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INTRODUCTION



The	cerebellum:
The	“little brain”

The	cerebellum	
=	“Little	brain”
• 2	hemispheres
• 3	lobes

The	cerebrum
=	“Brain”
• 2	hemispheres
• 4	lobes



Numerous crossed reciprocal
connections between the
cerebellum	and cerebrum	

The	cerebellum:
Cerebello-cerebral reciprocal connections

Delineating pathways passing through the cerebral pedun-

cle and connecting to contralateral cerebellum enabled

visualisation of the CPC pathways (Fig. 1b). Figure 1c
shows CTC and CPC pathways in a representative subject.

FA values across the whole CTC and CPC pathways

increased significantly with increasing PMA at scan
(p\ 0.001) (Fig. 2).

Using cortical parcellation, we were able to highlight

regionally specific development of cerebro-cerebellar
connectivity between the early preterm period and term

equivalent. A set of cerebellar pathways connecting with

supratentorial regions was reconstructed consistently (C10
streamlines) for most (C75 %) subjects irrespectively of

age at scan (Fig. 3a; Table 2). For the CPC tracts, those

regions were: the precentral cortex bilaterally, superior
frontal cortex bilaterally, supplementary motor area bilat-

erally, insula bilaterally, postcentral cortex bilaterally, left

precuneus, and left paracentral lobule (Fig. 3b). For the
CTC tracts these regions included: precentral cortex

bilaterally, right superior frontal cortex, supplementary
motor area bilaterally, postcentral cortex bilaterally, left

precuneus, and paracentral lobule bilaterally (Fig. 3c). We

assessed the characteristics (age at MRI and GA at birth) of
the infants in whom a specific tract was not reconstructed

and observed that lower age at MRI was associated with an

inability to delineate connections between left supple-
mentary motor area and the CPC tract (p = 0.019, uncor-

rected). There was no relationship between age at scan or

GA at birth and the ability to delineate any of the other
cerebral-cerebellar connections (Supplementary Table 1).

We also assessed the change in connectivity between 29

and 44 weeks PMA by assessing the correlation of the
percentage of streamlines and average FA connecting

cerebellum with different cortical regions through CPC and

CTC tracts. For the CPC tracts, the percentage of stream-

lines connecting to right supplementary motor area
[Spearman’s correlation coefficient (q) = 0.651, FDR-ad-

justed p = 0.030] increased significantly with PMA at

scan. The average FA of the CPC tract connecting to the
left postcentral gyrus (q = 0.595, FDR-adjusted

p = 0.033) was positively correlated with PMA at scan.

For the CTC tracts, the percentage of streamlines con-
necting to the left supplementary motor area (q = 0.588,

FDR-adjusted p = 0.025) was positively correlated with

PMA at scan and the percentage of streamlines connecting
to the right postcentral gyrus (q = -0.580, FDR-adjusted

p = 0.025) was negatively correlated with PMA at scan.

Discussion

In this study we demonstrate the feasibility of delineating

the CTC and CPC tracts in infants as young as 29 weeks

gestational age in vivo. The CTC and CPC pathways are
multi-synapse and characterized by a high degree of con-

vergence and divergence (fanning) along their trajectory.
Furthermore, between the cerebellar and cerebral cortex,

tracts pass through micro structurally complex regions,

including crossing axonal fascicles at the level of the
brainstem (Arnts et al. 2014). Delineating connections

between cerebellar and cerebral cortex using diffusion

tractography is, therefore, challenging and to our knowl-
edge there have been no previous studies in the developing

brain in vivo. The CSD based probabilistic approach used

here, in combination with HARDI data, was able to
reconstruct pathways that corresponded well to anatomical

Fig. 1 Reconstruction of
cerebello-thalamo-cortical tract
(CTC, red-yellow) and cortico-
ponto-cerebellar tract (CPC,
blue-green) in an infant born at
33 weeks and imaged at
40 weeks PMA with FOD plots
overlaid on the diffusion data.
a Crossing fibres of the CTC
tract at the level of the
mesencephalon. b Crossing
fibres of the CPC tract at the
level of the pons. c 3D
reconstruction of both tracts
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Figure 1. (A) Diagram depicting the cerebello-cerebral connectivity network underlying cognitive
and affective processes. The feedback or efferent loop originates from the deep nuclei of the
cerebellum that project to the motor (grey arrows) and nonmotor (blue arrows) nuclei of the
thalamus. In turn, the motor nuclei of the thalamus project to motor and premotor cortices (grey
arrows) but also to nonmotor association cortices (blue arrows). The nonmotor nuclei of the thalamus
project only to association cortices (blue arrows). After Schmahmann and Pandya (1997). Adapted
from Mariën et al. (2013). (B) Topographic distribution of motor-related cortices and association
cortex feedforward or afferent projections to the cerebellum. Both motor corticopontine projections
and association cortex projections are somatotopically organised in the pons. See also Stoodley and
Schmahmann (2010). Adapted from Grimaldi and Manto (2012).

