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Abstract

Cerebellar contributions to behavior in advanced age are of great interest and importance, given its
role in motor and cognitive performance. There are differences and declines in cerebellar structure in
advanced age, and cerebellar resting state connectivity is decreased. However, the work on this area
to date has focused on the cerebellar cortex. The deep cerebellar nuclei provide the primary cerebellar
inputs and outputs to the cortex, as well as the spinal and vestibular systems. In both human and non-
human primate models, dentate networks can be dissociated such that dorsal region is associated with
the motor cortex, while the ventral aspect is associated with the prefrontal cortex. However, whether
or not dentato-thalamo-cortical networks differ across adulthood remains unknown. Here, using a
large adult sample (n=591) from the Cambridge Center for Ageing and Neuroscience, we investigated
dentate connectivity across adulthood. First, we replicated past work showing dissociable resting state
networks in the dorsal and ventral aspects of the dentate. Second, in both seeds, we demonstrated
connectivity decreases with age, indicating that connectivity differences extend beyond the cerebellar
cortex. This expands our understanding of cerebellar circuitry in advanced age, and further
underscores the potential importance of this structure in age-related performance differences.
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Introduction
In the last century we have seen a rapid increase in the human lifespan and demographic shifts,

wherein aging individuals make up an increasingly large proportion of the population. As such,
understanding the aging mind and brain is of increasing importance for the quality of life and health
of older adults (OA). Even in the best cases of healthy aging without known neurological or somatic
pathology, differences in both cognitive and motor performance are observed in OA (Park and
Reuter-Lorenz 2009; Seidler et al. 2010; Reuter-Lorenz and Park 2014; Cabeza et al. 2018).
Understanding normative differences in brain function and organization in young adults (YA) and OA
provides critical insights into the underpinnings of the behavioral changes observed in healthy aging.
Furthermore, understanding normative aging and the associated brain and behavioral trajectories
across adulthood stand to provide important insights and points of comparison for investigations of
age-related diseases, such as Alzheimer’s Disease.

With this in mind, there have been significant advances in our understanding of age differences
in brain structure and function, as well as changes over time. We know now that even in healthy aging
there are marked differences in brain structure (e.g., Raz et al. 1997, 1998, 2013; Bernard and Seidler
2013; Bernard et al. 2015), patterns of functional activation (Reuter-Lorenz et al. 1999; Cabeza 2002;
Cabeza et al. 2002, 2018; Reuter-Lorenz and Cappell 2008), and network connectivity (Andrews-
Hanna et al. 2007; Tomasi and Volkow 2012; Ferreira and Busatto 2013; Bo et al. 2014; Ferreira et al.
2016). However, to this point much of the focus of research in understanding the aging mind and
brain has focused on cortical contributions, and the cerebellum has been relatively understudied. Work
over the past two decades has increasingly pointed to the cerebellum as a contributor to age-related
performance differences when investigating volume (MacLullich et al. 2004; Bernard and Seidler 2013;
Miller et al. 2013; Koppelmans et al. 2015, 2017), and we have known for quite some time that
cerebellar volume is smaller in older adults and declines in volume over time (Raz et al. 1998, 2005,
2010, 2013; Han et al. 2020). Furthermore, there are age differences in lobular cerebellar connectivity
as well (Bernard et al. 2013), and subcortically, differing patterns of connectivity between the
cerebellum and basal ganglia (Hausman et al. 2020).

Within the cerebellum are a series of nuclei, which are the primary output nodes of the
structure. The largest of these nuclei, the dentate, provides the primary output to the cerebral cortex.
Work in non-human primates has demonstrated that there are two dissociable circuits connecting the
dentate with the cerebral cortex. The more dorsal aspects of the dentate are associated with motor
cortical regions, while the ventral aspect of the dentate is connected (via the thalamus) with the lateral
prefrontal cortex (Dum and Strick 2003a). In the human brain, we used resting state functional
connectivity (fcMRI) to investigate these dissociable circuits (Bernard et al. 2014). We used cerebellar-
specific normalization methods (Diedrichsen 2006; Diedrichsen et al. 2009) in conjunction with single-
voxel seeds, and we demonstrated that the dorsal and ventral dentate networks can in fact be
dissociated in the human brain using fcMRI (Bernard et al. 2014). This dissociation has been further
confirmed using high-resolution diffusion tensor imaging in the human brain (Steele et al. 2017). Most
recently, Guell and colleagues suggested that the human dentate may optimally be divided into three
unique functional sub-regions (Guell et al. 2020). To this point, there are no anatomical data to support
this three-way dissociation and it is based on fcMRI data; however, such a dissociation with white
matter is also likely to be highly technically challenging.
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Though our understanding of cerebellar connectivity, particularly that of the cerebellar dentate
nucleus has greatly expanded in recent years, it remains unknown whether networks of the dentate
nucleus are different across the lifespan. While prior work has demonstrated that connectivity of the
cerebellar lobules is lower in OA (Bernard et al. 2013; Hausman et al. 2020), to date, the dentate
nucleus has not been investigated across the adult lifespan. While cerebellar lobular approaches are
informative and reflect purported changes in processing and communication with the cerebral cortex,
given that the dentate nucleus is a critical aspect of this circuit as the primary output region to the
cerebral cortex, further investigation is warranted. As such, we used a large data set including
individuals across adulthood from ages 18 to 88 available from the Cambridge Center for Ageing
Neuroscience (CamCAN) repository (Shafto et al. 2014; Taylor et al. 2017). We tested the hypothesis
that dentate connectivity is impacted with advanced age and predicted that connectivity of both the
dorsal and ventral dentate would be lower with increased age. In parallel, we were also interested in
whether or not our initial findings using cerebellar specific methods would replicate in a large sample
such as this, using more general analysis approaches. That is, can we still effectively dissociate dorsal
and ventral dentate networks in the human brain with standard imaging analysis pipelines?

