
ORIGINAL PAPER

Neural Scaffolding as the Foundation for Stable Performance
of Aging Cerebellum

Pavel Filip1,2
& Cécile Gallea3 & Stéphane Lehéricy3 & Ovidiu Lungu4,5

& Martin Bareš2,6

Published online: 2 March 2019
# Springer Science+Business Media, LLC, part of Springer Nature 2019

Abstract
Although recently conceptualized as a neural node essential for a vast spectrum of associative and cognitive pro-
cesses, the cerebellum has largely eluded attention in the research of aging, where it is marginalized mainly to
structural analyses. In the current cross-sectional study of 67 healthy subjects of various ages (20 to 76 years), we
sought to provide a comprehensive, multimodal account of age-related changes in the cerebellum during predictive
motor timing, which was previously shown to engage this structure. We combined behavioral assessments of per-
formance with functional MRI and voxel-based morphometry using an advanced method to avoid cerebellar defor-
mation and registration imprecisions inherent to the standard processing at the whole-brain level. Higher age was
surprisingly associated with stable behavioral performance during predictive motor timing, despite the massive
decrease of infratentorial gray matter volume of a far higher extent than in the supratentorial region, affecting
mainly the posterior cerebellar lobe. Nonetheless, this very area showed extensive hyperactivation directly correlated
with age. The same region had decreased connectivity with the left caudate and increased connectivity with the left
fusiform gyrus, the right pallidum, the hippocampus, and the lingual gyrus. Hence, we propose to extend the
scaffolding theory of aging, previously limited mainly to the frontal cortices, to include also the cerebellum, which
is likewise suffering from atrophy to a far greater extent than the rest of the brain and is similarly counteracting it
by bilateral hyperactivation.
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Abbreviations
MRI Magnetic resonance imaging
fMRI Functional magnetic resonance imaging
VBM Voxel-based morphometry
BOLD Blood-oxygen-level dependent

Introduction

Facing the substantially increasing proportion of elderly in
the population, the development of appropriate preventive
measures and interventions together with the struggle to
truly understand the mechanisms of aging has become
one of the core pursuits of the medical science. Indeed,
the widespread alterations in the cognitive and psychomo-
tor performance in various domains [1, 2] interfere with
not only complex activities but also routine, daily tasks,
generating major costs for health and social services [3].
Modern theories about the processes underlying these
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declines share the view that the aging-associated neural
insults are partially compensated by continuous functional
reorganization, reflected in the difference in brain activa-
tion patterns in older adults, especially in the form of in-
creased bilateral activation in the prefrontal cortices [4, 5].
Nonetheless, the pervasive evidence in the psychological,
behavioral, and imaging studies, despite greatly advancing
our understanding and knowledge of the basic concepts of
aging, keeps revolving around the cerebral cortex, leaving
the cerebellum outside the attentional focus and, in imag-
ing studies, often even outside the scanning target.
However, while classically conceptualized as a neural node
engaged in motor coordination, the cerebellum has recently
been emerging as a structure of interest in a vast spectrum
of associative and cognitive processes [6] and various per-
haps even counterintuitive diseases devoid of the tradition-
al clinical cerebellar symptoms [7, 8], making it a critical
area also for the research into aging [9]. A large body of
literature has focused on the cerebellar morphology,
reporting decreased both total [10, 11] and regional cere-
bellar volumes [12]. In parallel, several fMRI and resting
state fMRI studies, though targeting rather supratentorial
(cerebral, over the tentorium cerebelli) structures, have also
highlighted the potential role of the cerebellum in aging
[13, 14], showing considerable disruption of motor and
cognitive processing [9, 15].

The aim of the current cross-sectional study was to pro-
vide a comprehensive, multimodal account of the age-related
changes in the cerebellum, with specific focus on its role in
the model of predictive motor timing, i.e., the analysis of
environmental factors to estimate the probable future state
of the surroundings as a prerequisite for eventual pre-
emptive actions (e.g., preparation of adequate limb position
to catch a moving object). A close association of this func-
tion with dominantly posterior cerebellum was previously
established both in healthy subjects [16] and in various dis-
orders [17, 18], an area closely related to executive functions
and cognition in general according to multiple clinical and
imaging studies [6, 19]. Ergo, as the eminent orientation of
this project towards the cerebellum clearly required more
specific methods devoid of errors of cerebellar alignment
and normalization inherent to the analyses at the level of
the whole brain, we intended to capitalize on the benefits
of the SUIT toolbox [20, 21] with the ability to isolate cere-
bellar structures, and relevant probabilistic maps to achieve
valid assignment of functional activations to specific cere-
bellar lobules and nuclei. Our preliminary hypothesis antic-
ipated an age-related (i) decrease in the behavioral perfor-
mance, (ii) compensatory response of various cerebellar
areas and abnormal functional connectivity with regions im-
plicated in predictive timing [16], and (iii) overlap of the
structural and functional changes in the cerebellar lobules
reflecting degenerative processes.

