 2017) in large part due to dopaminergic receptors in the prefrontal
cortex. Motor behaviors have also been implicated as well (Noohi et al. 2014). Furthermore,
both structural and functional networks connecting the basal ganglia and cortex have been
implicated in cognitive performance in older adults (Ystad et al. 2010, 2011). While this
aspect of the literature is not as robust as that focused on the dopaminergic system, and
much is still to be learned about the basal ganglia in healthy normative aging, it is certainly
the case that this region is impacted in advanced age, and in ways that impact behavioral
performance, contributing to the normative age-related declines seen in motor and cognitive
function.

Though the cerebellum and basal ganglia are often investigated separately, particularly
in investigations of connectivity, both regions are not independent from one another.
Behaviorally, in motor learning in particular, these structures have been recognized as
complementary, and together play a key role in learning and performance (e.g., Doyon
et al. 2018). However, anatomically, these regions also share connections. In non-human
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primates, bi-directional circuits connecting the basal ganglia to the cerebellum have been
delineated (Hoshi et al. 2005; Bostan et al. 2010; Bostan and Strick 2018). While in

the human brain it can be difficult to resolve the dense white matter between these two
regions, at least one investigation has confirmed the structural connections between these
key subcortical regions (Pelzer et al. 2013). Furthermore, at rest, there are robust interactions
between the cerebellum and basal ganglia in the human brain (Hausman et al. 2020). The
resting state signal in subregions that share functional contributions (that is areas associated
with motor tasks, and those associated with non-motor tasks) are strongly correlated with
one another (Hausman et al., 2020) further supporting the interactions between these

key subcortical structures. As such, together, these regions may further act as a broader
subcortical scaffolding for function in advanced age.

Indeed, as alluded to above when investigating cerebellar connectivity in older adults, a
pattern wherein connectivity between the cerebellum and basal ganglia was consistently
lower in older relative to young adults was revealed (Bernard et al. 2013a). To follow-up on
this finding we completed a targeted investigation of connectivity between the cerebellum
and basal ganglia in older adults in comparison to young adults. This work demonstrated
that older individuals show significantly lower connectivity between the cerebellum and
basal ganglia when compared to young (Hausman et al. 2020). In addition, not only

is connectivity lower, but it is different in direction. That is, in older adults, we saw
anti-correlations between the cerebellum and basal ganglia. The overall consistency of
this targeted investigation with our prior whole-brain exploratory work provided strong
additional evidence to suggest age differences in the communication between these two
important sub-cortical regions (Bernard et al. 2013; Hausman et al. 2020). Furthermore, it
suggests that age differences in the cerebellum, along with its interactions with the basal
ganglia may have wide-reaching impacts on cortical function as a form of scaffolding in
advanced age.

Cerebellum and Hippocampus

When thinking about aging, the structure perhaps most often mentioned is the hippocampus,
given its prominent role in memory. An exhaustive overview of the role of the hippocampus
in memory, spatial navigation, and cognition more generally is beyond the scope of this
review, as is a detailed overview of age differences in changes in this structure and its
function. In brief, we know that the hippocampus is smaller in older adults (e.g., Raz et al.
2004), and hippocampal function is different (e.g., Daselaar et al. 2006; Carr et al. 2017),
which has impacts for memory, spatial navigation, and cognition more generally (e.g.,
O’Shea et al. 2016). Furthermore, there are hippocampal contributions to motor learning
(Schendan et al. 2003; Doyon et al. 2018) which could in turn have impacts for rehabilitation
in advanced age. The relative importance of the hippocampus, coupled with its purported
role in Alzheimer’s disease (Halliday 2017) have resulted in a large literature focused on the
structure in advanced age; however, consideration of its interactions with the cerebellum are
of interest, particularly given the important role both of these structures play in cognition.