Finally, when looking at associations between age and cerebellar metrics, to this point,
investigations of sex differences are relatively limited, despite evidence to suggest that there may be
sex differences in cerebellar structure (Raz et al. 1998; Bernard et al. 2015; Han et al. 2020). In our
own work investigating lobular cerebellar volume across adolescence through middle age we found
that associations between regional volume and age differed in males and females. In the posterior
cerebellum, females were best fit using a quadratic function such that volumes were largest in those
in their late 20s and 30s, and there was a sharp decrease in volume in early middle age (Bernard et al.,
2015). This is in contrast to males that showed linear relationships with age. More generally, Steele
and Chakravarty (Steele and Chakravarty 2018) demonstrated sex differences in adults in lobular
volume. Critically however, though females live longer than males, they experience poorer later life
outcomes, including a higher incidence of Alzheimer’s disease (Carter et al. 2012), and risk of falls and
associated impairment is higher (Stevens and Sogolow 2005; Hartholt et al. 2011). While the latter is
no doubt compounded by peripheral changes in musculature and the incidence of osteoporosis, health
outcomes in older females underscore the importance of detailed investigation into factors that may
contribute to these trajectories. Given that the cerebellum has been implicated in a variety of motor
and cognitive domains (e.g., Stoodley et al. 2012; King et al. 2019), and more recently has been
implicated in Alzheimer’s disease (Tabatabaei-Jafari et al. 2017; Jacobs et al. 2018; Toniolo et al. 2018;
Olivito et al. 2020), understanding sex differences in dentate connectivity with age will provide
important new insights into sex differences in cerebellar connectivity across adulthood. Though
literature in this area is relatively limited, we hypothesized that females would show greater effects of
age such that there are more extensive negative correlations between age and dentate connectivity in
both the dorsal and ventral dentate, relative to males.

Methods
Data

Data used in the preparation of this work were obtained from the CamCAN repository
(available at http://www.mrc-cbu.cam.ac.uk/datasets/camcan/)(Shafto et al. 2014; Taylor et al.
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2017). Participants included in this investigation had both resting state and structural brain imaging
data available. After excluding individuals with missing resting state data, the final sample included
591 people (289 females) between the ages of 18 and 88 (mean age 54.54 + 18.65 years). Data were
collected using a 3T Siemens TimTrio. Complete data collection details can be found online (see link
above), and are outlined by Shafto and colleagues (2014) and Taylor and colleagues (2017). The former
also includes data on participant sampling approaches. For our analyses here, we used the T1
MPRAGE along with the resting state EPI scans. The resting state scan was approximately 8:30
minutes. The voxel size of the acquired resting state data was 3x3x4.4mm. Raw data were acquired
and used here.

Processing and Analysis

Methods for data processing used here parallel those from our recent work (Bernard et al.
2017; Hausman et al. 2020) and have been reported here for the sake of completeness and
transparency. All data were processed and analyzed using the CONN toolbox version 18b ((Whitfield-
Gabrieli and Nieto Castafion 2012). We followed the standard preprocessing pipeline in CONN,
including functional realignment and unwarping, functional centering of the image to (0, 0, 0)
coordinates, slice-timing correction, structural centering to (0, 0, 0,) coordinates, structural
segmentation and normalization to MNI space, functional normalization to MNI space, and spatial
smoothing with a smoothing kernel of 6mm FWHM. This paralleled the approach taken in recent
investigations conducted by our group (Bernard et al. 2017; Hausman et al. 2020). Because of the
potential confounding effects of motion and signal outliers (Power et al. 2012; Van Dijk et al. 2012)
these procedures also included processing using the Artifact Rejection Toolbox (ART). This was set
using the 95" percentile settings and allowed for the quantification of participant motion in the scanner
and the identification of outliers based on the mean signal. These effects, as well as white matter and
cerebral-spinal fluid signals, were included as confounds and regressed out during denoising, prior to
first level analysis. Data were denoised using a band-pass filter of .008 - .09 Hz. With these settings,
the global-signal z-value threshold was set at 9, while the subject-motion threshold was set at 2 mm.
6-axis motion information and frame-wise outliers were included as covariates in our subsequent first-
level analyses. Notably however, these frame-wise outliers are not removed, but the signal is de-spiked
to bring it closer to the global mean during the denoising process. The 6 motion covariates were
reduced to one variable by averaging the absolute value of each axes’ average and the frame-wise time-
series was averaged across each participant, resulting in one value for each measure for each participant
for group comparison.