Materials and Methods

Subjects

A total of 67 healthy volunteers (36 women, mean age 45.61;
SD 14.63; range 20 to 76, with rather even distribution; age
20–30, 10 subjects; 30–40, 17 subjects; 40–50, 12 subjects;
50–60, 14 subjects; 60–70, 11 subjects; and age group 70+, 3
subjects) were recruited at the First Department of Neurology,
Masaryk University, Brno (55 subjects) and at the University
of Minnesota (12 subjects) to participate in this study. All
subjects provided written informed consent and underwent
safety screening beforeMRI scanning; no structural pathology
was found in their anatomical MRI scans. Individuals with
MRI contraindications, comorbid psychotic or neurological
disorder, obvious cognitive deficit (MMSE < 27 or subjective
cognitive impairment), or evidence of significant vascular or
space-occupying lesions inMRI scans were excluded from the
study. All participants were right-handed [22]. The study was
approved by the Institutional Review Board of the University
Hospital of St. Anne (Brno, Czech Republic) and by the
Institutional Review Board of the University of Minnesota
(Minneapolis, USA).

Design of the Experimental Task

The study used the very same predictive timing task as imple-
mented in our previous projects, which had been extensively
tested both in healthy subjects [16], patients with dominantly
cerebellar deficits [23], disorders with probable affection of
the cerebellum [17, 24] and even psychiatric patients [25] to
test for eventual cerebellar affections. It had been shown to
entrain mainly the posterior cerebellum and to a certain extent
the middle temporal gyrus, putamen, and occipital areas [16].
It required a single press of a key to launch a projectile verti-
cally from the right lower corner of the screen to intercept a
target moving from the left side of the screen to the right upper
corner with varying speed (slow, medium, high), movement
types (stable, acceleration, deceleration) and angles (3 possi-
ble angles) (see Fig. 1) to provide 27 different combinations of
movement parameters with the aim of moderating or
completely abolishing the possible learning effect. The partic-
ipants had to follow the moving target at all times. The task
was presented using LabVIEW 6.1 (National Instruments,
Austin, TX, USA) interface.

The whole experiment consisted of a training session per-
formed already during scanning in the MRI system to famil-
iarize the subjects with both the task at hand and with MRI
environment and the main task, which was analyzed here. The
main task was organized into 6 blocks, each consisting of 54
trials, with a pseudo-randomized sequence of target move-
ment combinations for a total of 324 trials (each movement
parameter combination was presented 12 times in total). Each
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block contained a balanced presentation of various stimuli to
prevent the repetition of the same kinetic parameters of the
target in consecutive trials to avoid learning effects. The aver-
age duration of one trial was 3.5 s and the whole acquisition
(including the training session, the main session with 20-s
breaks to minimize cognitive fatigue, and the acquisition of
anatomical scans) was about 50 min.

MRI Data Acquisition

MRI scanning was performed using a 3-Tesla whole-body
MRI scanner (MAGNETOM Trio, Siemens Medical
Systems, Erlangen, Germany) and a 1.5-Tesla whole-body
MRI scanner (Siemens Symphony with Numaris 4, Siemens
Medical Systems, Erlangen, Germany) at the University of
Minnesota and at the Imaging Department of the University
Hospital of St. Anne, Brno, respectively, necessitating ade-
quate measures in the imaging data analysis, which accounted
for the use of different fields by including theMRI system as a
nuisance variable in the second-level analysis model.

At the beginning, high-resolution anatomical T1-weighted
images were acquired with the following parameters: at the 3-
T system, fast low angle shot magnetic resonance imaging
(FLASH) sequence (repetition time (TR) = 13 ms, echo time
(TE) = 4.92 ms, flip angle (FA) = 25°, voxel size 1 × 1 ×
1 mm, 160 sagittal slices, matrix 256 × 256 × 160), and at
the 1.5-T system, magnetization-prepared rapid gradient echo
(MPRAGE) sequence (TR = 1.7 s, TE = 3.93 ms, in-plane
voxel size 0.96 × 0.96 mm, 160 sagittal slices, slice thickness
1.17 mm, matrix 256 × 256 × 160). Afterwards, whole-brain
fMRI was performed with echo-planar imaging sequence with
the following parameters: at the 3 T system, TR = 2.0 s, TE =
30 ms, FA = 75°, voxel size 3 × 3 × 3 mm, 30 sagittal slices,
field of view 192 × 192 mm, and total number of volumes 556
and at the 1.5 T system, TR = 2.3 s, TE = 35 ms, FA = 90°, in-
plane voxel size 3.44 × 3.44 mm, 28 sagittal slices, slice

thickness = 4.40 mm, field of view 220 × 180 mm, and total
number of volumes 490.