Just as much of our initial understanding of cerebello-thalamo-cortical circuits was based
on work in non-human animal models (Dum and Strick 2003; Kelly and Strick 2003;
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Hoshi et al. 2005; Strick et al. 2009; Bostan et al. 2010), such is also the case with

respect to interactions between the cerebellum and hippocampus. As reviewed by Yu and
Krook-Magnuson (Yu and Krook-Magnuson 2015), in animal models, largely rodent, there
are bidirectional interactions between the cerebellum and hippocampus, with evidence
largely coming from work investigating spatial and temporal processing. They also highlight
that these interactions could be due to direct connections between the two regions; but,
multi-synaptic pathways would also allow for the emergence of the cerebello-hippocampal
circuits. In subsequent empirical work focused on goal-directed behavior in the context of
navigation, there was prominent involvement of the cerebellum and hippocampus together
once animals learned a sequence of movements, moving these interactions beyond just
spatial and temporal processing (Babayan et al. 2017). In a detailed study investigating both
structural connections and functional interactions between the cerebellum and hippocampus,
Watson and colleagues (Watson et al. 2019) found that there are indeed multi-synaptic
connections linking the cerebellum and hippocampus, as evidenced using rabies tracers.
Most notably, they demonstrated three main inputs to the hippocampus from the cerebellum:
from the vestibulo-cerebellum, the central region of the structure via Vermis VI, and finally
from Crus I via the dentate nucleus (Watson et al. 2019). Furthermore, they also found
functional interactions between the regions, as quantified by local field potentials during a
spatial learning task (Watson et al. 2019). Finally, further showing the interactions between
the regions, and providing a degree of relative causality with respect to these interactions,
work using optogenetic stimulation to the cerebellum resulted in disrupted performance

on a spatial memory task but also influenced the local field potentials recorded from the
hippocampus, relative to a control condition (Zeidler et al. 2020). With this work, the
authors coined the idea of the “hippobellum” given the interactions between these regions,
and the notion that modulation of the cerebellum can in turn influence the hippocampus

and associated cognitive functions (Zeidler et al. 2020). Notably however, this is not an
exhaustive overview of this literature (see Yu & Krook-Magnuson 2015 for a review),

but this highlights the interactions between these important regions as investigated in non-
human animal models.

Given the vibrant literature on interactions between the cerebellum and hippocampus in
animal models and the known important contributions of these structures to cognition, there
is also work investigating these structures and their interactions in the human brain. As noted
above, we have long known that both the cerebellum and hippocampus are involved in motor
sequence learning (Schendan et al. 2003; Doyon et al. 2018). However more recently, as

our knowledge and understanding of cerebellar involvement in varying domains of cognitive
function has grown (e.g., Stoodley et al. 2012; King, Hernandez-Castillo, et al. 2019), there
is also an interest in its contributions to domains like spatial processing, an area where

the hippocampus has been heavily implicated. Using a virtual reality navigation task in the
neuroimaging environment Igléi and colleagues (Igléi et al. 2015) specifically investigated
the cerebellum in this domain. Further supporting the existence of interactions between

the cerebellum and hippocampus they suggested that there are two functional circuits that
engage Crus | of the cerebellum and the hippocampus for place-based and sequence-based
navigation (Igloi et al. 2015). This work highlights the functional interactions between

these regions, and extends our understanding of cerebellar and hippocampal involvement in
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function beyond motor sequence learning. Finally, structural connectivity between the two
regions has been mapped in the human brain using diffusion imaging (Arrigo et al. 2014).
While this work has a small sample and replication is needed, it suggests the possibility of
a direct connection from the hippocampus to the cerebellum, via the cerebellar peduncles
may be present in the human brain (Arrigo et al. 2014). With that said, it is also worth
highlighting that indirect pathways, such as those outlined by Yu and Crook-Magnuson
(2015), may support cerebello-hippocampal interactions in the human brain.

