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Abstract
Sensorimotor function is a fundamental brain function in humans, and the cerebrocerebellar circuit is essential to this func-
tion. In this study, we demonstrate how the cerebrocerebellar circuit develops both functionally and anatomically from child-
hood to adulthood in the typically developing human brain. We measured brain activity using functional magnetic resonance 
imaging while a total of 57 right-handed, blindfolded, healthy children (aged 8–11 years), adolescents (aged 12–15 years), and 
young adults (aged 18–23 years) (n = 19 per group) performed alternating extension–flexion movements of their right wrists 
in precise synchronization with 1-Hz audio tones. We also collected their diffusion MR images to examine the extent of fiber 
maturity in cerebrocerebellar afferent and efferent tracts by evaluating the anisotropy-sensitive index of hindrance modulated 
orientational anisotropy (HMOA). During the motor task, although the ipsilateral cerebellum and the contralateral primary 
sensorimotor cortices were consistently activated across all age groups, the functional connectivity between these two distant 
regions was stronger in adults than in children and adolescents, whereas connectivity within the local cerebellum was stronger 
in children and adolescents than in adults. The HMOA values in cerebrocerebellar afferent and efferent tracts were higher 
in adults than in children (some were also higher than in adolescents). The results indicate that adult-like cerebrocerebellar 
functional coupling is not completely achieved during childhood and adolescence, even for fundamental sensorimotor brain 
function, probably due to anatomical immaturity of cerebrocerebellar tracts. This study clearly demonstrated the principle 
of “local-to-distant” development of functional brain networks in the human cerebrocerebellar sensorimotor network.
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Introduction

Sensorimotor function is a fundamental brain function in 
humans, and the cerebrocerebellar circuit is essential to 
this function. Indeed, many resting-state functional con-
nectivity studies have demonstrated that the cerebellum is 
a member of the sensorimotor network in the adult brain 
(Buckner et al. 2011; Fox and Raichle 2007; Guell et al. 
2018a, b; Habas et al. 2009; Kipping et al. 2013; O’Reilly 
et al. 2010; Sang et al. 2012).

It is generally believed that the brain regions associ-
ated with more fundamental functions may develop earlier 
than the regions involved in more complex and higher-
order functions (Casey et al. 2005; Chugani et al. 1987). 
For example, it has been demonstrated that, in the human 
brain, the grey matter maturation of the primary sensori-
motor cortex (SM1) occurs relatively earlier in the entire 
brain, in addition to the occipital visual cortex (Gogtay 
et al. 2004). Moreover, it has been demonstrated that 6- 
to 13-year-old children and adolescents already exhibit 
activation in the cerebrocerebellar sensorimotor network 
between the contralateral SM1 and the ipsilateral cerebel-
lar hemisphere (lobules V and VI) when they performed 
finger-tapping tasks with their right hands, with some 
quantitative difference from adults (De Guio et al. 2012; 
Turesky et al. 2018). Furthermore, we previously dem-
onstrated that 8- to 11-year-old children recruit the cer-
ebrocerebellar sensorimotor network during kinesthetic 
(muscle spindle afferent) processing of the right hand 
(Naito et al. 2017).

On the other hand, it has also been demonstrated that 
functional connectivity among remote brain regions 
develops slowly in the human brain (Dosenbach et  al. 
2010). Resting-state functional connectivity studies have 
revealed slow maturation of cerebrocerebellar functional 
networks in general (Fair et al. 2009). According to Fair 
et al. (2009), the cerebellum and cerebral cortices are 
functionally connected in the adult brain (19–31 years of 
age). However, the cerebellum is isolated from the cer-
ebral networks in children (7–9 years of age) and exhibits 
weak connections with the networks even in adolescents 
(10–15 years of age). Moreover, such functional connec-
tivity studies have also provided other evidences that the 
cerebellum is not yet a substantial member of the sensori-
motor network in neonates (Fransson et al. 2007) or young 
(2- to 5-year-old) children (Manning et al. 2013), becom-
ing a member in 5- to 8-year-old children (de Bie et al. 
2012) as shown in adults (see above references). Thus, 
it remains controversial whether the cerebellum is a sub-
stantial member of the sensorimotor network in children 
and adolescents. In addition, these evidence are derived 
from examining functional connectivity while participants 

are resting without performing any motor tasks; thus, it is 
unclear whether children and adolescents (approximately 
8–15 years of age) exhibit adult-like functional connectiv-
ity in the cerebrocerebellar sensorimotor network when 
they actually perform a motor task. If we consider the fact 
that functional brain networks develop slowly and from a 
local to distributed organization (Dosenbach et al. 2010; 
Fair et al. 2007, 2009), we may expect that, during a motor 
task, functional connectivity in the cerebrocerebellar dis-
tant network is still under development even for fundamen-
tal sensorimotor function in children, and that there could 
be a developmental shift from local to long-range connec-
tivity in the cerebrocerebellar sensorimotor network from 
childhood to adulthood.

In the present study, we first conducted functional 
magnetic resonance imaging (fMRI) in a total of 57 
right-handed healthy children (aged 8–11 years), ado-
lescents (12–15 years), and young adults (18–23 years; 
19 per group). We scanned their brain activity while the 
blindfolded participants performed alternating exten-
sion–flexion movements of their right wrists in precise 
synchronization with 1-Hz audio tones. In addition to 
conventional contrast analyses to identify group-specific 
and common-across-groups activations, we conducted a 
seed-based functional connectivity analysis to explore pos-
sible group-specific neuronal communication patterns in 
the sensorimotor network.

We then conducted diffusion MRI in which we collected 
diffusion-weighted MR images from these participants to 
examine the extent of fiber (anatomical) maturity of their 
cerebrocerebellar tracts. Despite that abnormalities in the 
development of the cerebellar white matter have been rela-
tively well-documented (Catani et al. 2008; Fatemi et al. 
2012), the development of cerebellar afferent and efferent 
tracts in the typically developing human brain (from child-
hood to adulthood) has not been fully elucidated. This is 
important because such an effort can provide valuable infor-
mation about normal cerebrocerebellar anatomical develop-
ment which may underpin its functional development.

In primates, the cerebellar hemispheres receive afferent 
inputs from the contralateral cerebral cortices and project 
efferent outputs back to these cortices by forming parallel 
cortico-ponto-cerebello-dentato-thalamo-cortical closed 
loops (Clower et al. 2005; Dum and Strick 2003; Kelly and 
Strick 2003; Middleton and Strick 2000; Strick et al. 2009). 
These pathways are referred to as the cerebrocerebellar tracts 
[the cortico-ponto-cerebellar (CPC) afferent tract and the 
superior cerebellar efferent (SC; cerebello-dentato-thalamo-
cortical) tract]. Thus, we focused on these cerebrocerebellar 
afferent and efferent tracts and evaluated the extent of fiber 
maturity of these tracts in each participant, and examined 
possible group differences. We also discussed relationship 
between the development of functional connectivity in the 
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cerebrocerebellar sensorimotor network and the anatomical 
maturation of the cerebrocerebellar tracts.

Materials and methods

Participants

A total of 57 healthy volunteers participated in the study. The 
participants were composed of three (child, adolescent, and 
adult) groups. The child (CH) group consisted of 19 children 
(mean age 9.5 ± 0.9 years, range 8 years 7 months to 11 years 
3 months). The adolescent (ADO) group was composed of 
19 adolescents (mean age 13.4 ± 0.7 years, range 12 years 
8 months to 15 years 0 months). The adult (AD) group con-
sisted of 19 young adults (mean age 20.8 ± 1.4 years, range 
18 years 10 months to 23 years 7 months). The children and 
adolescents were recruited from local elementary and junior-
high schools. We confirmed handedness using the Edinburgh 
Handedness Inventory (Oldfield 1971), and ensured that no 
participants had a history of neurological or psychiatric dis-
order based on self and legal guardian reports. The protocol 
used in the study was approved by the ethics committees of 
the University of Fukui and the National Institute of Infor-
mation and Communications Technology. We explained the 
details of the study to the participants before initiating the 
experiment. After this explanation, all participants provided 
written informed consent. In cases of children and adoles-
cents, written informed consent was also obtained from their 
legal guardians. The experiment was carried out following 
the principles and guidelines of the Declaration of Helsinki 
(1975).

Motor task

Before the fMRI experiment, each participant performed a 
motor task outside the scanner to familiarize them with the 
task before they entered the MR room. The participants sub-
sequently lay in the MRI scanner. At this time, their heads 
were immobilized using sponge cushions and their ears were 
plugged. Both the left and right arms of the participants were 
naturally semipronated and extended in front of them. Both 
arms were supported by cushions, allowing the participants 
to relax their upper arms during the motor task. We asked 
the participants to relax their entire body without producing 
unnecessary movements and to think only of the assigned 
tasks.

Their right hands were affixed to a wooden apparatus 
(Fig. 1). A mobile indicator was mounted on the surface 
of this apparatus, and angular degrees were scaled using an 
ordinal protractor on its surface. We fixed the right hand on 
this mobile indicator with two hook and loop fasteners, while 
the index, middle, ring, and little fingers were extended. 

Special care was taken to ensure that the two fasteners were 
wrapped around the hands consistently across the partici-
pants, to match the areas that received tactile inputs from 
the fasteners among the participants. One fastener wrapped 
the proximal interphalangeal joints, and the other wrapped 
the metacarpal bones (Fig. 1). The radiocarpal joint of the 
wrist was located immediately above the origin of the pro-
tractor. We defined the wrist angle as 0° when the wrist was 
straightened as the start position (Fig. 1).

The blindfolded participants were asked to perform alter-
nating extension–flexion movements of their right wrists in 
precise synchronization with 1-Hz audio tones generated 
by a computer. We fixated two stoppers on the protractor 
device to control the range of wrist motion across epochs 
and participants (Fig. 1). One was fixated at the start posi-
tion to prevent the wrist from extending beyond the straight 
(0°) position. The other was prepared to prevent the wrist 
from flexing beyond 60° of flexion. The participants had to 
touch either stopper (0° or 60°) by the hand-fixed mobile 
indicator in precise synchronization with 1-Hz audio tones, 
while making controlled alternating wrist extension–flexion 
movements. Hence, they had to continuously control wrist 
extension and flexion movements alternatingly by predicting 
and adjusting movement time within the range of motion 

stopper

stopper
0 °

60 °

Fig. 1  Experimental setup for a motor task. The blindfolded par-
ticipants were asked to perform alternating extension–flexion move-
ments of their right wrists in precise synchronization with 1-Hz audio 
tones generated by a computer. Their right hands were affixed to a 
wooden apparatus. We fixed the right hand on a mobile indicator with 
two hook and loop fasteners in order for the radiocarpal joint of the 
wrist to be located immediately above the origin of the protractor. 
We defined the angle of the wrist as 0° when the wrist was straight-
ened as the start position. To control the range of wrist motion across 
epochs and participants, we fixated two stoppers [the straight (0°) 
position and 60° of flexion] on the protractor device. The participants 
had to touch either stopper (at 0° or 60°) by the hand-fixed mobile 
indicator in precise synchronization with 1-Hz audio tones, while 
they kept controlling the alternating wrist extension–flexion move-
ments
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(from 0° to 60°), and thus the task required predictive sen-
sory-motor control and online feedback control of the wrist.

Each participant completed one experimental run, which 
lasted for 205 s. One run was composed of six movement 
epochs (Move), each of which lasted for 15 s. The movement 
epochs were separated by 15 s resting (baseline) periods. 
During the resting periods (Rest), 1-Hz audio tones were 
generated at different pitches. Thus, during the resting peri-
ods, the participants received 1-Hz auditory stimuli but did 
not move their right wrists. Each run also included a 25 s 
period before the start of the first epoch and another 15 s 
period after the end of the final epoch.