Analysis of Demographic and Behavioral Data

Firstly, equivalence analysis (Schuirmann’s two one-sided test
[26]) was used to confirm the absence of significant differ-
ences in basic demographic parameters (age, gender) between
the subjects enrolled in Minneapolis, USA, and the subjects
enrolled in Brno, Czech Republic. The aim was to verify the
absence of substantial demographic divergences, with 10-year
and 25% mean difference considered clinically relevant for
the age and the gender, respectively.

The primary variable of interest was the hit ratio in different
speeds and types of movements. Similar to the previous anal-
yses, the angle was excluded, since it was proven of no effect
on the success rate [27]. We determined the mean hit ratio of
each participant for every movement type of interest in order
to use parametric statistical analysis. Furthermore, we were
interested in the temporal characteristics of errors, differenti-
ating between early errors (EE) and late errors (LE) (the sub-
ject pressed the button too early or too late, respectively). The
correlation of age and hit ratios in individual movement types
was evaluated using Pearson’s correlation coefficient.
Student’s t test was used to compare the EE and LE occur-
rence. And finally, although our previous papers found no
learning effect in a basic analysis comparing the hit ratio in
the first 3 blocks and the second 3 blocks of the experiment
[24, 27], we added a more complex analysis of covariance,
distinguishing the 6 blocks of the main task as categorical
variables, with the age as covariate and the following depen-
dent variables: hit ratios and quantification of temporal preci-
sion (i.e., absolute time differences between the ideal time of
projectile release to intercept the moving target and the actual
time the subject pressed the button to fire the projectile). All
the analyses were performed using Statistica 13 (Statsoft Inc.,
Oklahoma, USA).

Fig. 1 The experimental task—
schematics. The circular target
moves from the left side of the
screen to the upper right corner—
the interception zone. The figure
also contains a projectile just fired
from the lower right corner of the
screen vertically at a constant
speed to intercept the target
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Analysis of MRI Data

MRI data were pre-processed and analyzed using SPM8
(Wellcome Department of Cognitive Neurology, London,
UK) implemented in Matlab R2017b (Mathworks Inc.,
Natick, MA, USA). The fMRI images were realigned to cor-
rect for subject’s head movements; the threshold of a 3-mm
shift in any direction or 3° rotation was not exceeded by any
subject. Afterwards, interpolation in time was performed. As
the primary aim of our study was heavily oriented on the
cerebellum, the further workflow utilized the automated non-
linear normalization methods of the SUIT toolbox and the
spatially unbiased atlas template of the cerebellum [21] to
achieve a more accurate subject alignment in this region than
feasible with the whole-brain level methods. The isolated
mask of the cerebellum created by the toolbox was manually
corrected in each subject using MRIcron and the anatomical
image was normalized to the SUIT template using nonlinear
deformation.

First, we studied the influence of age on structural cerebel-
lar changes. Anatomical MRI data were segmented using the
algorithm implemented in the SUIT toolbox and the gray mat-
ter (GM) images were normalized to the SUIT template. The
same manually corrected cerebellar masks as described above
were then used to reslice the segmentation map into the SUIT
atlas space. In the final step, the resulting GM probability
images were smoothed with a Gaussian kernel of 8 mm full-
width at half-maximum. Finally, regression analysis of age-
related differences was performed, with the gender, hit ratio,
and MRI system as the nuisance variables. Moreover, the
individual infratenorial intracranial volumes were included
in the statistical model to account for general volume
differences.