Work from both animal models and the human brain suggest that the cerebellum and
hippocampus interact in dynamic ways, and perturbations of these circuits can impact
behavior. As we consider the role of the cerebellum in aging, recognizing these interactions
is critical, particularly given the role of hippocampal function for memory and cognition,
and the known differences in hippocampal structure and function in advanced age. To

this point, there has been some suggestion that the functional connections between the
regions are impacted in advanced age. In our own work investigating cerebello-cortical
connectivity in older adults, one of the prominent patterns that emerged across cerebellar
seeds was decreased connectivity with regions of the medial temporal lobe including the
hippocampus and parahippocampal gyrus (Bernard et al. 2013a). Notably many of the
cerebellar seed regions that showed these age differences correspond to the regions showing
structural connections with the hippocampus in animal models (Watson et al. 2019).
Furthermore, this resting state connectivity finding was recently replicated in a larger sample
(Uwisengeyimana et al. 2020) further highlighting potential disruptions in this subcortical
circuit. This could in turn have impacts on cognitive function and other cortical processing
streams, though certainly more targeted research on this circuit and age differences therein
is warranted. Here, | suggest that again, the cerebellum contributes to further scaffolding of
cortical functions via this additional subcortical circuit with the hippocampus.

Conceptualizing the Cerebellum in the Aging Brain: Shaky Scaffolding

To this point, there is clear and compelling evidence to suggest that the cerebellum is
impacted in advanced age with respect to structure, function and connectivity patterns.
However, it is also critical to integrate the cerebellum and cerebellar function into

current models of the aging brain and aging brain function. The current frameworks for
understanding cognitive aging are centered around cortical systems, and have been defined
largely based on patterns of cortical atrophy and activation patterns. As noted above, these
frameworks and conceptualizations have been critical for advancing our understanding of
behavior in advanced age, and for providing insights into age-related disease. However,
these cortically-focused theories have left a lot on the table, in terms of cerebellar
contributions. Its surface area alone nearly matches that of the cortex (Sereno et al. 2020),
and as outlined above, there are well-categorized differences in the structure, its networks,
and seemingly function in advanced age (e.g., MacLullich et al. 2004; Bernard and Seidler
2013b, 2014; Miller et al. 2013; Koppelmans et al. 2015; Bernard et al. 2020; Hausman et al.
2020; Jackson et al. 2020; Uwisengeyimana et al. 2020). With our increased understanding
of the contributions of the cerebellum to numerous behavioral domains (Stoodley and
Schmahmann 2009; Stoodley et al. 2012; King et al. 2019), it is imperative that we begin to
incorporate the cerebellum into frameworks and theories of cognitive (and motor) aging.
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The question then becomes, how does the cerebellum contribute to the differences seen in
advanced age in both brain and behavior? Recently, there have been several reviews that
address the cerebellum in the context of compensation (Liang and Carlson 2020), and in
terms of cerebellar reserve (Mitoma et al. 2020; Bordignon et al. 2021). Notably however,
this concept of “cerebellar reserve” is distinct from reserve in the context of the cortex

and cognitive aging (no matter the definition -- whether it is one broader concept, or if
brain and cognitive reserve are considered separately) (Cabeza et al. 2018; Stern et al.
2019). It is however a concept rooted in this same framework. As argued by Mitoma and
colleagues (2020) cerebellar reserve is indeed specific to the cerebellum, and relates to the
ability of the cerebellum to compensate for infarct and lesion (Bordignon and colleagues
(2021) further reiterate this idea). Most notably, Mitoma and colleagues (2020) highlight the
capabilities of the cerebellum to recover after both acute injury as well as in the context

of congenital differences/damage. Further, cerebellar reserve in the context of aging and
disease are discussed. They note that differences in cerebellar structure seen across some
disease states may in fact be a form of compensation for cortical differences (Mitoma et al.
2020), though notably in many instances volume is in fact smaller making this somewnhat
less likely (e.g. Bottmer et al. 2005; Tabatabaei-Jafari et al. 2017; Moberget et al. 2018; Lin
et al. 2020). Notably, the reorganization of internal models is highlighted, as are the many
interconnected networks with the cortex (Mitoma et al. 2020). Both of these factors are
likely critical components when considering the functional role of the cerebellum in aging.

