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Background
Amongst non-invasive brain stimulation techniques,
transcranial direct current stimulation (tDCS) has gained
increasing popularity in neurosciences and medical re-
search. In particular, this method has been recently used
to investigate the functional role of the sensorimotor
and cognitive cerebellar networks [1]. tDCS exerts a
direct, local but only partially known effect upon the
cortical stimulation site, and an indirect distal effect
linked to this site-recipient afferent pathways. Within
the stimulated cortical volume, tDCS modulates the rest-
ing membrane potential of glutamatergic neurons during
the stimulation phase, and causes afterwards long-lasting
synaptic after-effects due to interneuronal and neuromo-
dulatory influences, in a polarity-specific manner [2]. For
instance, anodal tDCS increases neuronal excitability
and synaptic strength (effect on neuronal plasticity),
whereas cathodal tDCS provokes an opposite effect [3].
Regarding tDCS of the cerebellum, anodal (vs cathodal)
stimulation applied over the cerebellar cortex would
preferentially enhance (vs reduce) cerebellar brain inhib-
ition (CBI), and modulates sensorimotor and cognitive
functions overall [3]. Cerebellar tDCS affects not only
overt motor/cognitive abilities such as motor execution
and adaptation, working memory, procedural learning
and linguistic processing and emotion recognition, but
influences also the brain resting-state [1, 3–5].
Intrinsically-connected, cerebello-cortical closed loops

encompass the sensorimotor, language, executive, dorsal
attentional/saccadic control, limbic salience and default-
mode networks [6, 7]. Although non invasive cerebellar
stimulation (including transcranial magnetic stimulation
(TMS) of the cerebellum) changes functional connectiv-
ity (FC) within default-mode network (DMN) and dorsal
attentional network (DAN), little is known about static
and especially dynamic resting state reconfiguration
caused by cerebellar tDCS. First, tDCS might simultan-
eously alter functional connectivity of several cerebello-
cortical circuits because since the main cerebellar target
of tDCS is the lobule VII, which is involved in several
circuits [6] and, to a lesser extent, the more rostral and
remote from the electrode lobules VI and VIII [3].
Second, most of the fMRI studies have focused on the
static pattern of intrinsic connectivity, resorting, in
particular, to data-driven, seed-based correlational or In-
dependent Component Analyses (ICA) [8]. However,
these methods assume the stationarity of the FC through-
out the entire scan period, although the brain resting-state
presents spontaneous, time-varying within- and between-
network associations [9]. These non- stationary changes
of the brain resting-state can be captured by complemen-
tary methods such as sliding window based FC, with tem-
poral limitations due to TR and hemodynamic response
durations and to statistical constraints. Notwithstanding,

dynamical FC provides a better and more accurate
description of the spatio-temporal-varying pattern of brain
intrinsic connectivity.
We aimed to explore the static and dynamic brain

functional after-effects of tDCS applied over the right
cerebellar hemisphere in healthy subjects, during the
brain resting-state. We specifically focused on the FC of
the right lobule VII (crus 1 and 2, VIIb) whose anatomical
localization within the posterior cranial fossa allows a
direct stimulation. Interestingly, lobule VII is massively in-
volved in the following brain networks in central executive
network (CEN; also called right and left fronto-parietal
networks), DMN, and salience network (SN) [6].

Materials and methods
Subjects
Twelve healthy right-handed volunteers (mean age ± SD:
28 ± 2 years; 9 males and 3 females) participated in this
study. None of them had history of neurological, psychi-
atric or vascular disease, and of alcohol or drug abuse.
All of them gave their informed consent. The protocol
was approved by the Ethics Committee (Study number:
2014-A01580–47). All participants received 50 euros
compensation for their participation in the current
study.

Transcranial direct current stimulation
Outside of the scanner, real tDCS stimulation and Sham
stimulation were randomly delivered to each volunteer.
Each stimulation session was immediately followed by a
MRI scanning. Saline- soaked, rectangular-shape elec-
trode sponges were used for both stimulation conditions.
The anodal electrode (size: 5 × 6 cm) and the reference
cathodal electrode (size: 9 × 7 cm) were placed over the
right posterior cerebellar hemisphere, i.e. halfway
between subject’s mastoid and inion, and over the left
acromion, respectively [10]. During the real tDCS stimu-
lation, each participants received 1,5 mA current for a
total of 20 min including an initial 30 s ramp-up [3].
Sham session consisted of a 30 s ramp-up from 0mA to
1.5 m followed by a 30 s ramp-down to 0 mA; no current
was delivered during the next 19 min. Impedance of the
electrodes was kept below 10 kΩ.