Second, we studied the influence of age on task-related
activations and their spatial overlap with age-related structural
changes. The first-level general linear model of BOLD acti-
vations was defined using an event-related design to model
the effect of the movement parameters in the task, with the
onset at the moment the circular moving target emerged at the
left side of the screen, and the end at the time the subject
pressed the key to fire the projectile. The individual design
matrix for each subject consisted of speed (slow, medium,
high) and movement type (acceleration, deceleration, stable
speed), with the head movements in all directions as the nui-
sance covariates, providing nine contrast maps. These func-
tional data were resliced based on the deformation of the in-
dividual anatomical image to the SUIT template, thus optimiz-
ing the spatial accuracy of the cerebellar activations. Only at
this point were the functional data spatially smoothed (isotro-
pic Gaussian kernel of 8 mm full-width at half-maximum) to
prevent the spread of the activation from the visual cortex to
the infratentorial area. The images were resampled to a final
size of 3 × 3 × 3 mm3 and high-pass filtered with a Gaussian

kernel filter of 128 s. The results were then submitted to the
second-level full factorial design (3 × 3) with the following
factors: speed (3 types) and movement type (3 types), and
the age as a covariate of interest. Furthermore, hit ratio, gen-
der, and importantly the MRI system used to acquire the im-
ages were included as the nuisance variables to control for the
effects associated with these parameters and the use of two
different scanning devices. In an additional step to define the
overlap between the age-related activation changes and the
GM volume loss, we used the significant clusters of cerebellar
atrophy from the structural analysis as a mask for the above-
stated second-level analysis results.

Third, we studied the influence of age on task-related
connectivity. The connectivity (psychophysiological interac-
tion or PPI [28]) analysis was performed at the level of the
whole brain to test the hypothesis of changes in the network
associated with predictive timing. Ergo, the preparatory
phase of the functional data included realignment, co-
registration of functional and anatomical images, interpola-
tion in time, followed by the standard spatial normalization
into the stereotactic Montreal Neurological Institute (MNI)
space (without the use of the SUIT toolbox), and spatial
smoothing and high-pass filtering with the same parameters
as stated above. The first-level model used as the basis for
the PPI analysis corresponded to the above-described design
for cerebellar analysis, with the individual design matrix for
each subject consisting of speed (slow, medium, high) and
movement type (acceleration, deceleration, stable speed),
and the head movements in all directions as the nuisance
covariates. In this model, we analyzed the connectivity of
cerebellar seeds using PPI models. Specifically, AAL-
defined cerebellar lobules arising as the most prominent ones
(most significant age-related differences) in the activation
and structural analysis (see below), i.e., left crus I, right crus
I, left crus II, right crus II, and right lobule VI, were used.
The time course of individual seeds was extracted as the
average over these atlas-defined cerebellar lobules of inter-
est. The first-level PPI models at the individual level includ-
ed the extracted time series, the task regressor (high vs. slow
speed), and the PPI regressor (product of the task regressor
and the deconvolved extracted time series), generating three
individual PPI t-contrasts, which were submitted to the
second-level regression analysis with age as a covariate
and hit ratio, gender, and MRI system as the nuisance vari-
ables. The movement type was not included in the connec-
tivity analysis due to its lower signature in the activation
analysis (see the BResults^ section).

Probabilistic atlas defined by Diedrichsen [20] implement-
ed in the SPM Anatomy toolbox [29] was used to identify the
activation clusters in the SUIT space in the cerebellum and the
Automated Anatomical Labeling (AAL) atlas database [30]
was utilized in the connectivity analysis encompassing the
whole brain.
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Statistical Thresholds

In the activation analysis and VBM, results were considered
significant at p < 0.05, family-wise error (FWE)–corrected for
multiple comparisons at the voxel level (with the cluster
threshold of 50 and 200 contiguous voxels for the activation
analysis and VBM, respectively). In the PPI analysis, we
adopted a less-stringent threshold of p < 0.05, FWE-
corrected for multiple comparisons at the cluster level (vox-
el-wise threshold of p < 0.001, uncorrected, small volume cor-
rection). And finally, the behavioral results utilize the signifi-
cance level of p < 0.01.

Results

The equivalence analysis of demographic variables in the first
step using two one-sided test revealed that the two samples
were significantly equivalent in age (p = 0.034) and gender
(p = 0.001), with no difference between the subjects enrolled
inMinneapolis and in Brno. Ergo, the subjects were processed
as a single cohort in all the subsequent analyses.