We asked the participants to close their eyes immediately 
before we started an fMRI run. During the fMRI run, we 
provided the participants with auditory instructions (e.g. 3, 
2, 1, start) through an MR-compatible headphone to provide 
them the start timing of a movement epoch. We also pro-
vided the instruction “stop” to notify the participants of the 
cessation time for each movement epoch. These instructions 
were also generated by a computer. We confirmed that all of 
the participants could perform the 1 Hz movements by visual 
inspection during scanning.

fMRI data acquisition

MR images were acquired using a 3.0 T Discovery MR 
750 scanner (General Electric Medical Systems, Mil-
waukee, Wisconsin, USA). The methods of fMRI data 
acquisition were identical to those in our previous studies 
(Morita et al. 2018; Naito et al. 2017). Functional images 
were acquired using T2*-weighted gradient echo-planar 
imaging (EPI) sequences obtained using the MRI machine 
and a 32-channel array coil. We collected 82 volumes per 
run [slice number = 40; slice thickness = 3.5 mm; inter-
slice thickness = 0.5 mm; repetition time (TR) = 2500 ms; 
echo time (TE) = 30 ms; flip angle = 83°; field of view 
(FOV) = 192 × 192 mm; voxel size (x, y, z) = 3 × 3 × 4 mm].

Imaging data analysis

Preprocessing

To eliminate the effects of unsteady magnetization in the 
task, we discarded the first four EPI images in the fMRI run. 
Imaging data were analyzed using SPM 8 (The Wellcome 
Trust Centre for Neuroimaging, London, UK) implemented 
in Matlab (Mathworks, Sherborn, MA).

Initially, the EPI images were realigned to the first image 
and then to the mean image. We first calculated the mean 
displacement of each image from the first image for each 
run with each participant. All 57 participants had less 
than 3 mm of cut-off maximum motion in every plane 
(x, y, z) during the run. When we computed the average 

displacement across participants in each group (Morita 
et al. 2018), we found that in the CH group the average dis-
placements were 0.08 mm (range 0.02–0.25 mm), 0.13 mm 
(0.14–0.44 mm), and 0.31 mm (0.03–1.90 mm) in the x-, 
y-, and z-axes, respectively. In the ADO group, these values 
were 0.07 mm (0.02–0.15 mm), 0.13 mm (0.03–0.48 mm), 
and 0.17 mm (0.04–0.34 mm). In the AD group, these values 
were 0.09 mm (0.02–0.20 mm), 0.10 mm (0.02–0.43 mm), 
and 0.10 mm (0.04–0.28 mm). A one-way ANOVA revealed 
no significant differences across groups in any axes.

The realigned images were normalized to the Montreal 
Neurological Institute (MNI) space (Evans et al. 1994). 
By comparing the functional activation foci in children 
and adults within a common stereotaxic space, Kang et al. 
(2003) provided an empirical validation of normalization for 
analysis of fMRI data obtained from school-aged children 
(Kang et al. 2003). Finally, the spatially normalized func-
tional images were filtered using a Gaussian kernel with a 
full-width-at-half-maximum (FWHM) of 4 mm along the 
x-, y-, and z-axes.

Analysis of movement‑related activation in each 
group

After preprocessing, we first explored movement-related 
activation using a general linear model (GLM; Friston et al. 
1995; Worsley and Friston 1995) in each participant. The 
design matrix contained a boxcar function for the movement 
epoch, which was convolved with a canonical hemodynamic 
response function. To correct for residual motion-related 
variance after realignment, the six realignment parameters 
were also included in the design matrix as regressors of no 
interest.

We first generated a contrast image to examine the 
brain regions that exhibited movement-related activation 
(Move > Rest) in each participant (single-subject analyses). 
In this contrast, the effect of 1-Hz audio tones should be 
eliminated because the participants consistently heard the 
1-Hz audio tones both in the movement epochs and in the 
resting periods. The contrast images from all participants 
were entered into a second-level random effects group anal-
ysis (Holmes and Friston 1998). One-sample t tests were 
conducted in each group separately. In the second-level 
analyses, we first generated a voxel-cluster image using 
an uncorrected voxel-wise threshold of p < 0.001 in each 
group. For statistical inference, we used an extent threshold 
of p < 0.05 at the cluster level after correction for multiple 
comparisons with the family-wise error (FWE) rate in the 
whole brain.

To identify the anatomical regions of activation peaks, 
we referred to the cytoarchitectonic probability maps in the 
MNI standard brain of the SPM Anatomy Toolbox v2.2b 
(Eickhoff et  al. 2005). With regard to the definition of 
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cerebellar regions, we referred to the study by Schmahmann 
et al. (2000) when anatomical definition was not available 
in the toolbox.

Consistent brain activation across groups

To explore the brain regions that consistently exhibited 
movement-related activation across all age groups, we per-
formed a conjunction analysis (Price and Friston 1997). In 
this analysis, we also generated a voxel-cluster image using 
an uncorrected voxel-wise threshold of p < 0.001, and used 
the FWE-corrected cluster-wise threshold of p < 0.05 in the 
entire brain space.

Comparisons between groups

To examine developmental changes in brain activation, we 
examined all possible comparisons across three groups. For 
example, when we examined the greater activation in the 
AD group relative to the CH group, we compared move-
ment-related activation in the AD group with that in the CH 
group by examining (Move > Rest)AD − (Move > Rest)CH. 
In this comparison, we used an image of (Move > Rest)AD 
(uncorrected height threshold of p < 0.05) as an inclusive 
mask. Using this masking procedure, we ensured that any 
movement-related activation that we observed to be greater 
in the AD group was true activation in the AD group, rather 
than pseudo-activation caused merely by movement-related 
deactivation in the CH group. We used the same procedure 
for other comparisons. The validity of the masking proce-
dure is discussed in our previous papers (Morita et al. 2018; 

Naito et al. 2017). In these group comparisons, we used the 
FWE-corrected extent threshold of p < 0.05 in the entire 
brain for a voxel-cluster image generated with an uncor-
rected cluster-defining height threshold of p < 0.001 in each 
comparison.

Functional connectivity analysis

We conducted a functional connectivity analysis to examine 
possible group differences in functional connectivity in the 
sensorimotor network. Specifically, we expected a develop-
mental shift from local to long-range connectivity in the 
cerebrocerebellar sensorimotor network from childhood to 
adulthood (see “Introduction”).

The conjunction analysis revealed consistent movement-
related brain activation across all age groups in the con-
tralateral SM1, supplementary motor area (SMA), cingu-
late motor area (CMA), and thalamus and in the ipsilateral 
cerebellar vermis, paravermis, and hemisphere (Table 1; 
Fig. 2a). Highly similar patterns of brain activation were 
identified in our previous study in which an independent 
group of blindfolded healthy adults performed similar right-
wrist movements (Amemiya and Naito 2016). Thus, such 
active brain regions can be considered important regions 
during right-wrist movements. In this previous study, we 
reported 15 peak voxels in such active brain regions. In the 
present study, we confirmed that 7 out of these 15 voxels 
were also active in the conjunction analysis. These seven 
voxels were located in the right lobule VI (two voxels), right 
paravermis (lobule V), left area 4a, left SMA, left CMA, 
and left thalamus. We used each of these peak voxels in the 

Table 1  Results of conjunction 
analysis

Uncorrected height threshold, p < 0.001; extent threshold, p < 0.05, FWE-corrected in the entire brain. 
Size = number of active voxels. For anatomical identification of peaks, we only considered cytoarchitec-
tonic areas available in the Anatomy toolbox that had > 30% probabilities. The cytoarchitectonic area with 
the highest probability was reported for each peak. When no cytoarchitectonic area with a > 30% probabil-
ity was available to determine a peak, we provided the anatomical location of the peak. In each cluster, we 
reported peaks that were more than 8 mm apart in the descending T-value order. To facilitate visualization, 
we avoided reporting a peak for each cluster when it was identified in the cytoarchitectonic area or ana-
tomical structure already reported for a peak with a higher t value
Hem hemisphere, Verm vermis, CMA cingulate motor area

Clusters Size t value x y z Area

Right cerebellar cluster 1630 10.41 14 − 46 − 22 Lobule V (Hem)
9.38 24 − 46 − 28 Lobule VI (Hem)
9.21 4 − 62 − 26 Lobule VI (Verm)
6.61 6 − 68 − 38 Lobule VIIIa (Verm)
4.66 22 − 58 − 50 Lobule VIIIb (Hem)

Left M1 cluster 754 8.11 − 34 − 26 60 Area 4a
5.43 − 32 − 24 72 Precentral gyrus
5.07 − 20 − 26 78 Postcentral gyrus

Left thalamic cluster 200 6.45 − 16 − 22 4 Thalamus
Left medial frontal cluster 227 5.61 − 6 − 20 50 CMA
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following connectivity analysis as a seed voxel. By selecting 
seed voxels based on the results obtained from the previous 
independent study (Amemiya and Naito 2016), we avoided 
any problematic circular evaluation raised by Kriegeskorte 
et al. (2009). In the present study, the primary somatosen-
sory cortex (SI) was not included as a seed region. This is 
because, although we found an activation peak (− 36, − 40, 
68) in SI in our previous study (Amemiya and Naito 2016), 
the present common SM1 activation was predominantly 
located in the primary motor cortex (M1), and thus this peak 
was not identified in the present common SM1 activation.

The time-course data were extracted from the 8 mm 
radius sphere around each peak (seed voxel) in each partici-
pant. This radius was selected based on the final smoothness 
of the present functional imaging data. In this analysis, we 
constructed a second GLM (independent of the first GLM) 
for each seed region in each participant. The time-course 
data obtained from a seed voxel were included as a linear 
regressor in the design matrix for the GLM. This GLM also 
contained a movement-related regressor for the movement 
epoch, and the six realignment parameters, as regressors of 
no interest. In general, during the performance of a particu-
lar task, the blood oxygen-level dependent (BOLD) signal 
includes both task-related and neuronal fluctuation compo-
nents (Saito et al. 2010). Thus, the regressor (the time-course 
data obtained from a seed voxel) most likely contained both 
task-related and neuronal fluctuation components. In the 
present connectivity analysis, we expected to identify brain 
regions in which activity co-varied with activity changes 
(movement-related and neuronal fluctuation components) in 
a seed region, which cannot be detected merely by the move-
ment-related regressor (simple boxcar function). Hence, the 

brain regions detected in this analysis were likely to share 
these activity components with the seed region.

The above analysis generated an individual image, which 
identified the brain regions where activity co-varied with 
the activity in each seed region. The images obtained from 
all participants were entered into the second-level ran-
dom effects group analysis. This was carried out in each 
age group separately. We then conducted the second-level 
analyses by performing two-sample t tests between any two 
given groups. In this comparison, we used the average image 
of (Move > Rest) across all age groups (uncorrected height 
threshold of p < 0.05) as an inclusive mask. Using this mask-
ing procedure, we ensured that any brain regions exhibiting 
functional connectivity that we observed to be stronger in 
an age group was restricted to brain regions that exhibited 
movement-related activation observed across all groups on 
average. For statistical evaluation, we used the FWE-cor-
rected extent threshold of p < 0.05 in the entire brain for a 
voxel-cluster image generated at the cluster-defining uncor-
rected height threshold of p < 0.001. We found significant 
group differences only when we used the cerebellar seeds, 
but not from area 4a, SMA, CMA, or thalamic seeds. Hence, 
we only report the results obtained from the cerebellar seed 
regions (red sections in Fig. 3). To verify the consistency 
of the present results, we also examined brain regions in 
which we found clusters of active voxels (> 45 voxels) that 
survived at the cluster-defining uncorrected height threshold 
of p < 0.001 (violet sections in Fig. 3). This was a purely 
descriptive approach; however, this may help us to demon-
strate the coherency of the present results (Fig. 3).