Seeds used for analysis were placed in both the dorsal and ventral dentate using regions defined
in our earlier work investigating dissociable human dentate circuits (Bernard et al. 2014). The dorsal
dentate seed was centered on (12, -57, -30) while the ventral seed was centered on (17, -65, -35) (Figure
1). Spherical seeds corresponding in size to a single voxel (3mm diameter) were created and used in
all analyses. While recent work has suggested there may be a third sub-region in the dentate nucleus
(Guell et al. 2020), we focused here on only two sub-regions. Primarily, this is due to the known
anatomical underpinnings of these particular circuits. While Guell and colleagues used a parcellation
approach with resting state data (2020), to this point, there are no known white matter circuits
subserving a third region. While future work may resolve additional white matter tracts in the non-
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human and human primate brains, our aim here was to stick with functional networks known to map
on to underlying structural circuitry. In addition, given the voxel size of the images available through
the CamCAN repository, our goal was to eliminate overlap between the seed territories, and as such
we limited ourselves to these two regions.

[l oorsal

[l Ventral

37

Figure 1. Dorsal and ventral dentate seeds locations. These seeds parallel those used by Bernard and
colleagues (2014) and were chosen to be non-overlapping as pictured here.

After pre-processing we completed first-level and group-level analysis, also using CONN. At
the whole group level, we first replicated our prior analyses comparing dorsal and ventral dentate
connectivity using standard imaging analysis approaches. Next, we conducted a regression with
participant age to determine the relationship between age and dentate network connectivity. Finally,
we conducted exploratory analyses to investigate whether and how these patterns may differ in males
and females across adulthood. We conducted correlation analyses between age and dentate seed
connectivity in males and females separately. Further, we directly compared dentate connectivity
patterns between the two sexes. In all cases, analyses were evaluated using a voxel threshold of p<.001,
followed by a cluster threshold that was FDR corrected at p<.05.

Results
Dorsal and Ventral Networks

First, across the whole sample we investigated the dorsal and ventral dentate networks. While
we have previously shown a dissociation between the dorsal and ventral networks in a small sample
using cerebellar-specific methods (Bernard et al. 2014), our findings here suggest that these networks
can be dissociated across large representative adult samples using more traditional brain imaging
analysis approaches. First, the dorsal dentate seed shows robust connectivity with primary and
premotor areas bilaterally (Figure 2, Supplementary Table 1). Notably however in the right
hemisphere, there were also areas of correlation with the lateral prefrontal cortex. Second, in contrast,
the ventral dentate showed robust connectivity with the lateral prefrontal cortex, parietal, and temporal
cortices (Figure 2; Supplementary Table 1). These findings are consistent with our prior work (Bernard
et al. 2014), and other replications (Steele et al. 2017; Guell et al. 2020).
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Figure 2. Functional connectivity patterns for the dorsal (yellow/orange) and ventral
(blue/purple/pink) dentate seeds. The patterns of connectivity for the two seeds parallel the
dissociation seen in non-human primates and in human work, even when using traditional whole-
brain processing and analysis approaches.

Associations With Age Across Adulthood

After replicating the dorsal and ventral dentate connectivity dissociation in this large adult
sample, we investigated the age-associations for each seed. Though we predicted lower connectivity
with increasing age, both negative and positive correlations were investigated. When investigating the
dorsal dentate, we found that connectivity does in fact get lower with increasing age in pre-motor,
motor, and somatosensory regions of the network (Figure 3, Table 1). Though the most extensive and
robust findings are negative correlations, several positive correlations were also revealed. With
increasing age connectivity between the dorsal dentate and occipital lobe, inferior temporal gyrus,
temporal fusiform junction, and frontal pole is higher. Notably however, these areas of higher
connectivity with age are outside of the primary dorsal dentate nucleus network which typically
consists of motor cortical regions (e.g., Dum and Strick 2003; Strick et al. 2009; Bernard et al. 2014)

Investigations of the ventral dentate nucleus seed also primarily revealed negative correlations
with age. With increasing age, connectivity is lower in the dorsal pre-motor, parietal, and anterior
temporal lobe regions. Notably however, the negative correlations are qualitatively less extensive than
those for the dorsal dentate.
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Figure 3. Associations between connectivity and age for the dorsal (top) and ventral (bottom) dentate
seeds. While there are some positive associations reported (see Table 1), the views here primarily
demonstrate negative associations between connectivity strength and age (purple), though some small
regions of positive correlation (yellow/orange) with the dorsal dentate seen ate visible in the temporal
lobe.