Liang and Carlson (Liang and Carlson 2020) sought to describe and define instances of
cerebellar compensation with a focus on pathology. In particular, they worked to define the
degree to which an intact cerebellum may compensate to help maintain cognitive function,
and they highlight and reiterate the importance of studying this structure for understanding
cognition and disease (Liang and Carlson 2020). They argue that the cerebellum is a

key component of brain networks, and framed their arguments in the context of machine
learning. However, while these reviews have provided insights highlighting the cerebellum
more broadly, particularly as a potential source of compensation, integrated frameworks with
the cortex are still lacking.

To advance our understanding of cerebellar function and cerebello-cortical interactions in
the aging brain, | have proposed a framework, building on prior work investigating the
cerebral cortex (Park and Reuter-Lorenz 2009; Cappell et al. 2010; Reuter-Lorenz and Park
2014; Cabeza et al. 2018), and generating testable hypotheses that can drive future work

to better understand this important subcortical structure and its role in aging. | propose

that the cerebellum is a critical element of scaffolding for function in advanced age, using
terminology and ideas proposed by Park and Reuter-Lorenz (Park and Reuter-Lorenz 2009;
Reuter-Lorenz and Park 2014). Consistent with their concept of scaffolding, and their
update that notes the capacity for change and modification to the various mechanisms

for compensatory scaffolding (Reuter-Lorenz and Park 2014), the cerebellum and its
function over the course of the lifespan may serve as scaffolding for cortical function.

In the terminology discussed recently by Cabeza and colleagues (Cabeza et al. 2018), the
cerebellum may also be considered a form of reserve. Notably however, in this context the
cerebellum is acting as a source of reserve for the cortex, and this is distinct from cerebellar
reserve as defined by Mitoma and colleagues (2020) (though cerebellar reserve may of
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course allow for the structure to better serve as a more general source of reserve for cortical
function and processing). Similarly, Filip and colleagues (2019) suggested that cerebellar
function may be able to scaffold cortical motor processing.

As outlined above in advanced age there are differences in cerebellar structure (Bernard
and Seidler 2013b; Miller et al. 2013; Koppelmans et al. 2015; Han et al. 2020), networks
(Bernard et al. 2013b, 2021b; Uwisengeyimana et al. 2020), and function (Filip et al. 2019;
Bernard et al. 2020). Previously we had suggested that in advanced age, due to the smaller
structure of the cerebellum and degraded connections (both structural and functional),
internal models are less efficient and effectively used, contributing at least in part, to

the behavioral differences and declines experienced in advanced age (Bernard and Seidler
2014). Here, | build on this idea to suggest that the cerebellum is critical scaffolding for
optimal cortical functioning in advanced age, and alterations in cerebellar function result in
many of the cortical activation patterns that have been classically described in advanced age
(Reuter-Lorenz et al. 1999; Cabeza 2002; Cabeza et al. 2002). | suggest that the cerebellum
is a critical site for offloading cortical processing due to its processing of internal models
(described and discussed earlier in this review), and when that is not possible (Bernard and
Seidler 2014), additional cortical resources are needed.

Having a well-functioning cerebellum that is active during task performance is key in

this framework. Meta-analytic findings from my group suggest that across cognitive task
domains, there is less activation convergence in older adults as compared to young adults

in the cerebellum (Bernard et al. 2020). One interpretation is that older adults are not
showing as much activation in the cerebellum as young adults, resulting in less overlap
across studies. While there is no direct evidence to support this given the meta-analytic
approach used in the work, imaging of second-order rule learning in young and older adults
seems to support this idea (Jackson et al. 2020). With fewer cerebellar resources being
recruited, we would in turn expect an increase in cortical activation (Figure 1). Older adults
are not able to effectively process the efference copy (of a given thought process) due to
connectivity differences between the cerebellum and cortex, and in turn, are less able to
offload processing to this system that allows for automaticity. Notably, we speculate that