In the functional connectivity analysis, we found that 
adults exhibited stronger connectivity in the long-range 

Conjunction

AD > CH

z = 55       z = 45        z = 5         z = -10        z = -20      z = -30

B

A

Fig. 2  a Results of the conjunction analysis. Brain regions that were 
consistently activated during the motor task across all (CH, ADO, 
and AD) groups are indicated in red. b Results of the between-group 
comparison. Brain regions in which the AD group exhibited signifi-
cantly greater movement-related activation than did the CH group are 
indicated in green. In each panel, brain activations are rendered onto 

the horizontal slices of the Montreal Neurological Institute standard 
brain (slices: z = 55, 45, 5, − 10, − 20 − 30 from left to right). Each 
slice level is indicated by a blue horizontal line on the brain depicted 
at the rightmost side in each panel. AD adult, ADO adolescent, CH 
child
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cerebrocerebellar network, whereas children and adolescents 
exhibited more local connectivity within the cerebellum 
(Fig. 3). To visualize this “local-to-distant” development 
of the cerebrocerebellar sensorimotor network, we exam-
ined developmental changes in the effect-size of functional 
connectivity with the seed region of the right cerebellar 
hemisphere [lobule VI; coordinates (20, − 48, − 22)]. We 
selected this seed region because only from this seed region 
could we identify clusters of active-voxels (> 45 voxels at 
the uncorrected height threshold of p < 0.001) that exhibited 
stronger functional connectivity consistently in the between-
group comparisons of AD vs. CH, AD vs. ADO, CH vs. 
AD, and ADO vs. AD. In each participant of all groups, we 
first extracted the effect-size of long-range cerebrocerebel-
lar connectivity from the 8 mm radius sphere around a peak 
voxel [postcentral gyrus: (− 30, − 36, 70)] of the active-voxel 
cluster, which exhibited stronger functional connectivity in 
the AD group consistently when compared to the CH and 
ADO groups (left two panels in Fig. 3b). We also extracted 
the effect-size of the within-cerebellar connectivity from the 

8 mm radius sphere around a peak voxel [interpositus nuclei: 
(6, − 58, − 28)] of the active-voxel cluster, which exhibited 
stronger functional connectivity in the CH and ADO groups 
than in the AD group (right two panels in Fig. 3b). We then 
plotted individual within-cerebellar connectivity against 
cerebrocerebellar distant connectivity (Fig. 4). This visu-
alization approach could improve our understanding of the 
“local-to-distant” developmental dynamics of the human 
cerebrocerebellar sensorimotor network.

Diffusion MRI data acquisition

MR images were acquired using the same 3.0 T scanner. 
During scanning, the participants’ heads were immobilized 
using sponge cushions, and their ears were plugged. We 
asked the participants to relax their entire body and avoid 
moving. A silent cartoon video was projected to the par-
ticipants during the 4 min 29 s scanning time to keep them 
still in the scanner (Greene et al. 2016). Diffusion-weighted 
MR images were acquired using a spin-echo EPI sequence 

A

B

C

Fig. 3  Results from functional connectivity analyses. a–c Represents 
the brain regions in which the functional connectivity with each seed 
region [leftmost column: regions of interest (ROIs)] was greater in 
one group than in another group. For example, when the connectiv-
ity was greater in the AD group than in the CH group, we described 
this as AD > CH. We demonstrated between-group differences in con-
nectivity when we used a seed region of a right lobule VI [Montreal 
Neurological Institute (MNI) coordinates (30, − 46, − 28)], b right 
lobule VI (20, − 48, − 22), and c right paravermis lobule V (8, − 56, 
− 10). Each seed region (blue dot) was rendered onto a coronal slice 

of the MNI standard brain. The brain regions that exhibited signifi-
cant between-group differences in connectivity were superimposed on 
horizontal slices of the MNI standard anatomical image (family-wise 
error-corrected spatial-extent threshold of p ≤ 0.05 in the entire brain; 
red sections). The z-coordinate of the horizontal slice is indicated 
immediately below each panel. To demonstrate the coherency of our 
results, we also present the brain regions in which we found clusters 
of active voxels (> 45 voxels) that survived at the cluster-defining 
uncorrected height threshold of p < 0.001 (violet sections). AD adult, 
ADO adolescent, CH child
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taken in the axial plane with 30 directions, with a b value of 
1000 s/mm2. The image consisted of 64 slices acquired in 
ascending order, with a thickness of 2 mm. The time inter-
val between two successive acquisitions from the same slice 
(TR) was 8400 ms. We used a TE of 90.5 ms and a flip 
angle of 90°. The FOV was 256 × 256 mm, and the matrix 
size was 256 × 256. Eventually, the voxel dimensions were 
1 × 1 × 2 mm in the x-, y-, and z-axes. Additionally, a single 
image with no diffusion weighting (b value = 0 s/mm2; b0 
image) was acquired.

Data analyses

General procedures

In the series of analyses, we first corrected for head motions 
and geometrical distortions in the diffusion-weighted MR 
image (preprocessing). We then estimated the distribution 
of fiber orientations in each voxel of the entire brain using 
a spherical deconvolution (SD) approach (Tournier et al. 
2004). We reconstructed the streamlines (estimated trajec-
tories of white matter fascicles) in the entire brain (trac-
tography). We defined multiple regions-of-interest (ROIs) 
to dissect two targeted tracts (the CPC afferent tract and 
the SC efferent tract) from all of the streamlines. For each 
tract, the tract connecting the right cerebellum and the left 
cerebrum and that connecting the left cerebellum and the 

right cerebrum were treated separately. To evaluate tract tis-
sue properties, we calculated hindrance modulated orienta-
tional anisotropy (HMOA) as an anisotropy index, which has 
been demonstrated to more sensitively and precisely detect 
subtle changes in water diffusivity associated with complex 
fibers (Dell’Acqua et al. 2013). We calculated the HMOA 
values for the CPC tract and the SC tract of each hemisphere 
(right-cerebellum–left-cerebrum and left-cerebellum–right-
cerebrum) in each participant and examined the differences 
among the three (CH, ADO, and AD) groups.

Preprocessing

We used freely accessible software (Explore DTI; http://
www.explo redti .com: Leemans et al. 2009) to register raw 
diffusion-weighted MR images for each participant, and cor-
rected for head motions and geometrical distortions in each 
slice of the image.

SD approach and tractography

After preprocessing, we used an SD approach to estimate the 
orientation distribution of fiber populations within individ-
ual voxels. The limitation of the conventional tensor model-
based approach [diffusion tensor imaging (DTI)] is the ina-
bility to identify multiple fiber orientations within a voxel 
and to solve crossing fibers during tracking. In contrast, the 
SD approach allows for the estimation of multiple fiber ori-
entations within a voxel based on spherical harmonics, and 
thus provides higher sensitivity for identifying white matter 
tracts even in cases of fiber crossing (Dell’Acqua et al. 2013; 
Tournier et al. 2004). Since the complex distribution of fiber 
orientation is highly probable in the developing brain, the 
SD approach is considered the more appropriate approach 
for evaluating the maturity of white matter fibers in such 
brains (Dell’Acqua et al. 2013). Therefore, we opted to use 
the SD approach in this study to improve the sensitivity of 
tract identification.

The SD was performed using a modified (damped) ver-
sion of the Richardson–Lucy algorithm (Dell’acqua et al. 
2010) implemented in StarTrack software (http://www.natbr 
ainla b.com). We selected a fixed fiber response that corre-
sponded to a shape factor of α = 2 × 10− 3  mm2/s (Dell’Acqua 
et al. 2013). To reduce the partial volume effect of isotropic 
compartments (gray matter or cerebrospinal fluid), we 
applied an absolute threshold of 0.1 and a relative threshold 
of 10%. Based on these voxel data, we performed SD-based 
fiber tracking using a modified Euler integration algorithm 
(Dell’Acqua et al. 2013) to generate streamlines in the entire 
brain. Each streamline was halted when it reached a voxel 
with no specific fiber orientation or when a fiber orienta-
tion identified in a voxel exceeded 45° from the direction of 
the fiber streamline reconstructed via the voxels that were 
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Fig. 4  “Local-to-distant” development of functional connectivity in 
the human cerebrocerebellar sensorimotor network during a motor 
task. We plotted individuals’ effect-sizes of within-cerebellar con-
nectivity (vertical axis) against their cerebrocerebellar distant con-
nectivity (horizontal axis). The blue, green, and red dots represent 
data obtained from each participant in the CH, ADO, and AD groups, 
respectively. The dotted curve indicates a regression fitting when we 
applied a quadric function to the data obtained from all groups. These 
data indicate that the human cerebrocerebellar sensorimotor net-
work develops by reducing within-cerebellar local connectivity and 
increasing long-range cerebrocerebellar connectivity. AD adult, ADO 
adolescent, CH child

http://www.exploredti.com
http://www.exploredti.com
http://www.natbrainlab.com
http://www.natbrainlab.com
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processed one step before. These analyses were performed 
for each participant.

ROI setting

We then dissected our target fiber tracts from the streamlines 
in the entire brain (whole-brain tractography). In the present 
study, we focused on two target tracts (the CPC afferent tract 
and the SC efferent tract). For each tract, the right-cerebel-
lum–left-cerebrum tract and the left-cerebellum–right-cer-
ebrum tract were reconstructed separately. To dissect these 
tracts, we imported the whole-brain tractography into Track-
Vis software (http://www.track vis.org: Wang et al. 2007). 
We defined ROIs for each tract. The ROIs were manually 
drawn based on a previous study (Catani et al. 2008). With 
respect to the CPC tract, we set the ROIs around the middle 
cerebellar peduncle and the contralateral cerebral pedun-
cle. By dissecting the streamlines that passed through these 
ROIs, we were able to reconstruct the major afferent path-
way from the contralateral cerebral cortex to the cerebellar 
hemisphere via the pontine nuclei, i.e. the CPC tract. With 
respect to the SC tract, we set the ROIs around the cerebellar 
nuclei and the central part of the SC peduncle. We assumed 
that this tract included both the dentato-(rubro)-thalamic 
tract and the cerebellar-rubro-olivo-cerebellar network 
(Catani et al. 2008; Catani and Thiebaut de Schotten 2012).

Calculation of the HMOA value

Finally, we calculated the HMOA values from each recon-
structed tract in each participant to estimate the tissue prop-
erties along the tract. The HMOA is an index of white matter 
diffusivity, indicating the normalized anisotropy of diffusion 
signal estimated by the SD model along the orientation of 
streamlines that belong to the tract of interest (range 0–1). 
A value of 1 is the highest possible value indicating the dif-
fusion of water-molecules that is restricted to a single axis, 
whereas a value of 0 indicates the absence of a fiber.