Sex Differences

Finally, we completed exploratory analyses of sex differences in cerebellar dentate
connectivity. A growing literature indicates sexual dimorphism of the cerebellum that is present in
older adulthood (e.g., Raz et al. 1998; Bernard et al. 2015; Han et al. 2020). While the literature to date
has primarily focused on cerebellar structure and volume, here we investigated dentate connectivity
with respect to age in both males and females, as well as sex differences in dentate connectivity when
collapsing across the entire sample. Most notably, qualitatively, the results are much more robust in
females when investigating negative correlations between connectivity and age. With increasing age in
females there is significantly lower connectivity between the dorsal dentate and premotor cortical
regions (superior frontal gyrus), the putamen, and also in the anterior cingulate cortex. In the ventral
dentate, connectivity is lower in older females again in the anterior cingulate, the caudate, as well as
temporal lobe regions, including the parahippocampal gyrus. In males, in addition to showing
associations with age that appear less extensive, they are also different in region. Older males show
decreased connectivity between the dorsal dentate and the inferior frontal gyrus pars opercularis, central
opercular cortex, and supramarginal gyrus, while with the ventral dentate there are decreases with age
in connectivity in the temporal lobe (inferior and superior temporal gyrus, temporal fusiform), post-
central gyrus, superior frontal gyrus, posterior cingulate, and orbitofrontal cortex. In both sexes, there
were also some patterns of increased connectivity for each of the dentate seeds, and again, these are
qualitatively more extensive in females. Detailed findings are presented in Tables 2 and 3, and are
visualized in Figure 4.
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Figure 4. Correlations between the dorsal (left) and ventral (right) regions of the dentate nucleus with
age in females (top) and males (bottom). Notably, the negative correlations are more extensive in
females, particularly for the dorsal dentate seed.

Males

When collapsing across the sample to look at sex differences in network connectivity, several
small differences were observed. Males showed greater connectivity relative to females between the
dorsal dentate and both the lingual gyrus and cerebellar lobule X, and between the ventral dentate and
cerebellar lobule V. Females showed greater connectivity relative to males between the dorsal dentate
and the supramarginal gyrus, angular gyrus, and inferior temporal gyrus (Table 4). Thus, in this sample,
collapsing across the adult lifespan, there are some small sex differences in connectivity in the dorsal
and ventral dentate networks. However, when looking at sex differences in the relationships with age,
the patterns and extent of these relationships are much more robust. Generally, the associations with
age in females are qualitatively more extensive than those in males, suggesting sex differences in
patterns of aging with respect to these networks.

Discussion
Here, using a large sample of adults, representing the adult lifespan, we investigate patterns of

resting state connectivity in the dorsal and ventral dentate nucleus. First, we demonstrated that we can
replicate prior results computed with cerebellar-specific analyses when using more standard imaging
analysis protocols. We demonstrated a clear dissociation in the patterns of dorsal and ventral dentate
connectivity, such that the dorsal dentate was robustly connected with primary and pre-motor cortical
regions, while the ventral dentate was more strongly correlated with pre-frontal and association areas
of the cerebral cortex. Furthermore, we demonstrated that across adulthood, connectivity between
both seeds and their associated cortical networks was lower in advanced age. As individuals get older,
connectivity between dentate sub-regions decreases. Finally, we demonstrated that in females and
males, we see distinct patterns of connectivity associations with age. Females showed more extensive
patterns of age associations, indicating that perhaps these networks are particularly vulnerable across
adulthood in females.
Dentate Dissociation Replication

Work in non-human primates elegantly demonstrated that the dorsal and ventral dentate
nucleus territories are part of parallel circuits with the motor and prefrontal regions of the cortex,
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respectively (Dum and Strick 2003b). Initial work seeking to map these same circuits functionally at
rest in the human brain relied upon data processing approaches that were optimized for cerebellar
imaging (Bernard et al. 2014). While this work demonstrated that the human dentate nucleus does
have at least two distinct territories with dissociable circuits in the human brain, whether or not these
circuits can be dissociated using whole-brain methods was to this point, unknown. Here, we used
traditional processing and whole-brain methods while investigating the dissociability of the dorsal and
ventral dentate nucleus sub-regions. Consistent with our prior work, as well as subsequent work
replicating this pattern of dissociation in the human brain (Steele et al. 2017; Guell et al. 2020), we
further demonstrated that the dorsal dentate region is more robustly correlated with motor cortical
regions, while the ventral dentate is more robustly correlated with prefrontal and association cortices.
Together, this demonstrates that more general processing parameters may be sufficient for
dissociating these networks, at least in larger samples, such as the one used here.

Dentate Network Connectivity Across Adulthood

The primary goal of our work here was to determine whether networks of the cerebellar
dentate nucleus follow patterns with age that parallel those of the cerebellar cortex. Across both seed
regions, we saw robust negative correlations with age, consistent with our prior work demonstrating
lower cerebellar connectivity in advanced age (Bernard et al. 2013; Hausman et al. 2020). Notably,
these negative correlations with age correspond to the key areas of the dorsal and ventral dentate
networks themselves. That is, in the dorsal dentate, as individuals get older, connectivity is lower in
primary motor and somatosensory regions, while in the ventral dentate connectivity is lower in
prefrontal and temporal lobe regions. More broadly, this is consistent with widespread differences in
resting state network dynamics as individuals age, seen across cortical networks (Andrews-Hanna et
al. 2007; Tomasi and Volkow 2012; Ferreira and Busatto 2013; Ferreira et al. 2016). Further,
longitudinal evidence suggests that there are in fact changes over time in cortical resting state
connectivity in OA (Oschmann and Gawryluk 2020). However, it is also critical to note the multi-
directionality in these results. While there are negative associations between connectivity and age in
the core areas associated with the dorsal and ventral dentate networks, both seeds also showed positive
correlations with brain regions outside the core networks themselves. Though somewhat surprising,
these connectivity increases may be reflective of an attempt at compensation or use of neural
scaffolding to maintain function (Park and Reuter-Lorenz 2009; Reuter-Lorenz and Park 2014; Cabeza
et al. 2018). Alternatively, this may be indicative of a decreased efficiency in brain network
organization. However, without behavioral data and associations we can only speculate.