Figure 2. Simplified representation of the dichotomy of the cerebellum in a motor (anterior) and a
cognitive/affective (posterior/vermis) cerebellum. Adapted from Manto and Mariën (2015).
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• Crossed connections between
the cerebellum	and the
cerebrum

• Location of	the posterior	
cerebellum	right	beneath the
skull

• High	concentration of	neurons

The	cerebellum:
Stimulation target

Lent	et	al.,	2012

Pieterman	et	al.,	2016



tES
=	transcranial electrical stimulation

Cerebellar neurostimulation:
Types	of	stimulation

TMS
=	transcranial magnetic stimulation

Þ Capable of	modulating (cerebellar)	cortical excitability non-invasively



Cerebellar neurostimulation:
Modeling

Rampersad et	al.,	2014

tDCS

1mA
anode	(5x5cm)	over	R	CB
Cathode (5x5cm)	over	right	cheek

TMS

Figure-of-eight coil
MMO

Bijsterbosch et	al.,	2012
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Fig. 5. Electric field strength | ~E| (mV/cm) on the surface of the GM for A) M1, B) left DLPFC, C) dual DLPFC, D) IFG and E) Oz stimulation, and on
the surface of the cerebellum (F). Scales are adjusted (same scale for Figures A-E, shown at top right); actual maxima can be found in Table III. The black
dot in each panel indicates the target of stimulation and the electrode-skin interface is outlined in black. The Oz target (E) was placed on the skin on the
midline of the head, but due to the shape of the subjects brain, the target projection on the GM surface lies on the left hemisphere.

distances are similar, except for a sharp peak at the largest
distance. In the cerebellum (Fig. 6C) the distributions are
much narrower than for the cerebral targets and the peaks
lie closer together and at lower values. This is due to the
cerebellum being a much smaller and smoother structure than
the brain. Highest electric field strengths are found in the
elements closest to the target (0-20 mm).

Similar analyses were performed for gray and white matter
separately, showing that for M1 and Oz stimulation the peaks
of the distributions lie at higher | ~E| values in white matter than
in gray matter. For all other configurations the locations of the
peaks do not differ greatly between gray and white matter.

C. Target volume
The maximum field strength (| ~E|Tmx in Table III) is 0.88

mV/cm in the cerebellar target volume, while in the cerebral
target volumes | ~E|Tmx ranges from 1.5 mV/cm for Oz to 2.1
mV/cm for M1 stimulation. For the two DLPFC configurations
the maximum values reached in the target volume are 54-55%
of the maximum value in the complete brain. For M1, IFG and
cerebellum these values are 70, 62 and 76 %, respectively; for
the Oz configuration it is only 45%. The average electric field
strength in the target volumes (| ~E|Tmn in Table III) ranges from
0.75 mV/cm for cerebellum to 1.4 mV/cm for M1 stimulation.
The average electric field strength perpendicular to the GM
surface ( ~E · n̂ T

mn in Table III) ranges from 0.55 mV/cm for Oz
to 1.2 mV/cm for M1 stimulation. While cerebellar stimulation
resulted in relatively low values in several other analyses, the

result for ~E · n̂ T
mn is similar to that of the other configurations.

This is because the simulated electric field in the cerebellar
target volume is mainly directed perpendicular to the GM
surface.

IV. DISCUSSION

This study presents simulations of 1 mA tDCS in a highly
detailed volume conduction model for six commonly used
electrode configurations.

A. General results
Highest electric field values in the skin were found along

the rim of the electrodes, as was reported in other studies [55],
[36], but here we also showed that the electric field distribution
on the skull surface is high under the complete area of both
electrodes and that a shift of the maximum away from the
electrodes occurs only at brain level. As the current follows the
path of least resistance, it is understandable that most current
flows from the stimulator towards the edges of the electrodes
to the skin instead of radially through the poorly conducting
skull. A large part of the current goes from anode to cathode
through the skin without passing the skull and thus never
enters the brain. The current that does enter the skull spreads
itself over its surface under the electrodes. When the current
enters the CSF, it is transported through this highly conductive
fluid away from the anode, leading to a wide distribution
of the electric field on the brain surface. As we found only
one area of maximal stimulation on the brain surface instead



Cerebellar neurostimulation:
Effectiveness

ANOVARM to compare the MEP amplitudes separately for pre and
post tDCS stimulation with the factors responses (test, conditioned)
and CS intensities (!5, !10, !15, !20, and !25% below motor
threshold).