The advantage of HMOA is that we could separately 
estimate the diffusivity along different fiber tracts that 
cross within a voxel, unlike tensor-based metrics (e.g. FA), 
and this ensures a more sensitive analysis. In this manner, 
HMOA enables a more precise approximation of the dis-
tribution of complex fiber orientations. Indeed, simulation 
analyses have demonstrated that HMOA values can sensi-
tively reflect smaller changes in fiber diffusivity than can the 
fractional anisotropy (FA) value (Dell’Acqua et al. 2013). 
Hence, these values may describe the microstructural organi-
zation of white matter fibers (degree of myelination, axon 
density, axon diameter, or fiber orientation dispersion etc.) 
more precisely and sensitively in the developing brain.

We calculated the HMOA value for each tract in each 
participant. For the statistical evaluation of group differences 
in HMOA values, we performed a one-way ANOVA. For 
the post hoc test, we used multiple comparisons of Tukey’s 
test. The significance threshold was set to p < 0.05 (FWE 
corrected for multiple comparisons).

Results

fMRI

All participants could perform the movements of the right 
wrist at 1 Hz. When we examined movement-related activ-
ity in each age group, we found a similar pattern of brain 
activation across all groups. Indeed, the conjunction analysis 
revealed consistent brain activation across all age groups in 
the hand/arm section of the contralateral (left) SM1 (mainly 
in M1: cytoarchitectonic area 4a), SMA, CMA, and thala-
mus, and in the ipsilateral (right) cerebellar vermis, para-
vermis, and hemisphere (lobules V, VI, VIIIa, and VIIIb; 
Table 1; Fig. 2a). Among these cerebellar regions, lobules 
V and VI likely correspond to the right hand/arm sections 
of the cerebellum that form the cerebrocerebellar motor net-
work with the contralateral M1 (Naito et al. 2017).

Despite this consistency, we found greater activity in the 
contralateral (left) SM1 (areas 4p, 3a, 1) extending into the 
superior parietal lobule (SPL; area 5L) and in the ipsilat-
eral (right) cerebellar vermis, paravermis, and hemisphere 
(lobules V and VI) in the AD group than in the CH group 
(Table 2; Fig. 2b). Importantly, the greater activity was not 
evident in the anterior portion of M1 (area 4a), but was cau-
dally located mainly in the postcentral gyrus and in the cor-
tices lining the postcentral sulcus, which can be considered 
higher-order somatosensory and sensorimotor-association 
areas (Fig. 2b). We could not find any significant group dif-
ference in other possible comparisons.

Functional connectivity

Stronger functional connectivity in adults

When we examined the brain regions in which activity co-
varied with that in the ipsilateral (right) cerebellar hemi-
sphere [lobule VI; coordinates (30, − 46, − 28)], we found 
the contralateral (left) SM1 (areas 4a, 3a, 3b, and 1), higher-
order somatosensory area (area 2), and SPL (area 5L) exhib-
ited stronger functional connectivity in the AD group than 
in the CH group (Table 3 and the leftmost panel in Fig. 3a). 
We also found highly similar results in the AD group rela-
tive to the ADO group (Table 3 and the left-middle panel 
in Fig. 3a).

http://www.trackvis.org
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A highly similar pattern of stronger functional coupling 
in the AD group relative to the CH group was also observed 
when we used another cerebellar seed region of lobule VI 
[coordinates (20, − 48, − 22); Table 3 and the leftmost panel 
in Fig. 3b). As for this seed region, we also found two clus-
ters of active voxels in the contralateral SI [48 voxels in area 
1, peak coordinates = (− 30, − 36, 70)] and M1 [46 voxels in 
area 4a (− 40, − 14, 50)], which exhibited greater functional 

coupling in the AD group than in the ADO group (violet 
sections in left-middle panel in Fig. 3b).

In favor of the above results, when we computed the con-
nectivity from the ipsilateral paravermal region [lobule V; 
coordinates (8, − 56, − 10)], we found stronger functional 
coupling of the contralateral SI (area 1) extending into 
the SPL (area 7A) in the AD group than in the CH group 
(Table 3 and the leftmost panel in Fig. 3c).

Table 2  Greater movement-
related brain activity in AD 
group compared to CH group

See footnote in Table 1
AD adults, CH children, SPL superior parietal lobule, Hem hemisphere, Verm vermis

Clusters Size t value x y z Area

Left SM1 cluster 458 5.88 − 32 − 36 68 Area 1
5.49 − 26 − 42 56 Area 5L (SPL)
4.16 − 30 − 36 52 Area 3a
3.91 − 38 − 24 52 Area 4p
3.51 − 18 − 32 76 Postcentral gyrus

Bilateral cerebellar cluster 239 5.20 10 − 52 − 12 Right lobule V (Hem)
3.88 − 2 − 66 − 8 Left lobule VI (Verm)
3.60 − 6 − 54 − 8 Left lobule V (Hem)

Table 3  Brain regions in which AD group showed stronger functional connectivity with each seed region

See footnote in Tables 1 and 2

Seed region Contrast Clusters Size t value x y z Area

Lobule VI (Hem) (30, − 46,  28) AD > CH Left SM1 cluster 1085 7.13 − 30 − 36 70 Postcentral gyrus
6.18 − 40 − 16 50 Area 4a
5.79 − 36 − 42 64 Area 1
5.31 − 40 − 26 52 Area 3b
4.86 − 32 − 12 64 Precentral gyrus
4.77 − 30 − 36 52 Area 3a
3.95 − 26 − 44 54 Area 5L (SPL)

AD > ADO Left SM1 cluster 441 6.14 − 30 − 36 70 Postcentral gyrus
5.41 − 40 − 16 50 Area 4a
5.27 − 40 − 26 52 Area 3b
4.63 − 50 − 24 54 Area 1
4.52 − 38 − 40 62 Area 2
3.97 − 24 − 36 52 Area 5L (SPL)
3.84 − 26 − 46 70 Precentral gyrus

Lobule VI (Hem) (20, − 48, − 22) AD > CH Left SM1 cluster 812 7.29 − 30 − 36 70 Postcentral gyrus
5.39 − 34 − 42 64 Area 1
4.76 − 28 − 50 64 Area 5L (SPL)
4.71 − 16 − 32 76 Area 4a
4.36 − 22 − 22 68 Precentral gyrus
4.36 − 30 − 36 52 Area 3a

Left SI cluster 165 6.14 − 42 − 14 52 Postcentral gyrus
4.29 − 48 − 28 54 Area 1

Lobule V (Hem) (Paravermis) (8, − 56, − 10) AD > CH Left SI cluster 515 5.08 − 36 − 36 66 Area 1
3.58 − 28 − 52 64 Area 7A (SPL)
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Viewed collectively, the series of results indicated that 
activity in the right cerebellum was more strongly coupled 
with that in the left cerebral cortices (SM1, higher-order 
somatosensory and sensorimotor-association areas) in the 
AD group than in the younger (CH and ADO) groups, indi-
cating stronger functional connectivity in the long-range 
cerebrocerebellar sensorimotor network during the motor 
task in adults.

Stronger functional connectivity in children 
and adolescents

We observed different patterns of functional coupling in the 
CH and ADO groups when compared to those in the AD 
group. When we examined the brain regions in which activ-
ity co-varied with that in the ipsilateral (right) cerebellar 
hemisphere [lobule VI; coordinates (30, − 46, − 28)], we 
found stronger functional coupling within the cerebellum 
(peaks in the right dentate and interpositus and fastigial 
nuclei) in the CH group than in the AD group (Table 4 and 
the right-middle panel in Fig. 3a).

A highly similar pattern of stronger functional coupling 
within the cerebellum [84 voxels, p = 0.06, right dentate 
nucleus (8, − 60, − 30)] in the CH group than in the AD 
group was also observed when we used another cerebel-
lar seed region of lobule VI [coordinates (20, − 48, − 22); 
right-middle panel in Fig. 3b but not presented in Table 4]. 
With respect to this seed region, we also found that the right 
fastigial nucleus (2, − 56, − 26) was more strongly coupled 
within the cerebellum in the ADO group than in the AD 
group (Table 4 and the rightmost panel in Fig. 3b).

In favor of these results, when we examined the functional 
connectivity from the ipsilateral paravermal region [lobule 
V; coordinates (8, − 56, − 10)], we found a cluster of active 
voxels (50 voxels) that exhibited greater within-cerebellar 
coupling [lobule VI (− 18, − 48, − 14)] in the CH group than 
in the AD group (violet section in the right-middle panel in 
Fig. 3c).

Hence, this series of results clearly indicated that func-
tional coupling within the cerebellum was stronger in the 
younger (CH and ADO) groups than in the AD group. It 
appears that long-range cerebrocerebellar connectivity is 

stronger in adults, whereas within-cerebellar local connec-
tivity is stronger in children and even in adolescents.

“Local‑to‑distant” development 
of the cerebrocerebellar sensorimotor network

When we plotted individuals’ within-cerebellar connectivity 
against their cerebrocerebellar distant connectivity (Fig. 4), 
we could clearly observe the “local-to-distant” developmen-
tal dynamics of the human cerebrocerebellar sensorimotor 
network. In general, children exhibited relatively higher 
within-cerebellar and lower long-range cerebrocerebellar 
connectivity, whereas adults exhibited relatively higher 
long-range cerebrocerebellar connectivity with relatively 
lower but stable within-cerebellar connectivity. The adoles-
cent data were generally located between the child and adult 
data, although there were some individual differences.

Hence, it appeared that the human cerebrocerebellar sen-
sorimotor network develops by reducing within-cerebellar 
local connectivity and increasing long-range cerebrocer-
ebellar connectivity, and that this functional development 
proceeds gradually from childhood to adulthood, which fits 
well with the hypothesis that the typically developing human 
brain develops by decreasing short-range connections and 
increasing long-range connections (Fair et al. 2007).

Diffusion MRI

In the anatomical study, we examined the degree of fiber 
maturity in the cerebrocerebellar afferent and efferent tracts 
from childhood to adulthood. We could reconstruct the trac-
tography of each tract in all participants. The tractography 
of each tract obtained in a representative participant in each 
group is presented in Fig. 5a.

In the CPC tract, the one-way ANOVA revealed a sig-
nificant difference across the groups in the tract connect-
ing the right cerebellum and the left cerebral cortex [F(2, 
56) = 4.135, p = 0.021: top panel in Fig. 5b]. The post hoc 
analysis revealed significantly lower HMOA values in the 
CH group than in the AD group (p = 0.018). The same 
ANOVA also revealed a significant trend of group differ-
ences in the tract connecting the left cerebellum and the 
right cerebrum [F(2, 56) = 2.809, p = 0.069: bottom panel in 

Table 4  Brain regions in which younger groups showed stronger functional connectivity with each seed region

See footnote in Tables 1 and 2. For the definition of cerebellar regions, we referred to the Schmahmann et al. (2000)

Seed region Contrast Clusters Size t value x y z Area

Lobule VI (Hem) (30, − 46, − 28) CH > AD Right cerebellar cluster 173 4.64 20 − 58 − 32 Dentate nucleus
4.43 12 − 64 − 30 Interpositus nuclei
3.93 6 − 58 − 26 Fastigial nucleus

Lobule VI (Hem) (20, − 48, − 22) ADO > AD Right cerebellar cluster 89 5.09 2 − 56 − 26 Fastigial nucleus
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Fig. 5b] The post hoc analysis revealed a significant trend of 
lower HMOA values in the CH group than in the AD group 
(p = 0.069).

In the SC tract, significant group differences were found 
in the tracts of both hemispheres, which connect the right 
(left) cerebellum and the left (right) cerebrum [the right-
to-left SC: F(2, 56) = 7.697, p = 0.001; the left-to-right SC: 
F(2, 56) = 7.081, p = 0.002; Fig. 5b]. The post hoc analysis 
revealed significantly lower HMOA values for the SCs of 
both hemispheres not only in the CH group, but also in the 
ADO group than in the AD group (p = 0.002 between CH 
and AD; p = 0.013 between ADO and AD for the right-to-left 

SC, p = 0.002 between CH and AD; p = 0.024 between ADO 
and AD for the left-to-right SC).