Imaging protocol
Immediately after each randomized condition, the volun-
teers underwent a functional MRI scan to record their
resting-state brain activity. Each volunteer laid in supine
position with eyes-closed. During the first MRI scan,
T1-weighted anatomical images were also acquired.

MRI data acquisition
Structural and functional data were obtained on a whole-
body 3 T scanner (Siemens, Skyra, Erlangen, Germany)

Gramiet al. Cerebellum & Ataxias            (2021) 8:7 Page 2 of 12



with a 64-channel head coil. T1-weighted gradient-echo
images were acquired with the following parameters: TE,
2.5 ms; TR, 2200ms; TI, 900ms, flip angle, 8°; voxel.
size, 0.9× 0.9 mm2 (FOV, 230 mm2), slice thickness,

0.9 mm, 176 axial slices; GRAPPA acceleration factor, 2.
Sixty contiguous axial slices, multi-band (SMS) T2*-
weighted gradient echo- planar images (echo time 30ms,
repetition time 1000ms, flip angle 90°, spatial resolution
2.5 × 2.5. × 2.5 mm, acceleration factor 2), were acquired
to encompass the whole brain. One hundred eighty four
volumes were acquired with four “dummy” volumes
recorded at the start of the one-run session to allow for
steady-state magnetization.

Methods
Preprocessing of the fMRI data
The preprocessing was performed using the SPM 12
software (http://www.fil.ion.ucl.ac.uk/spm) implemented
in Matlab. In each data set, for T1 equilibrium, the first
10 volumes were discarded. All EPI images were:
corrected for slice timing and motion correction, tem-
porally and spatially smoothed with 5mm full width half
maximum Gaussian kernel and co-registered with the T1
anatomical images and then spatially normalized using a
template brain of Montreal Neurological Institute (MNI).

Static functional connectivity (sFC) analysis
The FC analysis was carried out using CONN toolbox
(v.19c). For each participant, principal components were
extracted from white matter and cerebrospinal fluid time-
series in order to reduce noise based on the anatomical
CompCor approach [11]. These components and head
movements’ parameters were added as confounds in the
denoising step. We conducted seed-to-voxel analyses
using 3 a priori region-of-interest (ROI) corresponding to
the stimulated right cerebellar lobule VII including crus 1,
crus 2 and lobule 7b. The cerebellar ROIs were obtained
from the AAL atlas [12]. At the first level analysis, resting-
state BOLD signal time-series were extracted from each
seed region and correlated with every voxel in the brain.
Each participant’s maps were brought into a second level
analysis to examine the effects of anodal tDCS > Sham
tDCS. The resulting sFC were reported significant at a
cluster-level-threshold of p < 0.05 false discovery rate
(FDR), corrected and a voxel count ≥100.

Dynamic functional connectivity (dFC) analyses
A sliding window ROI-to-ROI correlation analysis was
applied to seek for temporal variations in FC between
sublobuli of the right cerebellar lobule VII and: 1. spe-
cific nodes of ICNs, during the resting-state, and 2. other
cerebellar lobules.
Time-courses were segmented into 36-s windows,

sliding the onset of each window by 18 s for a total of 10

windows, in accordance with previous dynamic studies
[13, 14]. The duration of sliding windows was selected
to optimize the balance between capturing rapidly shift-
ing dynamic relationships (with shorter windows) and
achieving reliable estimates of the correlated activity be-
tween regions (with longer windows). Then, a band-pass
filtering (0.0278–0.10 Hz) was applied to remove high-
frequency activity related to cardiac and respiratory
activity, and low-frequency activity with a period that
exceeds the duration of sliding windows used in dynamic
analyses.
Dynamic temporal variability, between two ROIs, were

calculated using a regression model using the general-
ized psychophysiological interaction approach (gPPI),
which allows to explore brain areas which increase/de-
crease their couplings with the seed region of the cere-
bellar lobule VII, massively structurally and functionally
interconnected with associative cortices. The regions of
Salience network (SN), central executive network (CEN),
visual network (VN), sensorimotor network (SMN) and
dorsal attention network (DAN) were examined. The
degree of temporal variability in FC is defined as the
standard deviation (SD) in bivariate regression measures
between two ROIs. To test the hypothesis that brain
activity after tDCS stimulation (versus sham) differed on
dynamic resting state connections, a paired t-test was
performed. Results were reported significant at a thresh-
old of p < 0.05, FDR corrected.
The underlying patterns of dFC across sliding windows

that contributed to significant tDCS after- effects, were quan-
tified using descriptive statistics based upon the frequency of
positive or negative z scores. The z score is defined as:

Z ¼
XtDCS − Msham

Ssham

where XtDCS denotes the tDCS-related β value within
each time window in real tDCS condition, Msham repre-
sents the mean of β values across all windows in the sham
condition, and Ssham is the standard deviation of β values
of all windows in the sham condition. The β values corres-
pond to the regressors of the linear equation expressing
the brain signal within the region-of-interest with respect
of the mean signal and the differential effect induced by
real tDCS and sham stimulations.
More specifically, for each participant, the proportion of

windows was computed by transforming the connectivity
values to z-scores and sorted into five intervals of increas-
ing strength: high negative (z < − 0.5), moderate negative
(− 0.5 ≤ z < − 0.25), low negative / positive (− 0.25 ≤ z <
0.25), moderate positive (0.25 < z ≤ 0.5) and high positive
(z > 0.5). Finally, the average proportion of windows in
which FC fell within each range was calculated. Data nor-
mality in z-score was tested using Shapiro-Wilk test.
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hippocampal cortices), and between lobule 7b and nodes
of SN (ACC, paracingulate cortex), DMN (precuneus)
and CEN (prefrontal cortex). Second, decreased FC
(negative correlation) was found between crus 1 and
contralateral VN/ipsilateral SMN/DMN (precuneus),
and between crus 2 and contralateral VN/DMN.
Table 2 displays significant (p-FDR < 0.05, cluster-level)

of static FC between seeded sublobuli of lobule VII and
other cerebellar lobuli, after real tDCS stimulation and
compared with sham tDCS. Increased FC was detected be-
tween crus 1–2 and the anterior lobe including the vermis,
whereas bilateral decreased FC was noted preferentially
between right lobule 7 and the neocerebellum (lobules 7–
9) including the uvula.

Dynamic analyses
Temporal variability (standard deviation across averaged
sliding windows)
Tables 3 displays significant (p-FDR < 0.05, cluster-level)
increased and decreased temporal variability of BOLD
signal between cerebellar sublobuli of right and the rest
of the brain, respectively, induced by anodal tDCS
compared with sham tDCS. First, tDCS modulated FC
between the whole lobule VII and all the main ICNs.

Second, the one-sided lobule VII exerted a bilateral in-
fluence upon nodes of each ICN. Third, the temporal
variability of cerebello-ICNs FC was preferentially
decreased by tDCS real stimulation, with the notable
exception of crus 2 and SMN and SN nodes (anterior in-
sula and ACC), which displayed together increased tem-
poral variability, whereas the reverse pattern of temporal
variability was observed between the left lobule VII and
the functionally connected ICNs. Fourth, weaker tem-
poral variability was found between crus 1 and all the
networks included in this study; increased temporal
variability was mainly found between crus 2 and SN, and
between crus 2 and CEN. Fifth, temporal variability was
diminished between crus 1 and 2 and their contralateral
cerebellar homologue.
Tables 4 displays significant (p-FDR < 0.05, cluster-level)

increased and decreased temporal variability of BOLD sig-
nal between cerebellar sublobuli of right and other cerebel-
lar lobuli, respectively, induced by anodal tDCS compared
with sham tDCS. Decreased and increased dynamic FC is
observed between lobule 7 and the rest of the cerebellum.
In particular, decreased TV is noted between right crus 1–2
and their left homotopic regions, whereas increased TV
was observed between right and left sublobule 7b.

Fig. 1 Static resting-state functional connectivity map between seeded right lobule VII and nodes of intrinsic networks (p-FDR < 0.05, cluster-level)
after real tDCS stimulation compared with sham tDCS. A1-C1. Schematic lateral 3D-view showing the seeded cerebellar lobules. A2-C2. Axial slices
passing through the brain. A2. Increased functional connectivity between crus 1 and visual/temporal regions. B2. Increased functional connectivity
between lobule 7b and nodes belonging to SN (ACC), DMN (PCC, Precuneus) and CEN (FP, MidFG). C2. decreased functional connectivity
between crus 2 and visual/ DMN regions. The colored bars represent the z-value
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