Behavioral Results

The initial analysis of pooled data from all participants pro-
vided the average hit ratio of 0.4354 (SD = 0.0853), with the
average EE ratio of 0.2920 (SD = 0.0609) and the average LE
ratio of 0.2726 (SD = 0.0818). No difference was found be-
tween the relative occurrence of the errors of different types
(EE vs. LE, 51.7% vs. 48.3%, respectively) (p > 0.05).
Interestingly though, the correlation analysis revealed virtual-
ly no effect of aging on the behavioral performance in any of
these parameters (rage-hit = − 0.031, rage-EE = − 0.096, rage-
LE = 0.103; p > 0.2 for all analyses). The performance based
on the rate of the speed did not correlate with age (rage-slow =
0.133, rage-medium = − 0.068, rage-high = − 0.136; p > 0.2 for all
analyses). However, the success rate was inversely correlated
with age for trials where stimuli moved on the screen with
different acceleration rates (rage-acceleration = − 0.534;
p < 0.0001), and, conversely, individuals with higher age were
able to cope with stable speed slightly better than the younger
participants (rage-stable speed = 0.315; p = 0.001). The extent of
correlation between performance in decelerated trials and age
did not reach the significance threshold (rage-deceleration =
0.120; p > 0.20). Furthermore, no learning effect was found
in any of the parameters in the ANCOVA analysis comparing
the first and the second half of the experiment with the age as a
covariate: hit ratio (F = 0.452, p > 0.2) and absolute time dif-
ference between the ideal and the actual time of button press
(F = 0.515, p > 0.2).

Structural Analysis

The analysis of the association between age and GM volume
revealed a significant negative correlation in the infratentorial
area (r = − 0.620; p < 0.0001), but only borderline results for
the whole brain (r = − 0.268; p = 0.028), resulting in a steep
decrease in the ratio of the infratentorial GM volume to the
whole intracranial GM volume (see Fig. 2).

Figure 3A and Table 1 illustrate the patterns of larger cer-
ebellar atrophy associated with higher age. The profile of at-
rophy was more pronounced in the posterior cerebellum (bi-
lateral crus I, left crus II, right lobule VI, and right lobule and
vermis IX); the anterior cerebellum was affected only slightly
(left lobule V). No age-related GM volume increase was
found.

Activation Analysis

The results of the 3 × 3 ANOVA (speed × movement type)
with age as the covariate of interest were as follows:

1. Main effect of speed: Higher speed of the target was close-
ly associated with the cerebellar activity in the posterior
cerebellum, specifically in both lobules VI (Fig. 3B,
Table 1).

2. Main effect of movement type: The changes in movement
type were associated with a higher activation in the pos-
terior cerebellum, specifically the vermis VIIIa and the
left hemispheric lobule VI) (Fig. 3C, Table 1).

3. Interaction of speed and movement type: No activations
surpassed the statistical threshold.

4. Positive association between age and activation (directly
proportional activation): Higher age was related with an
increased activation dominantly in the posterior cerebel-
lum, encompassing both crura I and II, to a far lesser
extent in the anterior cerebellum (right lobule V)
(Fig. 3D, Table 1).

5. Negative association between age and activation (in-
versely proportional activation): Younger subjects acti-
vated a small area in the anterior cerebellum (specifically
lobule IV) more than their older counterparts (Fig. 3E,
Table 1).

6. Overlap between the GM volume loss and the activation
proportional to age: Both crura I and the left crus I
showed a marked hyperactivation even though signifi-
cantly affected by GM atrophy (Table 1).

Connectivity Maps

The seeds for the PPI analysis were localized in the areas with
most significant age effect, both from VBM and the activation
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analysis: left crus I, right crus I, left crus II, right crus II, and
right lobule VI.

1. Seed in the left crus I: Higher age was associated with
decreased connectivity mainly to the left caudate and in

lesser extent also to the right caudate (Fig. 4A, Table 2).
The inverse contrast failed to yield any significant clusters
at the predetermined threshold.

2. Seed in the right crus I: Once again, higher age was asso-
ciated with decreased connectivity to the left caudate. On

VBM analysis

a

Activation analysis

b

c 

d

e

Fig. 3 Results of the 3 × 3ANOVAwith the age as the covariate of interest
(p < 0.05, FWE-corrected at the voxel level), in frontal, axial, and sagittal
views in SUIT space. a—VBM results (threshold T = 4.43) showing re-
duced GM volume in higher age (i.e., older individuals) dominantly in the
posterior cerebellum. b—main effect of speed (F-contrast) (threshold F =
12.15), with increased activation in the posterior cerebellum during higher
speeds. c—main effect of movement type (F-contrast) (threshold F =

12.15), yielding increased activation in the vermis VIIIa and left hemi-
spheric lobule VI. d—vast bilateral hyperactivation of the posterior cere-
bellum associated with higher age (threshold T = 4.33). e—area in the
lobule IV activated less in older subjects (threshold T = 4.33).
Conventions for the laterality were used where the right side in the figure
corresponds to the right cerebellum. See Table 1 for detailed statistical
results and anatomical localization of clusters

Fig. 2 Reduction of the
infratentorial GM volume and the
ratio of infratentorial GM volume
to the intracranial GM volume.
The x-axis depicts age groups, the
left and right axes denote
infratentorial GM volume and the
ratio of the infratentorial to the
intracranial GM volume as
percentage, respectively. Error
bars for GM volume columns
represent standard errors
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the other hand, they had increased connectivity to several
areas, including the cerebellar lobules IV, V, left lingual
and fusiform gyri, and the right hippocampus (Fig. 4B,
Table 2).