in young adults, as we increase task difficulty, we would see an increase in cerebellar
activation, and eventually, cortical activation increases as well (Figure 1). However, in the
healthy young adult brain, compensation via more automatic cerebellar processes would
occur first, before recruiting additional cortical processing. This is broadly consistent with
the compensation related utilization of neural circuits hypothesis (CRUNCH; Reuter-Lorenz
and Cappell 2008). In older adults, the ability to initially bolster resources and compensate
for increasing task difficulty via the cerebellum is not available. Thus, | suggest that for the
maintenance of cognitive performance and function, cerebellar resources are key as a form
of reserve and scaffolding. As these resources begin to deteriorate through the process of
aging, and are no longer able to rely upon their distinct cerebellar reserve capacity (Mitoma
et al. 2020), additional cortical resources are needed. The impact of this is seen in behavioral
performance on cognitive tasks, as well as in brain imaging in the form of increased cortical
activation. Critically, this would apply to, and impact more generalized accounts of cognitive
aging as well, such as those related to processing speed (e.g., Kail and Salthouse 1994;
Salthouse 1996). Being less able to use automatic resources for processing will cause an
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additional bottleneck, compounded by differences in sensory systems and the increased need
for cortical resources. This could in part contribute to age-related slowing in processing
speed. Finally, it is also notable that this framework is agnostic to the specifics of internal
model processing, as multiple hypotheses as to the nature of this process and the underlying
cerebellar computations have been proposed (Ramnani 2006, 2014; Ito 2008; Sokolov et al.
2017; Raymond and Medina 2018; Schmahmann et al. 2019).

To this point, this framework remains generally theoretical, and direct evidence in older
adults is needed. However, | suggest that the idea itself as outlined in Figure 1 results

in testable hypotheses and clear predictions as to what might be expected in subsequent
research. Indirect evidence using non-invasive brain stimulation in young adults has however
been provided. Maldonado and colleagues used cerebellar transcranial direct current
stimulation (tDCS) just prior to fMRI to investigate how cortical activation differs after
cerebellar inhibition relative to sham or excitatory stimulation (Maldonado et al. 2021).
Given the framework outlined here, the inhibitory condition was of particular interest.
Participants performed both an explicit sequence learning task and the Sternberg verbal
working memory task during functional scanning. When investigating cortical activation
during performance of the explicit sequence learning task, there was bilateral parietal lobe
activation when comparing inhibitory relative to excitatory stimulation. When compared to
sham stimulation, there was greater activation in the prefrontal cortex. During performance
of the verbal working memory task, Maldonado and colleagues found robust prefrontal
cortical activation after inhibitory stimulation to the cerebellum (Maldonado et al. 2021).
Together, this is consistent with the idea proposed here. That is, if the cerebellum is not
functioning optimally, the cortex needs to compensate. When individuals are less able to
offload processing to the cerebellum, more cortical resources are needed. In this example,
task difficulty was relatively low. However, the current framework would suggest that when
the cerebellum is inhibited, young adults would more quickly begin to show declines in task
performance as well, as task difficulty increases.

The current framework for understanding the cerebellum and cerebello-cortical interactions
is focused predominantly on the prefrontal cortex. However, interactions between the
cerebellum and other cortical and subcortical regions are also impacted by cerebellar
functional differences. This in turn, can further impact function in advanced age. Closed-
loop circuits have been demonstrated linking the cerebellum to both the motor and prefrontal
cortex, and the parietal cortex is also a known target of these projections (Clower et al.

2001; Kelly and Strick 2003; Strick et al. 2009). While our predictions in the context of this
framework are outlined with respect to the prefrontal cortex, such predictions would hold
when considering other cortical regions, though of course this is an open empirical question.