While significant differences in HMOA values were 
observed in CH vs. AD and in ADO vs. AD, no significant 
differences were found between CH and ADO groups in any 
tracts.

The results indicate that cerebrocerebellar anatomical 
connections are still under development during childhood 
and seem to gradually mature with development (Fig. 5b).

Finally, we found no significant correlations between the 
effect-size of long-range cerebrocerebellar functional con-
nectivity (in any of cerebellar seed regions) and the HMOA 
value in either the right-cerebellum-to-left-cerebrum CPC or 
the SC tract, even when we examined the correlations at the 
entire population level (n = 57) or in each group separately.

Discussion

In the present study, we demonstrated both functional devel-
opment of the cerebrocerebellar sensorimotor network and 
anatomical (structural) development of the cerebrocerebel-
lar circuit in the typically developing human brain. Dur-
ing a right-hand motor task, we found stronger functional 
connectivity in the sensorimotor domain of the long-range 
cerebrocerebellar network in adults, whereas more locally-
augmented, within-cerebellar connectivity was observed in 
children and adolescents. The weaker long-range cerebrocer-
ebellar connectivity in children and adolescents seemed 
to have some relationship with the lesser degree of fiber 
maturity in the cerebrocerebellar afferent and efferent tracts. 
Hence, adult-like cerebrocerebellar functional coupling is 
not yet achieved during childhood and adolescence even for 
fundamental sensorimotor brain functions probably due to 
the immaturity of anatomical maturation of the cerebrocer-
ebellar tracts. This study clearly demonstrated the principle 
of “local-to-distant” development of the functional brain net-
work in the human cerebrocerebellar sensorimotor network, 
which might be associated with the slow anatomical matura-
tion process in the long-range cerebrocerebellar pathway.

fMRI study

The present right-hand motor task consistently activated the 
sensorimotor brain structures across all age groups (Fig. 2a). 
This indicated the fundamental importance of these struc-
tures when performing a motor task, regardless of develop-
mental stages.

On the other hand, adults exhibited greater activity in 
the cerebrocerebellar sensorimotor network (Fig. 2b). The 
greater activity in the contralateral SM1 seems to be incom-
patible with previous reports of greater contralateral SM1 
activation in children than in adults during finger-tapping 
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Fig. 5  The tractography of each tract in a representative participant 
(a) and the mean hindrance-modulated orientational anisotropy 
(HMOA) value across participants in each group for the cortico-
ponto-cerebellar (CPC) and superior cerebellar (SC) tracts (b). a The 
tractography of each tract (right-cerebellum–left-cerebrum and left-
cerebellum–right-cerebrum of the CPC or SC tracts) in a representa-
tive participant from each group (CH, ADO, and AD from the top to 
bottom panels). The hemisphere on the right is the right hemisphere. 
Red tracts indicate the CPC tracts and yellow tracts indicate the SC 
tracts that connect the right-cerebellum and left-cerebrum and the 
left-cerebellum and right-cerebrum. b The mean HMOA value across 
participants in each group (vertical axis) is indicated for each tract 
(red bars for CPC and yellow bars for SC). The upper panel presents 
the data obtained from the tractography that connects the right cer-
ebellum and the left cerebral cortex (cerebrum), and the lower panel 
presents the data obtained from the tractography that connects the left 
cerebellum and the right cerebrum. A small line mounted on each 
bar indicates the standard error of the mean across the participants in 
each group. A significant group difference is indicated by an asterisk 
above the graph (family-wise error-corrected for multiple compari-
sons, *p < 0.05, +p < 0.1). AD adult, ADO adolescent, CH child



1371Brain Structure and Function (2019) 224:1359–1375 

1 3

tasks using their right fingers (De Guio et al. 2012; Turesky 
et al. 2018). We may attribute this discrepancy to differ-
ences in the task. Both of the present and previous tasks 
included a timing motor-control component because the 
tasks consistently asked the participants to generate a move-
ment at a given time [1 Hz in the present study, 2 Hz in De 
Guio et al. (2012), and either 0.87, 1.11, or 1.54 Hz in the 
study by Turesky et al. (2018)]. On the other hand, our task 
required the participants to keep controlling the alternating 
extension–flexion movements of the wrist, while the pre-
vious tasks required simple button presses with the index 
finger (De Guio et al. 2012) or the thumb (Turesky et al. 
2018). Thus, the range of motion appeared to be larger in 
our task, and the participants had to continuously control 
wrist extension and flexion movements alternatingly by pre-
dicting and adjusting movement time within the range of 
motion (between 0° and 60°) to touch either stopper in pre-
cise synchronization with 1-Hz audio tones (Fig. 1). Thus, 
the main difference between the tasks is that the present task 
required predictive sensory-motor control and online feed-
back control of the wrist, while the previous tasks required 
more simple generation of finger movement as a response. 
Hence, the present task likely required more sensory-motor 
association components.

This view seems to be in line with the fact that the pres-
ently observed greater activity in adults was located mainly 
in the postcentral gyrus and in the cortices lining the post-
central sulcus, which can be considered higher-order soma-
tosensory and sensorimotor-association areas (Iwamura et al. 
1994; Naito et al. 2005, 2008) (Fig. 2b). Furthermore, this 
view was further supported by additional evidence. Namely, 
when we examined functional connectivity with the left M1 
[area 4a; coordinates (− 30, − 26, 62)], we found a cluster 
of active voxels (nine voxels) in the left SI [area 1 (− 36, 
− 36, 68)], which exhibited stronger functional coupling 
with M1 in the AD group than in the CH group (not pro-
vided in the Fig). The location of this SI activity highly cor-
responded to the SI region (− 36, − 40, 68) that was active 
during the right-wrist movement in adults in our previous 
study (Amemiya and Naito 2016). Thus, it appeared that the 
adults’ M1 communicated more strongly with the SI than did 
the children’s during the motor task, suggesting that cortical 
sensory-motor association function is more well-developed 
in adults than in children.

We found stronger long-range cerebrocerebellar func-
tional connectivity in adults than in children (Fig. 3). One 
may argue that the greater cerebrocerebellar sensorimotor 
activity in adults (Fig. 2b) might cause this result. However, 
we also found stronger long-range cerebrocerebellar con-
nectivity in adults than in adolescents (left-middle panel in 
Fig. 3), who exhibited no significant group difference com-
pared to adults. In addition, when compared to adults, we 
found stronger within-cerebellar connectivity in children and 

adolescents (Fig. 3b), who exhibited no significantly greater 
activity than adults. Thus, we may assume that the present 
between-group difference in connectivity likely reflects more 
augmented neuronal communication in one group than in 
other groups, which cannot be explained merely by between-
group differences in the degree of brain activation.

Many previous studies have suggested that the human 
cerebrocerebellar sensorimotor network is involved in online 
feedback control, predictive (timing) control of movements, 
and coordinated muscle control etc. (Cohen et al. 2017; Ivry 
2003; Ivry and Spencer 2004; Sokolov et al. 2017). Thus, it 
is likely that the adult brain, which has stronger connectivity 
in the long-range cerebrocerebellar sensorimotor network, 
is capable of performing more sophisticated motor control 
in terms of the above aspects e.g. less variable timing motor 
control; (Naito et al. 2016). The lack of behaviorally detailed 
data in the present study makes us difficult to draw this con-
clusion; however, we can address this issue in our future 
studies.

In contrast to the adult brain, we found increased local 
functional connectivity within the cerebellum in children 
and adolescents (Fig. 3; Table 4), particularly in the cerebel-
lar nuclei. These nuclei can be considered the cerebellar 
output channels (Hoover and Strick 1999; Middleton and 
Strick 2001), particularly the dentate nucleus as the main 
cerebellar output channel towards the cerebrum via the 
thalamus (Hoover and Strick 1999; Middleton and Strick 
2001; Strick et al. 2009). Thus, the evidence that these nuclei 
were more strongly coupled with the ipsilateral cerebellar 
hemisphere (lobule VI) in children and adolescents than in 
adults (Table 4; Fig. 3) directly indicates increased func-
tional connectivity within the local cerebellar circuit in the 
younger groups.

Diffusion MRI study

Non-human primate studies have demonstrated that the 
cerebellum anatomically connects to the various cerebral 
regions that are the source of input to the cerebellum in a 
topographically organized manner by forming cerebrocere-
bellar closed loops (Strick et al. 2009). Such closed loops are 
formed in parallel between particular sections of the cerebel-
lum and the motor (Dum and Strick 2003; Middleton and 
Strick 2000; Strick et al. 2009), prefrontal (Kelly and Strick 
2003; Middleton and Strick 2000; Strick et al. 2009), and 
parietal areas (Clower et al. 2005; Dum and Strick 2003), 
and so on.

However, in the present study, we could not consider 
such topographical organization when we reconstructed 
the CPC afferent tract and the SC efferent tract. Rather, 
we simply summed the fiber streamlines passing through 
the two ROIs for each tract. Thus, in the present study, we 
depicted more general cerebrocerebellar afferent and efferent 
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tracts, but could not depict these tracts selectively connect-
ing between the cerebellum and the sensorimotor areas 
(cerebrocerebellar tracts in sensorimotor domain). Hence, 
the present lower HMOA value in children could gener-
ally reflect less structural maturity of the cerebrocerebellar 
tracts, which target not only the sensorimotor regions, but 
also the prefrontal, parietal and other regions. If we consider 
the fact that the human cerebellum contributes not only to 
sensorimotor functions, but also to a variety of cognitive 
(non-motor) functions, such as language, working memory, 
attention set shifting etc. (De Smet et al. 2013; Schmah-
mann and Sherman 1998; Stoodley and Schmahmann 2010; 
Rapoport et al. 2000) via cerebrocerebellar interactions 
(Buckner et al. 2011; Kipping et al. 2013; Toro et al. 2008), 
the less the structural maturity of cerebrocerebellar tracts 
in children might be associated with their immaturity not 
only in sensorimotor functions (Barnett et al. 2010; Davies 
and Rose 2000; Dayanidhi et al. 2013; Janacsek et al. 2012; 
Krombholz 1997), but also in various cognitive functions 
(Blakemore and Choudhury 2006; Bolduc et al. 2012; Dia-
mond 2000; Tavano et al. 2007).

It has been demonstrated that cerebellar white matter 
develops rapidly and drastically within the first 3 years of 
life (Pieterman et al. 2017; Saksena et al. 2008), and that its 
development becomes relatively stable from childhood to 
adolescence (9–17 years) (Leitner et al. 2015). However, in 
the latter study, cerebellar maturation was investigated up 
to the period of adolescence but not in the adulthood, and 
thus, it was unclear whether the maturity of the cerebellar 
tracts in children is comparable to that of adult tracts. In 
addition, this study (Leitner et al. 2015; Saksena et al. 2008) 
employed DTI, and used FA as an anisotropy index. While 
DTI is a useful method, the tensor model has technical limi-
tations. This model assumes one major fiber direction even 
when a voxel contains fibers of multiple orientations. Thus, 
the FA value is disadvantageous for precisely describing 
the diffusivity of water molecules within fibers of complex 
orientation.