3. Seed in the left crus II: No significant connectivity differ-
ences associated with age were found.

4. Seed in the right crus II: Higher age was associated with
decreased connectivity to the left angular gyrus (Fig. 4C,
Table 2). The reverse contrast revealed no significant
differences.

5. Seed in the right lobule VI: Similar to the connectivity of
both the left and the right crus I, the older subjects had

significantly decreased connectivity to the left caudate.
On the other hand, they showed increased connectivity
to the left fusiform gyrus and the right pallidum
(Fig. 4D, Table 2).

Discussion

The extent to which the functional capacity of the cerebellum
is disrupted in older age remains notably underexplored,

Table 1 Anatomical localization of clusters in the activation and VBM analysis focused exclusively on the cerebellum

Cluster no. Structure (cerebellar lobules) Volume (in voxels) p value (FWE) F-score of local max MNI coordinates of local maxima

Activation—main effect of speed

1 RVI Hem 23.0% 645 < 0.001 20.66 2 − 76 − 29
RVI Verm 18.2%

LVI Verm 14.7%

LVI Hem 12.5%

Activation—main effect of movement type

1 LVIIIa Verm 44.3% 72 0.005 14.86 − 6 − 68 − 37
LVI Hem 20.0%

Cluster no. Structure (cerebellar lobules) Volume (in voxels) p value (FWE) T-score of local max MNI coordinates of local maxima

Activation directly proportional to age

1 RVIIa, crus I Hem 41.4% 2246 < 0.001 8.60 36 − 62 − 39
RVIIa, crus II Hem 16.9%

R IX Hem 10.0%

2 LVIIa, crus I Hem 40.2% 1694 < 0.001 8.34 − 14 − 82 − 39
LVIIa, crus II Hem 39.1%

3 RV Hem 80.5% 93 < 0.001 6.45 12 − 52 − 9
4 LVI Hem 85.2% 59 0.009 4.78 − 22 − 48 − 25

LV Hem 14.8%

Activation inversely proportional to age

1 R IV Hem 56.1% 55 < 0.001 5.93 2 − 44 − 21
L IV Hem 36.6%

GM volume inversely proportional to age

1 LVIIa crus I Hem 58.9% 2482 0.003 5.31 − 37 − 58 − 36
LVIIa, crus I Hem 25.3%

2 RVIIa crus I Hem 85.2% 2403 0.003 5.36 40 − 58 − 34
RVI Hem 13.5%

3 R IX Hem 59.8% 734 0.002 5.45 4 − 63 − 50
LVIIIb Verm 13.4%

R IX Verm 13.2%

4 LV Hem 66.0% 356 0.001 5.75 − 17 − 57 − 14
LVI Hem 34.0%

Overlap between the GM volume loss and the activation proportional to age

1 RVIIa, crus I Hem 96.7% 173 < 0.001 8.50 38 − 62 − 39

2 L VIIa, crus II Hem 52.2% 151 < 0.001 8.16 − 38 − 72 − 41
L VIIa, crus I Hem 47.6%

Clusters are significant at p < 0.05, FWE-corrected for multiple comparisons at the voxel level (with the cluster threshold of 50 and 200 contiguous
voxels for the activation analysis and VBM, respectively). Only cerebellar lobules covering at least 10.0% of the respective activation cluster are listed in
the table. L, left; R, right; Hem, hemisphere; Verm, vermis; MNI, Montreal Neurological Institute; FWE, family-wise error
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despite the mounting evidence on progressive changes, possi-
bly detrimental to its performance [9]. We found well-
preserved behavioral performance in predictive temporal esti-
mation associated with vast hyperactivation of the posterior
cerebellum, despite the atrophy of this area, corroborating
previous reports of marked age-related alterations. Our find-
ings provide a novel, multimodal insight on the aging cerebel-
lum escaping the trend of functional performance decline in
the supratentorial region.