As outlined earlier, there are robust connections between the cerebellum and basal ganglia
seen in both the human and non-human primate brains (Hoshi et al. 2005; Bostan et al.
2010; Bostan and Strick 2018; Hausman et al. 2020), and in advanced age, connectivity

is lower (Hausman et al. 2020). Furthermore, animal work in particular has revealed
interactions between the hippocampus and cerebellum (e.g., Yu and Krook-Magnuson
2015; Zeidler et al. 2020) and stimulation to the cerebellum impacts hippocampal firing,
and hippocampally-mediate behavior (Zeidler et al. 2020). If functional processing in the
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cerebellum is impacted in advanced age as proposed here, there are also likely additional
impacts on behavior, across domains, via these interactions with the basal ganglia and
hippocampus. More generally, this may be indicative of weakened subcortical scaffolding
across systems that gives rise to differences in cortical functional activation differences and
behavioral deficits. Moving forward, it will be of great interest to create more inclusive
frameworks that also incorporate the contributions of the basal ganglia and hippocampus in
relation to the role of the cerebellum in advanced age.

Implications for Age Related Disease: Alzheimer’s Dementia, Mild Cognitive

Impairment, and Other Dementias

The proposed framework above has been developed with typical aging in mind. That

is, aging in the absence of disease or infarct. With that in mind, this conceptualization

of the cerebellum and its relationships with the cerebral cortex may also better inform

our understanding of pathological aging. While this framework and conceptualization is
based on typical aging and normative cognitive/motor differences, one can also extrapolate
based on these ideas to consider how the cerebellum may also serve as a critical form of
scaffolding in age-related neurodegenerative disease. The literature to this point is relatively
emergent, but existing evidence further points to a role for the cerebellum in function here as
well.

In parallel to work investigating the cerebellum in healthy aging, there is also a growing
literature investigating the cerebellum in Alzheimer’s dementia (AD) and mild cognitive
impairment (MCI) (Guo et al. 2016; Jacobs, Hopkins, Mayrhofer, Bruner, Van Leeuwen,

et al. 2018; Toniolo et al. 2018; Olivito et al. 2020). Notably, MCI is often conceptualized
as a prodromal phase of AD, as though not all individuals with MCI go on to develop

AD, these individuals are at substantially higher risk (Jessen et al. 2014). In the context

of the discussion here, MCI and AD are often discussed separately due to the nature of

the literature, though in actuality they are highly related. While the primary focus of the
literature in this area has been cortical (much like the work on healthy cognitive aging),
with an emphasis on hippocampal and frontal regions, as well as tau pathology, emerging
evidence highlights the role of the cerebellum in MCI and subsequently in AD. There seems
to be a pattern of atrophy across disease progression wherein more midline and anterior
regions are implicated early on, and atrophy progresses to the lateral and posterior regions,
such as Crus | (Toniolo et al. 2018). Further, atrophy in the cerebellum is correlated with that
in the cortex, in regions known to be part of the same functional networks (Guo et al. 2016).

Jacobs and colleagues (Jacobs, Hopkins, Mayrhofer, Bruner, Leeuwen, et al. 2018) have
suggested that the cerebellum may in fact be a contributor to the functional decline
associated with dementia, and both cognitive and affective deficits may result from
cerebellar deficits in the modulation of broader cortical circuits. Work investigating the
conversion of individuals from MCI to AD has also implicated the cerebellum, wherein
volume in Crus I and 11 is reduced in those that converted (Kim et al. 2021). Further, looking
at resting state, in both MCI and AD there are some areas of lower connectivity relative

to controls, though in MCI there are also some areas of higher connectivity (Tang et al.
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2021). The authors argue this may be indicative of a reliance on cerebellar resources to
compensate for cortical declines. This is consistent with the proposed notion of cerebellar
scaffolding or reserve, and together this highlights the potential utility of the cerebellum as a
possible marker of further decline. That is, if individuals with MCI lose cerebellar resources,
they are less able to compensate for cortical pathology, and thus transition to a dementia
diagnosis. Together, this suggests that the cerebellum could potentially serve as a marker

of dementia transitions and underscores the importance of targeted cerebellar investigations
in MCI. It has been suggested that the cerebellum is not just a “silent bystander” in AD
(Schmahmann 2016). In the proposed framework, the cerebellum can be situated relative