Critically, these results provide further insights as to the extent to which cerebellar networks
are impacted in older adulthood. Perhaps not surprisingly, the cerebellar dentate nucleus is also
negatively impacted in advanced age, as quantified by resting state connectivity. There are two key
considerations for these findings. First, there is an open question as to the mechanism driving these
negative relationships with age. That is, why do OA show decreased cerebellar connectivity, relative
to youngr With respect to the cerebellum specifically, we and others have previously demonstrated
age differences in lobular volume (Bernard and Seidler 2013; Koppelmans et al. 2015, 2017; Han et al.
2020), and more recent investigations have confirmed these differences and also noted volumetric
declines over time (Han et al. 2020). We have speculated that differences in volume as well as
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connectivity may negatively impact cerebellar processing in advanced age (Bernard and Seidler 2014),
which in turn may contribute to the performance differences seen across the motor and cognitive
domains in OA. Here however, we have extended findings to indicate that dentate connectivity is also
negatively impacted in aging. With that in mind, given that these nuclei serve as the output region of
the cerebellum, and receive input from the cerebellar cortex, the age differences in dentate connectivity
reported here may reflect differences in lobular processing. Investigating the relative associations
between lobular and dentate connectivity respectively in the context of behavior and functional
outcomes in the future, may begin to tease apart the relative contributions of age differences in lobular
and dentate connectivity.

However, changes in neurotransmitter systems may also contribute to the age differences in
dentate connectivity. Previously, we have demonstrated marked differences in connectivity between
the cerebellum and basal ganglia in OA relative to YA (Bernard et al. 2013; Hausman et al. 2020) using
lobular cerebellar seeds. We speculated that age differences in dopamine may be contributing, at least
in part, to the differences in connectivity in advanced age. As noted, work by Kelly and colleagues
(Kelly et al. 2009) demonstrated that the administration of I-dopa increased connectivity between the
striatum and cerebellum in healthy YA. Here, though we are looking at dentate connectivity, we
suggest that normative age-differences in dopamine McGeer et al. 1977; Fearnley and Lees 1991) may
be contributing in part to the differences seen here. In parallel, other neurotransmitter differences in
advanced age may also be impacting cerebellar connectivity patterns. Serotonin, GABA, and
acetylcholine all act in the cerebellum (Oostland and van Hooft 2016) and are impacted in advanced
age. Normative age-differences in neurotransmitter action may in turn impact cerebellar processing
(as well as cerebral cortical processing) and associated connectivity patterns at rest. Targeting these
neurotransmitters, in conjunction with investigations of connectivity in the future stands to provide
new insights into these age differences.

The second area of consideration for these findings is with respect to their implications for
our understanding of age-related disease, particularly mild cognitive impairment and dementia.
Though historically the cerebellum has not been a major target of investigation in dementia, and more
specifically in Alzheimer’s Disease (AD), in recent years, this has changed (for a review see Jacobs et
al. 2018). Notably, converging evidence indicates that the cerebellum is impacted in AD. Cerebellar
decline has been linked to functional decline in advanced AD (Tabatabaei-Jafari et al. 2017), and there
is additional evidence to indicate that there are relationships between the cerebellar volume and
cognition in mild cognitive impairment (Lin et al. 2020). In a recent meta-analysis Gellersen and
colleagues (Gellersen et al. 2020) demonstrated that in the cerebellum, there are some overlapping
areas of cerebellar structural loss when comparing AD to normative healthy aging. However,
differences were also observed between the two groups wherein atrophy in AD was primarily
lateralized to the right hemisphere (Gellersen et al. 2020). Broadly, this work suggests an increasing
need for further investigation of the cerebellum in AD, as it may not be entirely spared structurally.
With respect to functional networks, in patients with AD, cerebellar connectivity with the cortex is
decreased (Zheng et al. 2017), and patterns of atrophy in the cerebellum are in areas associated with
the default mode and salience networks, perhaps impacting general network coherence (Guo et al.
2016). Further, the dentate itself has been investigated in AD. Interestingly, Olivito and colleagues
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(2020) found zncreased connectivity between the dentate and regions of the medial temporal lobe in
patients with AD relative to controls. However, they did not investigate the distinct dentate sub-
regions (Olivito et al. 2020), which may have impacted their findings. This is somewhat surprising,
given work on the cerebellar cortex (Zheng et al. 2017). We suggest that the work presented here
represents an important point of comparison for that in clinical populations, particularly dementia, as
we have characterized patterns of dentate connectivity across the adult life span with both the dorsal
and ventral regions dissociated. Additional follow up work comparing AD and mild cognitive
impairment samples to this work in healthy adults will provide further insights into diverging
trajectories in healthy aging and disease.
Sex Differences in Dentate Connectivity