In the present study, we used an SD approach and evalu-
ated a novel anisotropy index of HMOA, and demonstrated 
that the HMOA values of the cerebrocerebellar affer-
ent and efferent tracts are significantly lower in children 
than in adults, and gradually increased with development 
(Fig. 5b). Thus, this is the first study to demonstrate the 
structural development of human cerebrocerebellar afferent 
and efferent tracts from childhood to adulthood in the typi-
cally developing human brain. Since a lower HMOA value 
is most likely associated with a lesser degree of myelination, 
lower axonal density, smaller axonal diameter, or wider fiber 
orientation dispersion and so on, our results indicate that the 
cerebrocerebellar afferent and efferent tracts are still under 
development during childhood (8–11 years) and gradually 
mature along with development.

It has been postulated that white matter, in general, under-
goes continuous changes throughout life since its growth is 
activity-dependent (Fields 2015). The cerebellum is located 
at a distance from the cerebral cortex, therefore, maturation 
of cerebrocerebellar anatomical (structural) connections 
most likely takes a considerable amount of time. Similarly, 
when we examined the degree of fiber maturity of the spi-
nocerebellar (SpC) tract in the present participants (see Sup-
plementary Information), which is involved in the processing 
of somatosensory (proprioceptive and cutaneous) afferent 
inputs from the body via the spinal cord to the cerebellum 
(Bosco and Poppele 2003; Grant 1982; Cohen et al. 2017), 
even in the SpC tract that mediates fundamental sensory 
processing, we found significantly lower HMOA values in 
children than in adults (Supplementary Fig. 1). It is known 
that the vermis and intermediate sections of the cerebellum 
(spinocerebellum) receive the somatosensory afferent inputs, 
and the spinocerebellum is considered to be a phylogeneti-
cally (and ontogenetically) older region in the cerebellum 
(Tiemeier et al. 2010). Thus, our finding suggests that even 
this “older” SpC tract involving fundamental sensorimotor 
functions develops slowly, likely owing to the long distance 
between the spinal cord and the cerebellum and to accu-
mulating physical activity experience from childhood to 
adulthood. This view seems to be compatible with previous 
evidence that the corticospinal (long motor-descending) tract 
also continuously develops and that the maximal level of FA 
for this tract is sufficiently achieved after 20 years of age 
(Lebel et al. 2012; Peters et al. 2014).

Conclusion

In the present study, we demonstrated that, in the typically 
developing human brain, functional connectivity is stronger 
in the long-range cerebrocerebellar sensorimotor network 
in adults, whereas it is more locally-augmented within the 
cerebellum in children and adolescents when they perform 
a right-hand motor task requiring predictive sensory-motor 
and online feedback control (Fig.  3). We also demon-
strated that the cerebrocerebellar fiber tracts are still under 
development during childhood (8–11 years) and gradually 
mature with age (Fig. 5). The series of results suggested 
that adult-like use of the cerebrocerebellar distant network 
slowly matures even for fundamental sensorimotor functions 
and that the maturation process progresses by decreasing 
short-range and increasing long-range functional connec-
tions (Fig. 4; cf. Fair et al. 2007). Hence, our study clearly 
demonstrated the principle of “local-to-distant” develop-
ment of functional brain networks in the human cerebrocer-
ebellar sensorimotor network during a motor task (cf. Fair 
et al. 2009; Dosenbach et al. 2010), which might be asso-
ciated with the slow anatomical maturation process of the 
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long-distance cerebrocerebellar pathway. Finally, the present 
study also provides valuable baseline information for future 
investigations of cerebrocerebellar development in healthy 
children and in clinical pediatric populations, e.g. those with 
developmental coordination disorder (Gomez and Sirigu 
2015; Ivry 2003; Zwicker et al. 2012).

Acknowledgements We are grateful to Dr. Hiromasa Takemura for 
the helpful discussions.

Funding This work was supported by Scientific Research on Inno-
vative Areas “Embodied-brain” (JSPS KAKENHI no. JP26120003), 
by a Grant-in-Aid for Scientific Research (B) (no. JP17H02143), and 
by Grant-in-Aid for Specially Promoted Research (no. 24000012) to 
author EN, Grant-in-Aid for Young Scientists B (no. 26870933), Young 
Scientists (no. 18K15355), and Grant-in-Aid for JSPS Fellows to KA, 
a Grant-in-Aid for Scientific Research (C) (no. JP17K01615). This 
work was also partially supported by the Ministry of Internal Affairs 
and Communications.

Compliance with ethical standards 

Conflict of interest The authors declare that they have no conflicts of 
interest.

Ethical approval All procedures performed in studies involving human 
participants were in accordance with the ethical standards of the insti-
tutional and research committee and with the guidelines of the Declara-
tion of Helsinki (1975).

Informed consent Informed consent was obtained from all individual 
participants included in the study. In cases of children and adolescents, 
written informed consent was also obtained from their legal guardians.

OpenAccess This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat iveco 
mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.

References

Amemiya K, Naito E (2016) Importance of human right inferior fron-
toparietal network connected by inferior branch of superior lon-
gitudinal fasciculus tract in corporeal awareness of kinesthetic 
illusory movement. Cortex 78:15–30. https ://doi.org/10.1016/j.
corte x.2016.01.017

Barnett LM, van Beurden E, Morgan PJ, Brooks LO, Beard JR (2010) 
Gender differences in motor skill proficiency from childhood to 
adolescence: a longitudinal study. Res Q Exerc Sport 81:162–170. 
https ://doi.org/10.1080/02701 367.2010.10599 663

Blakemore S-J, Choudhury S (2006) Development of the adolescent 
brain: implications for executive function and social cognition. 
J Child Psychol Psychiatry 47:296–312. https ://doi.org/10.111
1/j.1469-7610.2006.01611 .x

Bolduc M-E, du Plessis AJ, Sullivan N, Guizard N, Zhang X, Rob-
ertson RL, Limperopoulos C (2012) Regional cerebellar vol-
umes predict functional outcome in children with cerebellar 

malformations. Cerebellum 11:531–542. https ://doi.org/10.1007/
s1231 1-011-0312-z

Bosco G, Poppele RE (2003) Modulation of dorsal spinocerebellar 
responses to limb movement. II. Effect of sensory input. J Neu-
rophysiol 90:3372–3383. https ://doi.org/10.1152/jn.00204 .2003

Buckner RL, Krienen FM, Castellanos A, Diaz JC, Yeo BTT (2011) 
The organization of the human cerebellum estimated by intrinsic 
functional connectivity. J Neurophysiol 106:2322–2345. https ://
doi.org/10.1152/jn.00339 .2011

Casey BJ, Tottenham N, Liston C, Durston S (2005) Imaging the 
developing brain: what have we learned about cognitive devel-
opment? Trends Cogn Sci 9:104–110. https ://doi.org/10.1016/j.
tics.2005.01.011

Catani M, Thiebaut de Schotten M (2012) Atlas of human brain con-
nections. Oxford University Press, New York

Catani M, Jones DK, Daly E, Embiricos N, Deeley Q, Pugliese L, 
Curran S, Robertson D, Murphy DG (2008) Altered cerebel-
lar feedback projections in Asperger syndrome. Neuroimage 
41:1184–1191. https ://doi.org/10.1016/j.neuro image .2008.03.041

Chugani HT, Phelps ME, Mazziotta JC (1987) Positron emission 
tomography study of human brain functional development. Ann 
Neurol 22:487–497. https ://doi.org/10.1002/ana.41022 0408 doi

Clower DM, Dum RP, Strick PL (2005) Basal ganglia and cerebellar 
inputs to ‘AIP’. Cereb Cortex 15:913–920. https ://doi.org/10.1093/
cerco r/bhh19 0

Cohen O, Harel R, Aumann TD, Israel Z, Prut Y (2017) Parallel pro-
cessing of internal and external feedback in the spinocerebellar 
system of primates. J Neurophysiol 118:254–266. https ://doi.
org/10.1152/jn.00825 .2016

Davies PL, Rose JD (2000) Motor skills of typically developing adoles-
cents. Phys Occup Ther Pediatr 20:19–42. https ://doi.org/10.1080/
J006v 20n01 _03

Dayanidhi S, Hedberg Å, Valero-Cuevas FJ, Forssberg H (2013) Devel-
opmental improvements in dynamic control of fingertip forces 
last throughout childhood and into adolescence. J Neurophysiol 
110:1583–1592. https ://doi.org/10.1152/jn.00320 .2013

de Bie HM, Boersma M, Adriaanse S, Veltman DJ, Wink AM, 
Roosendaal SD, Barkhof F, Stam CJ, Oostrom KJ, Delemarre-van 
de Waal HA, Sanz-Arigita EJ (2012) Resting-state networks in 
awake five- to eight-year old children. Hum Brain Mapp 33:1189–
1201. https ://doi.org/10.1002/hbm.21280 

De Guio F, Jacobson SW, Molteno CD, Jacobson JL, Meintjes EM 
(2012) Functional magnetic resonance imaging study comparing 
rhythmic finger tapping in children and adults. Pediatr Neurol 
46:94–100. https ://doi.org/10.1016/j.pedia trneu rol.2011.11.019

De Smet HJ, Paquier P, Verhoeven J, Marien P (2013) The cerebel-
lum: its role in language and related cognitive and affective func-
tions. Brain Lang 127:334–342. https ://doi.org/10.1016/j.bandl 
.2012.11.001

Dell’acqua F, Scifo P, Rizzo G, Catani M, Simmons A, Scotti G, Fazio 
F (2010) A modified damped Richardson–Lucy algorithm to 
reduce isotropic background effects in spherical deconvolution. 
Neuroimage 49:1446–1458. https ://doi.org/10.1016/j.neuro image 
.2009.09.033

Dell’Acqua F, Simmons A, Williams SC, Catani M (2013) Can spheri-
cal deconvolution provide more information than fiber orienta-
tions? Hindrance modulated orientational anisotropy, a true-tract 
specific index to characterize white matter diffusion. Hum Brain 
Mapp 34:2464–2483. https ://doi.org/10.1002/hbm.22080 

Diamond A (2000) Close interrelation of motor development and cog-
nitive development and of the cerebellum and prefrontal cortex. 
Child Dev 71:44–56. https ://doi.org/10.1111/1467-8624.00117 

Dosenbach NU, Nardos B, Cohen AL, Fair DA, Power JD, Church JA, 
Nelson SM, Wig GS, Vogel AC, Lessov-Schlaggar CN (2010) 
Prediction of individual brain maturity using fMRI. Science 
329:1358–1361. https ://doi.org/10.1126/scien ce.11941 44

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.cortex.2016.01.017
https://doi.org/10.1016/j.cortex.2016.01.017
https://doi.org/10.1080/02701367.2010.10599663
https://doi.org/10.1111/j.1469-7610.2006.01611.x
https://doi.org/10.1111/j.1469-7610.2006.01611.x
https://doi.org/10.1007/s12311-011-0312-z
https://doi.org/10.1007/s12311-011-0312-z
https://doi.org/10.1152/jn.00204.2003
https://doi.org/10.1152/jn.00339.2011
https://doi.org/10.1152/jn.00339.2011
https://doi.org/10.1016/j.tics.2005.01.011
https://doi.org/10.1016/j.tics.2005.01.011
https://doi.org/10.1016/j.neuroimage.2008.03.041
https://doi.org/10.1002/ana.410220408
https://doi.org/10.1093/cercor/bhh190
https://doi.org/10.1093/cercor/bhh190
https://doi.org/10.1152/jn.00825.2016
https://doi.org/10.1152/jn.00825.2016
https://doi.org/10.1080/J006v20n01_03
https://doi.org/10.1080/J006v20n01_03
https://doi.org/10.1152/jn.00320.2013
https://doi.org/10.1002/hbm.21280
https://doi.org/10.1016/j.pediatrneurol.2011.11.019
https://doi.org/10.1016/j.bandl.2012.11.001
https://doi.org/10.1016/j.bandl.2012.11.001
https://doi.org/10.1016/j.neuroimage.2009.09.033
https://doi.org/10.1016/j.neuroimage.2009.09.033
https://doi.org/10.1002/hbm.22080
https://doi.org/10.1111/1467-8624.00117
https://doi.org/10.1126/science.1194144