Nonetheless, our promising findings of surprisingly stable
performance in higher age compared with younger age group
in an excessively demanding task able to distinguish even
slight cerebellar abnormities [17, 24, 27] must be put into
the context of other studies reporting reduced functional out-
comes in tasks dependent on the cerebellum in older individ-
uals [31, 32]. Indeed, we cannot truly escape the grim truth
hidden behind the strongly negative correlations of cerebellar
volume with the advancing age, very much in keeping with

quite extensive body of research [11, 33] and similar in mag-
nitude only to the prefrontal cortex and hippocampus [33]. A
limitation of the present study is probably an insufficient cov-
erage of the relevant high-age spectrum in our cohort, which
could explain why we did not find the reported nearly qua-
dratic rate of cerebellar volume decrease in elderly individuals
[34]. Despite this fact, we could corroborate the findings of the
dominant impact of aging on posterior lobes, mainly crus I,
and partly also the anterior cerebellum [12]. Our study also
complements the previously reported association of age with
the atrophy of the vermis [10, 35].

Regarding our main findings, the hyperactivation in both
cerebellar lobes VII is of plausible association with the pre-
sented task itself, as these areas have been repeatedly impli-
cated in spatial processing and executive functions (for re-
view, see [36]). Of further relevance is the emergence of lob-
ule IX, a region related rather to sensorimotor processing [6].
All in all, the vast bilateral hyperactivation in the posterior

 Inversely proportional to age  Directly proportional to age 

a

b 

c  

d  

Fig. 4 Results of the connectivity analysis (p < 0.05 FWE-corrected at
the cluster level) at the cluster level (p < 0.001 uncorrected at the voxel
level; threshold T = 3.14). White crosses in the results denote the absence
of any statistically significant results. a—Seed in the left crus I: reduced
connectivity mainly to the left caudate, to a lesser extent to the right
caudate in higher age. No connectivity increase associated with higher
age was found. b—Seed in the right crus I: again, reduced connectivity to
the left caudate in higher age. Increased connectivity to the anterior cer-
ebellum and the right hippocampus. c—Seed in the right crus II: reduced

connectivity to the left angular gyrus in subjects with higher age. No
connectivity increase associated with higher age was revealed. d—Seed
in the right lobule VI: also, decreased connectivity to the left caudate in
older subjects. The reverse contrast yielded a significant increase in con-
nectivity to the left fusiform gyrus and the right pallidum. Conventions
for the laterality were used where the right side in the figure corresponds
to the right side in the scanned area. See Table 2 for detailed statistical
results and anatomical localization of clusters
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cerebellum associated with increased age provides evidence
for the general concept delineated in the previous neuroimag-
ing research, which has long revealed that older adults exhibit
different brain activation with a bilateral increase in the pre-
frontal cortices [5, 37]. Interestingly, age-related dysfunction
of the cerebellum has been largely marginalized in this re-
search area, with the majority of literature being oriented on
morphology [9]. Rather scarce fMRI reports implicated both
increased [5, 31, 38] and to a far lesser extent decreased [39,
40] activation in the cerebellum associated with aging in var-
ious tasks, but generally, as a complement to the main
supratentorial finding, giving an edge to our neuroimaging
analysis devoid of cerebellar deformations and registration
imprecisions inherent to the processing at the level of the
whole brain. The normalization to the high-resolution spatial-
ly unbiased SUIT template of the cerebellum implemented in
this project allows for higher confidence in our findings,
thanks to the reduced inter-subject spatial variance and more
precise probabilistic atlas-based localization. Moreover, the
decreased connectivity of these very cerebellar regions,
exhibiting a seemingly counterintuitive combination of hyper-
activation and atrophy, to various structures conforms with the
generally accepted overall pattern of decreased functional

connectivity associated with increasing age [14]. The repeated
emergence of hypoconnectivity to the left caudate from mul-
tiple areas, specifically both crura I and the right lobule VI, is
of much interest. It not only complements previous reports of
decreased cerebellar connectivity to the basal ganglia in aging
[39] but it also partly builds upon our previous analysis of
structures engaged in the very same task focusing on predic-
tive motor timing [16], where caudate emerged as a major
node participating in success and failure assessment. No
age-related connectivity changes have been found in the other
supratentorial structures previously implicated in this task
(middle temporal gyrus, putamen, and occipital lobe) [16].
All in all, the combination of this connectivity decrease with
increased connectivity to several regions responsible for vi-
suospatial attention [41] and neural pathways related to rec-
ognition and short-term memory points to possible compen-
satory efforts of the aging cerebellum and its network.
However, further components, possibly even inherent to the
task itself (e.g., different strategy in close association with
age), may well have contributed to the absence of correlation
between the age and the performance, calling for similarly
designed studies focusing on different cerebellar functions.
Furthermore, even though it is tempting to attribute all the