In addition to quantifying the associations between dorsal and ventral dentate nucleus
connectivity and age across adulthood, we also investigated sex differences in dentate connectivity.
Our results support sex differences in dentate connectivity, and notably, our results suggest that in
females the regions of decreased connectivity with age are qualitatively more extensive than those in
males. Notably, the size of the clusters showing negative correlations in females particularly for the
dorsal dentate seed, are substantially larger than for males. This suggests potential sex differences in
the process of aging with respect to cerebellar functional networks. Sexual dimorphism in cerebellar
structure has been reported (Oguro et al. 1998; Raz et al. 2001; Tiemeier et al. 2010; Bernard et al.
2015; Steele and Chakravarty 2017), though the results have been somewhat mixed to this point,
particularly when looking at broad anatomical swaths of the cerebellum, such as an entire hemisphere,
or the cerebellar vermis in its entirety. These different patterns however, are consistent with our own
work showing sex differences age-volume relationships when investigating regional cerebellar volume
across adolescence through late middle age (Bernard et al. 2015). While these differences were in
volume of the cerebellar lobules, it suggests that cerebellar relationships with age may differ between
the sexes as we see here.

With respect to fcMRI, sex differences in connectivity patterns have been previously reported
(e.g., Biswal et al. 2010; Tomasi and Volkow 2012; Alaerts et al. 2016; Engman et al. 2016; Weis et al.
2019), though the direction of these differences is somewhat variable across studies and samples. In
addition, in studies of aging sex differences have also been reported. Tomasi and Volkow (2012) found
that in females default mode network connectivity was higher than males, but it was weaker in
somatosensory networks. Scheinost and colleagues (Scheinost et al. 2015) looked across multiple
cortical and subcortical networks and also found age by sex interactions, though the patterns of the
interaction vary across networks. While there is converging evidence to indicate that there are sex
differences in functional networks, particularly in the cortex, work on cerebellar networks is relatively
limited to this point, and has been focused on clinical groups that show sex differences in prevalence,
such as Autism spectrum disorder (e.g., Smith et al. 2019). Thus, our findings here are novel in that
they provide insights into sex differences in cerebellar dentate connectivity when looking at the whole
sample, and with respect to sex differences in the relationships between connectivity in age.

Limitations
This investigation has provided important new insights into cerebellar dentate connectivity
across the lifespan. However, this work is not without limitations. First, as we relied up on a publicly
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available dataset, we were unable to investigate targeted behaviors of interest, and the data collection
parameters were outside of our control. Regarding the former, without targeted behavioral
assessments, we are unable to make any inferences as to the functional implications of these age-
associations with connectivity. Further this makes it especially challenging to understand the increases
in connectivity with age. We have suggested two possibilities; that is this may be a compensatory
increase or indicative decreased network efficiency. Behavioral associations would provide some
insight as to the role of these increases in connectivity with age. Relatedly, the imaging data was
collected using a set of parameters optimized for whole-brain imaging, with a voxel size slightly larger
than what we would have aimed to use in an investigation targeting the dentate nucleus. With that
said, the large sample represents an important advance relative to prior work, and critically, we
replicated the dissociation in dorsal and ventral seed connectivity. This suggests that we were
measuring the targeted networks in question, and though not optimal, the data used here were
sufficient to address our questions of interest.

Most notably, though we investigated sex differences in connectivity, we did not investigate
menopause or have information about hormone levels in this sample. Menopause is associated with
changes in the brain (e.g., Morrison et al. 2006; Robertson et al. 2009; Weber et al. 2013). Specifically,
there is evidence to indicate that estrogen may have neuroprotective effects (Erickson et al. 2005;
Boccardi et al. 2006; Robertson et al. 2009), and this includes the cerebellum. Further, we know that
estrogen acts on the cerebellum (Hedges et al. 2012), and the hormonal changes of menopause may
in fact be contributing to the sex differences in connectivity-age relationships seen here. Indeed, recent
work looking at hormonal fluctuations during the menstrual cycle has demonstrated that over the
course of the menstrual cycle, as sex steroid hormones fluctuate, increases in network coherence are
related to levels of estradiol, and when progesterone rose, network coherence declines (Pritschet et al.
2020). Interestingly, when investigating the cerebellum, the dynamics were changed wherein the
impacts of progesterone where larger, and those for estradiol were minimal as compared to the cortex
(Fitzgerald et al. 2020). While the menstrual cycle is distinct from the hormonal changes of menopause
and associated hormonal milieu, this work indicates that both cortical and cerebellar functional
connectivity are sensitive to circulating sex steroid hormones. As such, further more detailed work
across adulthood, taking into account reproductive status, and optimally, sex steroid hormone levels,

is warranted.
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Tables

Table 1. Dentate Connectivity Across the Adult Lifespan. Positive and negative correlations with
age for both the dorsal and ventral dentate nucleus seeds. Anatomical locations were determined using
Harvard-Oxford max probability atlas. Cerebellar locations were determined using the SUIT atlas.