1374 Brain Structure and Function (2019) 224:1359–1375

1 3

Dum RP, Strick PL (2003) An unfolded map of the cerebellar dentate 
nucleus and its projections to the cerebral cortex. J Neurophysiol 
89:634–639. https ://doi.org/10.1152/jn.00626 .2002

Eickhoff SB, Stephan KE, Mohlberg H, Grefkes C, Fink GR, Amunts 
K, Zilles K (2005) A new SPM toolbox for combining probabil-
istic cytoarchitectonic maps and functional imaging data. Neu-
roimage 25:1325–1335. https ://doi.org/10.1016/j.neuro image 
.2004.12.034

Evans AC, Kamber M, Collins D, MacDonald D (1994) An MRI-based 
probabilistic atlas of neuroanatomy. In: Shorvon RD, Fish DR, 
Andermann F, Bydder GM, Stefan H (eds) Magnetic resonance 
scanning and epilepsy. Springer, Bostan, pp 263–274. https ://doi.
org/10.1007/978-1-4615-2546-2_48

Fair DA, Dosenbach NU, Church JA, Cohen AL, Brahmbhatt S, Miezin 
FM, Barch DM, Raichle ME, Petersen SE, Schlaggar BL (2007) 
Development of distinct control networks through segregation and 
integration. Proc Natl Acad Sci USA 104:13507–13512. https ://
doi.org/10.1073/pnas.07058 43104 

Fair DA, Cohen AL, Power JD, Dosenbach NU, Church JA, Miezin 
FM, Schlaggar BL, Petersen SE (2009) Functional brain networks 
develop from a “local to distributed” organization. PLoS Comput 
Biol 5:e1000381. https ://doi.org/10.1371/journ al.pcbi.10003 81

Fatemi SH, Aldinger KA, Ashwood P, Bauman ML, Blaha CD, Blatt 
GJ, Chauhan A, Chauhan V, Dager SR, Dickson PE (2012) Con-
sensus paper: pathological role of the cerebellum in autism. Cer-
ebellum 11:777–807. https ://doi.org/10.1007/s1231 1-012-0355-9

Fields RD (2015) A new mechanism of nervous system plasticity: 
activity-dependent myelination. Nat Rev Neurosci 16:756–767. 
https ://doi.org/10.1038/nrn40 23

Fox MD, Raichle ME (2007) Spontaneous fluctuations in brain activity 
observed with functional magnetic resonance imaging. Nat Rev 
Neurosci 8:700. https ://doi.org/10.1038/nrn22 01

Fransson P, Skiöld B, Horsch S, Nordell A, Blennow M, Lagercrantz 
H, Åden U (2007) Resting-state networks in the infant brain. 
Proc Natl Acad Sci 104:15531–15536. https ://doi.org/10.1073/
pnas.07043 80104 

Friston KJ, Holmes AP, Poline JB, Grasby PJ, Williams SCR, Frackow-
iak RSJ, Turner R (1995) Analysis of fMRI time-series revisited. 
Neuroimage 2:45–53. https ://doi.org/10.1006/nimg.1995.1007

Gogtay N, Giedd JN, Lusk L, Hayashi KM, Greenstein D, Vaituzis 
AC, Nugent TF III, Herman DH, Clasen LS, Toga AW, Rapoport 
JL, Thompson PM (2004) Dynamic mapping of human cortical 
development during childhood through early adulthood. Proc 
Natl Acad Sci USA 101:8174–8179. https ://doi.org/10.1073/
pnas.04026 80101 

Gomez A, Sirigu A (2015) Developmental coordination disorder: core 
sensori-motor deficits, neurobiology and etiology. Neuropsycho-
logia 79:272–287. https ://doi.org/10.1016/j.neuro psych ologi 
a.2015.09.032

Grant G (1982) Spinocerebellar connections in the cat with particular 
emphasis on their cellular origin. Exp Brain Res Suppl 6:466–476

Greene DJ, Black KJ, Schlaggar BL (2016) Considerations for MRI 
study design and implementation in pediatric and clinical popula-
tions. Dev Cogn Neurosci 18:101–112. https ://doi.org/10.1016/j.
dcn.2015.12.005

Guell X, Gabrieli JDE, Schmahmann JD (2018a) Triple representation 
of language, working memory, social and emotion processing in 
the cerebellum: convergent evidence from task and seed-based 
resting-state fMRI analyses in a single large cohort. Neuroimage 
172:437–449. https ://doi.org/10.1016/j.neuro image .2018.01.082

Guell X, Schmahmann J, Gabrieli J, Ghosh S (2018b) Cerebellar 
organization is sensorimotor-fugal, and lobules VIII–IX/X share 
hierarchical principles. In: 24th Annual Meeting of the Organiza-
tion for Huma Brain Mapping (Singapore) poster no 2722

Habas C, Kamdar N, Nguyen D, Prater K, Beckmann CF, Menon V, 
Greicius MD (2009) Distinct cerebellar contributions to intrinsic 

connectivity networks. J Neurosci 29:8586–8594. https ://doi.
org/10.1523/jneur osci.1868-09.2009

Holmes A, Friston K (1998) Generalisability, random effects and popu-
lation inference. Neuroimage 7:S754

Hoover JE, Strick PL (1999) The Organization of cerebellar and basal 
ganglia outputs to primary motor cortex as revealed by retrograde 
transneuronal transport of herpes simplex virus type 1. J Neuro-
sci 19:1446–1463. https ://doi.org/10.1523/jneur osci.19-04-01446 
.1999

Ivry RB (2003) Cerebellar involvement in clumsiness and other 
developmental disorders. Neural Plast 10:141–153. https ://doi.
org/10.1155/np.2003.141

Ivry RB, Spencer RMC (2004) Evaluating the role of the cerebellum 
in temporal processing: beware of the null hypothesis. Brain 
127:e13–e13. https ://doi.org/10.1093/brain /awh22 6

Iwamura Y, Iriki A, Tanaka M (1994) Bilateral hand representation in 
the postcentral somatosensory cortex. Nature 369:554. https ://doi.
org/10.1038/36955 4a0

Janacsek K, Fiser J, Nemeth D (2012) The best time to acquire new 
skills: age-related differences in implicit sequence learning across 
the human lifespan. Dev Sci 15:496–505. https ://doi.org/10.111
1/j.1467-7687.2012.01150 .x

Kang HC, Burgund ED, Lugar HM, Petersen SE, Schlaggar BL (2003) 
Comparison of functional activation foci in children and adults 
using a common stereotactic space. Neuroimage 19:16–28. https 
://doi.org/10.1016/S1053 -8119(03)00038 -7

Kelly RM, Strick PL (2003) Cerebellar loops with motor cortex and 
prefrontal cortex of a nonhuman primate. J Neurosci 23:8432–
8444. https ://doi.org/10.1523/JNEUR OSCI.23-23-08432 .2003

Kipping JA, Grodd W, Kumar V, Taubert M, Villringer A, Margulies 
DS (2013) Overlapping and parallel cerebello-cerebral net-
works contributing to sensorimotor control: an intrinsic func-
tional connectivity study. Neuroimage 83:837–848. https ://doi.
org/10.1016/j.neuro image .2013.07.027

Kriegeskorte N, Simmons WK, Bellgowan PSF, Baker CI (2009) 
Circular analysis in systems neuroscience—the dangers of dou-
ble dipping. Nat Neurosci 12:535–540. https ://doi.org/10.1038/
nn.2303

Krombholz H (1997) Physical performance in relation to age, sex, 
social class and sports activities in kindergarten and elementary 
school. Percept Mot Skills 84:1168–1170. https ://doi.org/10.2466/
pms.1997.84.3c.1168

Lebel C, Gee M, Camicioli R, Wieler M, Martin W, Beaulieu C (2012) 
Diffusion tensor imaging of white matter tract evolution over the 
lifespan. Neuroimage 60:340–352. https ://doi.org/10.1016/j.neuro 
image .2011.11.094

Leemans A, Jeurissen B, Sijbers J, Jones D ExploreDTI: a graphi-
cal toolbox for processing, analyzing, and visualizing diffusion 
MR data. In: 17th Annual Meeting of the International Society of 
Magnetic Resonance in Medicine (2009) p 3537

Leitner Y, Travis KE, Ben-Shachar M, Yeom KW, Feldman HM (2015) 
Tract profiles of the cerebellar white matter pathways in children 
and adolescents. Cerebellum 14:613–623. https ://doi.org/10.1007/
s1231 1-015-0652-1

Manning JH, Courchesne E, Fox PT (2013) Intrinsic connectivity net-
work mapping in young children during natural sleep. Neuroimage 
83:288–293. https ://doi.org/10.1016/j.neuro image .2013.05.020

Middleton FA, Strick PL (2000) Basal ganglia and cerebellar loops: 
motor and cognitive circuits. Brain Res Rev 31:236–250. https ://
doi.org/10.1016/S0165 -0173(99)00040 -5

Middleton FA, Strick PL (2001) Cerebellar projections to the pre-
frontal cortex of the primate. J Neurosci 21:700–712. https ://doi.
org/10.1523/jneur osci.21-02-00700 .2001

Morita T, Saito DN, Ban M, Shimada K, Okamoto Y, Kosaka H, 
Okazawa H, Asada M, Naito E (2018) Self-face recognition 
begins to share active region in right inferior parietal lobule 

https://doi.org/10.1152/jn.00626.2002
https://doi.org/10.1016/j.neuroimage.2004.12.034
https://doi.org/10.1016/j.neuroimage.2004.12.034
https://doi.org/10.1007/978-1-4615-2546-2_48
https://doi.org/10.1007/978-1-4615-2546-2_48
https://doi.org/10.1073/pnas.0705843104
https://doi.org/10.1073/pnas.0705843104
https://doi.org/10.1371/journal.pcbi.1000381
https://doi.org/10.1007/s12311-012-0355-9
https://doi.org/10.1038/nrn4023
https://doi.org/10.1038/nrn2201
https://doi.org/10.1073/pnas.0704380104
https://doi.org/10.1073/pnas.0704380104
https://doi.org/10.1006/nimg.1995.1007
https://doi.org/10.1073/pnas.0402680101
https://doi.org/10.1073/pnas.0402680101
https://doi.org/10.1016/j.neuropsychologia.2015.09.032
https://doi.org/10.1016/j.neuropsychologia.2015.09.032
https://doi.org/10.1016/j.dcn.2015.12.005
https://doi.org/10.1016/j.dcn.2015.12.005
https://doi.org/10.1016/j.neuroimage.2018.01.082
https://doi.org/10.1523/jneurosci.1868-09.2009
https://doi.org/10.1523/jneurosci.1868-09.2009
https://doi.org/10.1523/jneurosci.19-04-01446.1999
https://doi.org/10.1523/jneurosci.19-04-01446.1999
https://doi.org/10.1155/np.2003.141
https://doi.org/10.1155/np.2003.141
https://doi.org/10.1093/brain/awh226
https://doi.org/10.1038/369554a0
https://doi.org/10.1038/369554a0
https://doi.org/10.1111/j.1467-7687.2012.01150.x
https://doi.org/10.1111/j.1467-7687.2012.01150.x
https://doi.org/10.1016/S1053-8119(03)00038-7
https://doi.org/10.1016/S1053-8119(03)00038-7
https://doi.org/10.1523/JNEUROSCI.23-23-08432.2003
https://doi.org/10.1016/j.neuroimage.2013.07.027
https://doi.org/10.1016/j.neuroimage.2013.07.027
https://doi.org/10.1038/nn.2303
https://doi.org/10.1038/nn.2303
https://doi.org/10.2466/pms.1997.84.3c.1168
https://doi.org/10.2466/pms.1997.84.3c.1168
https://doi.org/10.1016/j.neuroimage.2011.11.094
https://doi.org/10.1016/j.neuroimage.2011.11.094
https://doi.org/10.1007/s12311-015-0652-1
https://doi.org/10.1007/s12311-015-0652-1
https://doi.org/10.1016/j.neuroimage.2013.05.020
https://doi.org/10.1016/S0165-0173(99)00040-5
https://doi.org/10.1016/S0165-0173(99)00040-5
https://doi.org/10.1523/jneurosci.21-02-00700.2001
https://doi.org/10.1523/jneurosci.21-02-00700.2001