to the cortex and its contributions can be considered in concert with cortical regions.
Critically, an improved understanding of cerebellar contributions may open up new avenues
for diagnosis, treatment, and assessment. Incorporating measures of cerebellar function may
provide revealing insights related to compensation and the potential for transition to later
disease. Indeed, if early on patients are better able to use cerebellar resources to compensate
for cortical pathology, careful measurement of cerebellar function stands to be especially
useful and revealing. Quantification of early signs of cerebellar decline may suggest that the
structure is no longer compensating as well for cortical dysfunction (e.g., Tang et al., 2021),
and may indicate the potential for worsening disease, given work indicating the cerebellum
may relate to conversion (Kim et al., 2021).

With all that said, the above discussion is limited to AD and MCI. The degree to which

the cerebellum contributes to other forms of dementia is less clear, but worthy of further
investigation. As the framework and model proposed here are more generalized, the notion
of potential cerebellar compensation for vascular damage or declines specific to frontal and
temporal cortices would apply. However, potential relative sparing of cerebellar resources is
less known, meaning the extent to which the structure can scaffold cortical functions is not
clear. Despite this, we can expect that general cerebellar function would, at minimum, be
subject to the typical impacts of aging, negatively impacting its compensatory power, and in
turn contributing to the greater declines in function experienced by these patients.

Caveats and Limitations

Here, | have proposed a framework for how the cerebellum may serve as a form of
scaffolding or reserve that is critical for optimal cortical functioning and in turn, behavior.
However, there are several caveats to consider. First, this is a speculative framework.
While there is some initial evidence in support of this hypothesis using non-invasive

brain stimulation in young adults (Maldonado et al. 2021), further targeted work in older
populations is warranted. With that said, the proposed framework does allow for the
generation of clear testable hypotheses and can serve as a driver for future investigations in
this regard. Second, this framework targets the cerebellum. As reviewed here, there are also
connections between the cerebellum and basal ganglia, and the latter may also contribute
to the automaticity of behavior. Broader declines in basal ganglia function in advanced

age may also serve as a parallel and integrated system of scaffolding and reserve in older
adulthood. Targeted investigations of both of these critical subcortical systems together in
older adults will further increase our understanding of the brain systems and processes that
contribute to age-related cognitive differences and declines.
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Highlights
. Current frameworks for understanding cognitive aging are cortically-focused
. Cerebellar structure, function, and connectivity are different in older adults
. The cerebellum may be a key source of reserve and scaffolding in advanced
age
. Cerebellar functional differences may contribute to bilateral cortical activation
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Figure 1.
Proposed model of cortico-cerebellar interactions under low and high task demands in young

and older adults. Here, a verbal working memory task (variation on the Sternberg task) is
depicted with a load of 2 (low) and 6 (high) as an example. However, any task domain
where challenge can be increased based on number of items used or level of complexity
would result in similar predictions based on this model. In young adults (left), there are
effective cortico-cerebellar connections, as well as intact cerebellar tissue allowing for the
efficient communication of efference copies, and the ability to rely upon internal models
of behavior. As tasks become more difficult, cortical activation increases, along with some
concomitant bilateral cerebellar activation. Under high load, this compensatory activation
allows for optimal performance, here defined as high accuracy with fast reaction times.
Connections in older adults (right) are degraded (dashed lines) and as such they are less
able to offload processing and rely upon efference copies. This results in a need to recruit
compensatory cortical resources (curved dashed arrow), and some performance deficits
under low task demands. In this instance this may be manifest as relatively high accuracy
but slowed reaction times. As tasks get harder, the cerebellum is still under-recruited, and
cortical resources reach their maximum, causing more pronounced performance deficits,
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here defined as poor accuracy as well as slower responses. Please note, the dashed arrows
back to the cortex in the older adult panel are illustrative only, reflecting the need for
additional cortical compensation. The white matter tracts connecting the cerebellum to the
cortex (via the thalamus) are contralateral (right cerebellum is connected to the left cortical
hemisphere).
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