Region Cluster | MNI Coordinates p
Size X | Y | z -
DORSAL SEED
Negative Correlations
Thalamus 6298 -8 -20 14 0.00
Inferior Frontal
Gyrus, pars 841 -56 20 20 0.00
opercularis
Precentral Gyrus 634 56 10 32 0.00
Middle Frontal Gyrus 611 -26 16 54 0.00
Heschl’s Gyrus 524 46 -10 4 0.00
Submarginal Gyrus 488 -52 -28 38 0.00
Precentral Gyrus 149 34 -8 58 .0008
Postcentral Gyrus 137 34 -38 42 .001
Brainstem 119 10 -20 -12 .002
Lingual Gyrus 101 2 -50 0 005
Positive Correlations
Lobules I-1V 1373 8 -50 -22 0.00
Occipital Pole 624 18 -94 -16 0.00
Inferior Temporal 349 48 30 18 0.00
Gyrus
Frontal Pole 251 22 36 -4 0.00s
Frontal Pole 216 -36 -86 -14 | .00002
Temporal Fusiform 204 13 3 3 0001
Cortex
Temporal Oceipital 1|45, 44 | 45 | 20 | 0007
Fusiform Cortex
Inferior Temporal 91 50 32 16 o1
Gyrus
VENTRAL SEED
Negative Correlations
Temporal Fusiform 1075 33 5 46 0.00
Cortex '
Inferior Temporal 961 48 16 34 0.00
Gyrus
Lobule VIIb 805 30 =72 -58 0.00
Supramarginal Gyrus 682 -50 -28 32 0.00
Lobule VIIb 553 -12 -76 -56 0.00
Middle Frontal Gyrus 398 -28 -2 46 0.00
Frontal Pole 256 48 36 36 .00002
Thalamus 232 -2 2 -4 .00004
Putamen 204 -22 22 0 .0001
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Posterior Cingulate 142 3 36 34 001
Gyrus
Caudate 140 -8 8 16 .001
Precentral Gyrus 128 14 -30 44 .002
Frontal Orbital 128 29 30 3 002
Cortex
Putamen 113 18 6 -6 .003
Postcentral Gyrus 995 34 -30 38 .007
Frontal Pole 75 -28 42 44 020
Angular Gyrus 71 34 -54 36 023
Precuneus 70 -4 -50 54 023
Temporal Pole 01 -38 14 -30 037
Frontal Pole 57 -16 066 24 044
Positive Correlations
Vermis VI 2229 2 -60 | -26 0.00
Posterior Cingulate 424 5 34 6 0.00
Gyrus
Caudate 268 18 30 0 .00001
Intracalcarine Cortex 174 28 -70 6 .0003
Temporal Oceipital 1} y59 | 4o | 36 | 10 | 0006
Fusiform Cortex
Temporal Occipital 142 3 50 0 001
Fusiform Cortex
Precuneus 98 -22 -48 22 .006
White Matter 95 -22 24 18 .006
Caudate/White o4 | 22 | 2 | 28 | .006
Matter
Lobule V 61 20 | 44 | -26 031
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Table 2. Dorsal and Ventral Dentate Connectivity associations with Age in Females. Positive
and negative correlations with age for both the dorsal and ventral dentate nucleus seeds. Anatomical
locations were determined using Harvard-Oxford max probability atlas. Cerebellar locations were

determined usin

the SUIT atlas.

Region Cluster | MNI Coordinates p
c8lo Size | X | Y | Z (o0
DORSAL SEED
Negative Correlations
Thalamus 3853 -8 -18 14 .0000
Supetior Frontal 739 | 22 | 10 | 54 | .0000
Gyrus
Superior Frontal 731 23 4 0 0000
Gyrus
Insular Cortex 696 -30 -10 -6 .0000
Middle Frontal Gyrus 546 -46 12 32 .0000
Brainstem 163 4 -18 -12 .0004
Insular
Cortex/Putamen 9 28 -18 -2 009
Middle Frontal Gyrus 76 28 22 52 .023
Supramarg@al Gyrus 68 57 36 44 032
(Superior)
Anterior Cingulate 63 0 33 16 035
Cortex
Anterior Cingulate 63 4 36 4 035
Cortex
Anterior Cingulate 59 14 28 2 041
Cortex
Positive Correlations
Subcallosal Cortex 490 -8 20 0 .0000
Middle Temporal 404 | 42 | 28 | -10 | .0000
Gyrus (Posterior)
Inferior Temporal 196 | 46 | -26 | -20 | .0002
Gyrus (Posterior)
Postcentral Gyrus 156 48 -24 66 .0008
Vermis Crus 11 152 0 -70 -34 .0008
Lobule V 121 20 -42 -28 .002
Lobule V 120 -14 -44 -26 .002
Frontal Pole 74 12 50 -22 .02
Inferior Temporal
Gyrus (Posterior) 62 48 12 32 04
VENTRAL SEED
Negative Correlations
Caudate 294 -8 8 16 .00002
Anterior Cingulate 236 5 6 44 00007