Table 2 Anatomical localization of clusters in the connectivity analysis

Anatomical
regions

Brodmann area or lobule in the
cerebellum

Side Volume (in voxels) p value (SVC) T-score of local max MNI coordinates
of local
maxima

Seed in the left crus I

Inversely proportional to age

Caudate L 264 < 0.001 5.17 − 6 16 1

Caudate R 4.06 18 20 13

Seed in the right crus I

Inversely proportional to age

Caudate L 86 < 0.001 5.00 − 9 16 4

Directly proportional to age

Lingual gyrus BA30 R 55 < 0.001 4.92 9 − 37 − 11
Cerebellum Lobule IV, V L 71 < 0.001 4.81 − 9 − 48 − 14
Hippocampus R 101 < 0.001 4.36 33 − 16 − 14
Fusiform gyrus BA 37 L 55 0.001 4.20 − 39 − 64 − 14

Seed in the right crus II

Inversely proportional to age

Angular gyrus BA 39 L 99 < 0.001 4.35 − 42 − 70 40

Seed in the right lobule VI

Inversely proportional to age

Caudate L 57 < 0.001 4.89 − 9 16 7

Directly proportional to age

Fusiform gyrus BA 37 L 124 < 0.001 4.38 − 36 − 55 − 14
Pallidum R 58 < 0.001 4.32 15 − 1 − 2

Clusters are significant at p < 0.05, FWE-corrected for multiple comparisons at the cluster level (voxel-wise threshold of p < 0.001, uncorrected, small
volume correction). L, left; R, right; BA, Brodmann area;MNI, Montreal Neurological Institute; SVC, small volume correction; FWE, family-wise error
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BOLD changes purely to hypothesized underlying neuronal
alterations, there is a non-negligible association of vascularity,
hemodynamic and vasomotor response with age [42, 43] po-
tentially confounding all the fMRI and connectivity studies of
aging, an issue, which definitely requires further extensive
research in the years to come. A further limitation to this study
is the absence of extensive neuropsychological battery and
hence the possibile inclusion of subjects with initial stages
of cognitive disorders, even though of low risk considering
the normal MMSE levels and no subjective complaints in this
area. And lastly, one of the major limitations of the presented
study is the possible interference of the use of two MRI scan-
ners with different strengths of magnetic field, despite the
inclusion of this parameter to the statistical model.

All in all, our study is the first to provide a multimodal
account of aging specifically in the cerebellum, including a
behavioral perspective, morphological, activation, and con-
nectivity aspects, all in one group of subjects. The bilateral
hyperactivation of cerebellar areas most affected by atrophy
leading to a behavioral outcome comparable to younger sub-
jects, despite the decreased connectivity to areas relevant for
the task, is not unlike the processes described in the frontal
cortex in aging—likewise suffering from atrophy in far higher
extent than the rest of the brain and likewise answering with
increased bilateral activation to compensate for age-related
insults. This very area was the focus of the landmark paper
introducing the scaffolding theory of aging and cognition [44].
Scaffolding is one of the basic concepts of learning envisaged
as selective honing of the initial, dispersed network activated
in early processes to the most specific and optimal circuit to
mediate efficient functions. And aging, associated with grad-
ual encroachment of pathological processes diminishing the
neurobiological efficiency of these optimized pathways,
seems to lead to re-erection of the scaffolds previously ac-
quired during early learning or the recruitment of newly
established scaffolds to compensate for the damaged or lost
networks in the frontal cortex. Nonetheless, this may well be
the case also for the cerebellum that, utilizing its innate learn-
ing skills [45], recruits further areas to compensate for the age-
related alterations, even increasing the communication with
supratentorial regions previously non-dominant in the specific
task, to preserve the task performance and behavioral out-
comes. Nonetheless, whether this age-related hyperactivation
is limited to the cognition-related posterior part of the cerebel-
lum, which boasts extensive connections to associative corti-
ces [46], or it affects also the anterior cerebellum, remains to
be established using appropriate experiment designs.

The picture emerging here represents a refinement and syn-
thesis of ideas appearing in the recent years and their applica-
tion to the often-overlooked cerebellum, extending the scaf-
folding theory of aging to this remarkable neuronal machine.
In times with dire need to understand the precise neurobiolog-
ical mechanisms of aging, together with the search for

possible methods for preservation and enhancement of central
nervous system function in growing proportion of elderly pop-
ulation, our results provide novel insights in the reorganization
of cerebellar activity and networks associated with aging.
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