1375Brain Structure and Function (2019) 224:1359–1375 

1 3

with proprioceptive illusion during adolescence. Cereb Cortex 
28:1532–1548. https ://doi.org/10.1093/cerco r/bhy02 7

Naito E, Roland PE, Grefkes C, Choi HJ, Eickhoff S, Geyer S, Zilles K, 
Ehrsson HH (2005) Dominance of the right hemisphere and role 
of area 2 in human kinesthesia. J Neurophysiol 93:1020–1034. 
https ://doi.org/10.1152/jn.00637 .2004

Naito E, Scheperjans F, Eickhoff SB, Amunts K, Roland PE, Zilles K, 
Ehrsson HH (2008) Human superior parietal lobule is involved 
in somatic perception of bimanual interaction with an external 
object. J Neurophysiol 99(2):695–703. https ://doi.org/10.1152/
jn.00529 .2007

Naito E, Morita T, Asada M (2016) Immature cerebro-cerebellar 
interaction for timing motor control in children. In: 22nd Annual 
Meeting of the Organization for Huma Brain Mapping (Geneva) 
poster no 2000

Naito E, Morita T, Saito DN, Ban M, Shimada K, Okamoto Y, 
Kosaka H, Okazawa H, Asada M (2017) Development of right-
hemispheric dominance of inferior parietal lobule in proprio-
ceptive illusion task. Cereb Cortex 27:5385–5397. https ://doi.
org/10.1093/cerco r/bhx22 3

O’Reilly JX, Beckmann CF, Tomassini V, Ramnani N, Johansen-Berg 
H (2010) Distinct and overlapping functional zones in the cerebel-
lum defined by resting state functional connectivity. Cereb Cortex 
20:953–965. https ://doi.org/10.1093/cerco r/bhp15 7

Oldfield RC (1971) The assessment and analysis of handedness: the 
Edinburgh inventory. Neuropsychologia 9:97–113. https ://doi.
org/10.1016/0028-3932(71)90067 -4

Peters BD, Ikuta T, DeRosse P, John M, Burdick KE, Gruner P, Pren-
dergast DM, Szeszko PR, Malhotra AK (2014) Age-related dif-
ferences in white matter tract microstructure are associated with 
cognitive performance from childhood to adulthood. Biol Psychia-
try 75:248–256. https ://doi.org/10.1016/j.biops ych.2013.05.020

Pieterman K, Batalle D, Dudink J, Tournier J-D, Hughes EJ, Barnett 
M, Benders MJ, Edwards AD, Hoebeek FE, Counsell SJ (2017) 
Cerebello-cerebral connectivity in the developing brain. Brain 
Struct Funct 222:1625–1634. https ://doi.org/10.1007/s0042 
9-016-1296-8

Price CJ, Friston KJ (1997) Cognitive conjunction: a new approach to 
brain activation experiments. Neuroimage 5:261–270. https ://doi.
org/10.1006/nimg.1997.0269

Rapoport M, van Reekum R, Mayberg H (2000) The role of the cer-
ebellum in cognition and behavior: a selective review. J Neu-
ropsychiatry Clin Neurosci 12:193–198. https ://doi.org/10.1176/
jnp.12.2.193

Saito DN, Tanabe HC, Izuma K, Hayashi MJ, Morito Y, Komeda H, 
Uchiyama H, Kosaka H, Okazawa H, Fujibayashi Y, Sadato N 
(2010) “Stay Tuned”: inter-individual neural synchronization dur-
ing mutual gaze and joint attention. Front Integr Neurosci 4:127. 
https ://doi.org/10.3389/fnint .2010.00127 

Saksena S, Husain N, Malik GK, Trivedi R, Sarma M, Rathore RS, 
Pandey CM, Gupta RK (2008) Comparative evaluation of the cer-
ebral and cerebellar white matter development in pediatric age 
group using quantitative diffusion tensor imaging. Cerebellum 
7:392–400. https ://doi.org/10.1007/s1231 1-008-0041-0

Sang L, Qin W, Liu Y, Han W, Zhang Y, Jiang T, Yu C (2012) Resting-
state functional connectivity of the vermal and hemispheric sub-
regions of the cerebellum with both the cerebral cortical networks 
and subcortical structures. Neuroimage 61:1213–1225. https ://doi.
org/10.1016/j.neuro image .2012.04.011

Schmahmann JD, Sherman JC (1998) The cerebellar cognitive affec-
tive syndrome. Brain 121:561–579. https ://doi.org/10.1093/brain 
/121.4.561

Schmahmann JD, Doyon J, Toga AW, Petrides M, Evans AC (2000) 
MRI Atlas of the Human Cerebellum. Academic Press, San Diego

Sokolov AA, Miall RC, Ivry RB (2017) The cerebellum: adaptive pre-
diction for movement and cognition. Trends Cogn Sci 21:313–
332. https ://doi.org/10.1016/j.tics.2017.02.005

Stoodley CJ, Schmahmann JD (2010) Evidence for topographic 
organization in the cerebellum of motor control versus cogni-
tive and affective processing. Cortex 46:831–844. https ://doi.
org/10.1016/j.corte x.2009.11.008

Strick PL, Dum RP, Fiez JA (2009) Cerebellum and nonmotor func-
tion. Annu Rev Neurosci 32:413–434. https ://doi.org/10.1146/
annur ev.neuro .31.06040 7.12560 6

Tavano A, Grasso R, Gagliardi C, Triulzi F, Bresolin N, Fabbro F, 
Borgatti R (2007) Disorders of cognitive and affective develop-
ment in cerebellar malformations. Brain 130:2646–2660. https ://
doi.org/10.1093/brain /awm20 1

Tiemeier H, Lenroot RK, Greenstein DK, Tran L, Pierson R, Giedd 
JN (2010) Cerebellum development during childhood and ado-
lescence: a longitudinal morphometric MRI study. Neuroimage 
49:63–70. https ://doi.org/10.1016/j.neuro image .2009.08.016

Toro R, Fox PT, Paus T (2008) Functional coactivation map of 
the human brain. Cereb Cortex 18:2553–2559. https ://doi.
org/10.1093/cerco r/bhn01 4

Tournier J-D, Calamante F, Gadian DG, Connelly A (2004) Direct 
estimation of the fiber orientation density function from diffusion-
weighted MRI data using spherical deconvolution. Neuroimage 
23:1176–1185. https ://doi.org/10.1016/j.neuro image .2004.07.037

Turesky TK, Olulade OA, Luetje MM, Eden GF (2018) An fMRI 
study of finger tapping in children and adults. Hum Brain Mapp 
39:3203–3215. https ://doi.org/10.1002/hbm.24070 

Wang R, Benner T, Sorensen AG, Wedeen VJ (2007) Diffusion toolkit: 
a software package for diffusion imaging data processing and trac-
tography. In: Proceedings of the international society for magnetic 
resonance medicine (Berlin), vol 3720

Worsley KJ, Friston KJ (1995) Analysis of fMRI time-series revis-
ited—again. Neuroimage 2:173–181. https ://doi.org/10.1006/
nimg.1995.1023

Zwicker JG, Missiuna C, Harris SR, Boyd LA (2012) Developmental 
coordination disorder: a review and update. Eur J Paediatr Neurol 
16:573–581. https ://doi.org/10.1016/j.ejpn.2012.05.005

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1093/cercor/bhy027
https://doi.org/10.1152/jn.00637.2004
https://doi.org/10.1152/jn.00529.2007
https://doi.org/10.1152/jn.00529.2007
https://doi.org/10.1093/cercor/bhx223
https://doi.org/10.1093/cercor/bhx223
https://doi.org/10.1093/cercor/bhp157
https://doi.org/10.1016/0028-3932(71)90067-4
https://doi.org/10.1016/0028-3932(71)90067-4
https://doi.org/10.1016/j.biopsych.2013.05.020
https://doi.org/10.1007/s00429-016-1296-8
https://doi.org/10.1007/s00429-016-1296-8
https://doi.org/10.1006/nimg.1997.0269
https://doi.org/10.1006/nimg.1997.0269
https://doi.org/10.1176/jnp.12.2.193
https://doi.org/10.1176/jnp.12.2.193
https://doi.org/10.3389/fnint.2010.00127
https://doi.org/10.1007/s12311-008-0041-0
https://doi.org/10.1016/j.neuroimage.2012.04.011
https://doi.org/10.1016/j.neuroimage.2012.04.011
https://doi.org/10.1093/brain/121.4.561
https://doi.org/10.1093/brain/121.4.561
https://doi.org/10.1016/j.tics.2017.02.005
https://doi.org/10.1016/j.cortex.2009.11.008
https://doi.org/10.1016/j.cortex.2009.11.008
https://doi.org/10.1146/annurev.neuro.31.060407.125606
https://doi.org/10.1146/annurev.neuro.31.060407.125606
https://doi.org/10.1093/brain/awm201
https://doi.org/10.1093/brain/awm201
https://doi.org/10.1016/j.neuroimage.2009.08.016
https://doi.org/10.1093/cercor/bhn014
https://doi.org/10.1093/cercor/bhn014
https://doi.org/10.1016/j.neuroimage.2004.07.037
https://doi.org/10.1002/hbm.24070
https://doi.org/10.1006/nimg.1995.1023
https://doi.org/10.1006/nimg.1995.1023
https://doi.org/10.1016/j.ejpn.2012.05.005

	Local-to-distant development of the cerebrocerebellar sensorimotor network in the typically developing human brain: a functional and diffusion MRI study
	Abstract
	Introduction
	Materials and methods
	Participants
	Motor task
	fMRI data acquisition
	Imaging data analysis
	Preprocessing

	Analysis of movement-related activation in each group
	Consistent brain activation across groups
	Comparisons between groups
	Functional connectivity analysis
	Diffusion MRI data acquisition
	Data analyses
	General procedures

	Preprocessing
	SD approach and tractography
	ROI setting
	Calculation of the HMOA value

	Results
	fMRI
	Functional connectivity
	Stronger functional connectivity in adults
	Stronger functional connectivity in children and adolescents

	“Local-to-distant” development of the cerebrocerebellar sensorimotor network
	Diffusion MRI

	Discussion
	fMRI study
	Diffusion MRI study

	Conclusion
	Acknowledgements 
	References