Cortex
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Supramarginal Gyrus

] 233 -44 -36 40 .00007
(Anterior)
Superior Frontal 212 o4 5 50 0001
Gyrus
Caudate 185 8 12 10 .0003
Parahippocamapal
Gyrus (Anterior) 76 18 4] 42 03
Temporal Fusiform 74 38 10 34 03

Cortex (Posterior)

Positive Correlations

Vermis VIIIa 1041 -6 -66 -38
Caudate 148 18 30 0
Intracalcarine Cortex 118 30 -68 6
Caudate/White 114 2 5 03
Matter
Precuneus 114 20 -42 20

Posterior Cingulate

Gyrus 86 2 o i
Temporal Fumform 75 40 | -34 -8
Cortex (posterior)
Precuneus 72 -20 | -40 28
Lobule VI 57 -20 -04 -32
Parahippocampal 53 20 14 | -30

Gyrus (anterior)
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Table 3. Dorsal and Ventral Dentate Connectivity associations with Age in males. Positive and
negative correlations with age for both the dorsal and ventral dentate nucleus seeds. Anatomical
locations were determined using Harvard-Oxford max probability atlas. Cerebellar locations were

determined usin

the SUIT atlas.

Region Cluster | MNI Coordinates p
Size X | Y | z -
DORSAL SEED
Negative Correlations
Posterior Cingulate 1123 14 13 30 0000
Gyrus*
Supramaginal Gyrus |36 | 39| 30 | 34 | 004
(anterior)
Precentral Gyrus 120 62 6 36 .007
Inferior Frontal
Gyrus (pars 101 -56 18 20 01
opercularis)
Central Opercular 37 3 12 20 02

Cortex
Central Opercular 79 40 6 16 03

Cortex

Suparmargn.al Gyrus 74 44 38 44 03
(posterior)
Planum Temporale 69 32 -32 10 .04
Positive Correlations
Occipital Pole 514 4 -100 | -2 .0000
Vermis VIIIa 365 -4 -62 | -32 | .0000
Dentate
Nucleus/White 167 26 -56 | -44 | .0005
Matter
Lateral Occipital
Cortex (inferior 96 -48 | -80 | -16 01
division)
VENTRAL SEED
Negative Correlations
Lobule VIIb 701 30 =72 | -56 | .0000
tnferior Temporal | 450 | 4y | 40 | 42 | 0000
Gyrus (posterior)

Crus II 397 -8 -84 | -48 | .0000
Inferior Temporal 187 | -54 | -12 | -40 | .0003
Gyrus (posterior)

Postcentral Gyrus 119 -26 -38 46 005
Superior Frontal 103 By 3 42 008

Gyrus
Superior Temporal
Gyrus (posterior) 86 46 24 6 V1

Crus I 86 52 | -64 | 40 01
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Temporal Fumform 35 34| 16 | 32 o1
Cortex (posterior)

Posterior Cingulate 79 3 36 34 02
Gyrus

Frontal Orbital 66 14 34 o4 03
Cortex

Positive Correlations
Lobule IX 443 14 -54 | -40 | .0000

Posterior Cingulate 91 4 36 3 o1

Gyrus
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Table 4. Sex Differences in Dentate Connectivity. Anatomical locations were determined using
Harvard-Oxford max probability atlas. Cerebellar locations were determined using the SUIT atlas.

Region Cluster | MNI Coordinates p
Size X | Y | z -
DORSAL SEED
Males>Females
Lingual Gyrus 2474 22 -56 -18 .0000
Lobule IX 267 12 -54 -40 .0000
Females>Males
Supramatginal Gyrus | oy | 36 | 50 | 20 | .0003
(posterior)
Angular Gyrus 129 42 -54 22 .006
Inferior Temporal
Gyrus (posterr)ior) 81 60 22 4 04
VENTRAL SEED
Males>Females
Lobule V | 340 | 2 [ -64 | -20 | .00005
Females>Males
n/a
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Figure Captions

Figure 1. Dorsal and ventral dentate seeds locations. These seeds parallel those used by Bernard and
colleagues (2014) and were chosen to be non-overlapping as pictured here.

Figure 2. Functional connectivity patterns for the dorsal (yellow/orange) and ventral
(blue/purple/pink) dentate seeds. The patterns of connectivity for the two seeds parallel the
dissociation seen in non-human primates and in human work, even when using traditional whole-
brain processing and analysis approaches.

Figure 3. Associations between connectivity and age for the dorsal (top) and ventral (bottom) dentate
seeds. While there are some positive associations reported (see Table 1), the views here primarily
demonstrate negative associations between connectivity strength and age (purple), though some small
regions of positive correlation (yellow/orange) with the dorsal dentate seen ate visible in the temporal
lobe.

Figure 4. Correlations between the dorsal (left) and ventral (right) regions of the dentate nucleus with
age in females (top) and males (bottom). Notably, the negative correlations are more extensive in
females, particularly for the dorsal dentate seed.
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