The longevity of the cathodal tDCS effect (experiment 3) was assessed
with ANOVARM, which compared CBI with factors time (pre, post 1,
post 2, post 3) and stimulation intensity (1 mA, 2 mA). The RCM1 and
RCBR were evaluated by separate ANOVARM, which compared the effect
of time (pre, post 1), stimulation intensity (1 mA, 2 mA), and test inten-
sity (100%, 110%, 120%, 130%, and 140% of threshold). The MEP am-
plitude resulting from TMS at the inion was assessed with an ANOVARM

comparing time (pre, post 1) and stimulation intensity (1 mA, 2 mA).
When significant differences were found, post hoc analysis was per-

formed using paired t tests. Data are expressed as mean " SEM, and
effects were considered significant if p ! 0.05.

Results
Experiment 1: modulation of cerebellar excitability by tDCS
All subjects completed the three sessions without complications. The
subject’s self-reported ratings of attention, fatigue, and perceived
pain were not significantly different across the three sessions (F(2,14)

#1; p$0.39) (Table 2). All measures were completed within 25 min
of the cessation of tDCS.

Cerebellar excitability
tDCS applied over the cerebellum elicited modulation of CBI
(Fig. 2a). ANOVARM revealed a significant effect of tDCS on CBI
(conditioning MEP/test MEP) over time (pre, post; F(2,14) % 17.4;
p % 0.005) and time & session interaction (F(2,14) % 11.8; p %
0.005) and a trend toward significance across sessions (anodal,
cathodal, sham; F(2,14) % 3.2; p % 0.07) (Fig. 2b). Paired t tests
revealed that during the cathodal session there was a significant
decrease in CBI from pre (0.65 " 0.07) to post (0.97 " 0.07; t(7) %
5.8; p # 0.001) (Fig. 2b). In addition, there was significantly less
CBI within the cathodal session’s post phase compared with the
anodal (0.75 " 0.05) and sham (0.71 " 0.06; t(7) $ 2.5; p # 0.02)
sessions (Fig. 2b).

Left M1 excitability
ANOVARM revealed no significant changes in MEP threshold
across session (F(2,14) % 1.5; p % 0.25), time (F(2,14) % 2.9; p %
0.13), or time & session interaction (F(2,14) % 1.3; p % 0.3) (Fig.
3a). Similarly, mean MEP amplitudes elicited from M1 did not differ
over session (F(2,14) % 0.09; p % 0.9), time (F(2,14) % 0.1; p % 0.35), or
time & session interaction (F(2,14) % 0.08; p % 0.9) (Fig. 3b).

Cerebellar tDCS did not result in changes in SICI or ICF across
session, time, or session & time interaction (ANOVARM for SICI:
session, F(2,14) % 1.6, p % 0.25; time, F(2,14) % 0.42, p % 0.54;

interaction, F(2,14) % 0.42, p % 0.67; ANO-
VARM for ICF: session, F(2,14) % 0.27, p %
0.77; time, F(2,14) % 0.34, p % 0.58; inter-
action, F2,14) % 0.26, p % 0.77) (Fig. 3c, d).

Brainstem excitability
ANOVARM did not show changes across
session, time, or their interaction on
brainstem MEP threshold as determined
by TMS over the inion (ANOVARM: ses-
sion, F(2,14) % 2.5, p % 0.12; time, F(2,14) %
1, p % 0.35; interaction, F(2,14) % 1, p %
0.31) (Fig. 4a).

When measuring the MEP amplitude
resulting from TMS on the right M1, all
subjects showed clear MEP responses in
both the contralateral and the ipsilateral
pectoralis muscles. As a reminder, the pec-

toralis muscle ipsilateral to M1 stimulation was also ipsilateral to
the targeted cerebellar tDCS hemisphere. The mean peak latency
difference between ipsilateral and contralateral MEPs was 7.7 " 1
ms, in which the ipsilateral responses were always later than the
contralateral MEPs (contralateral MEP, 13.1 " 0.45 ms; ipsilat-
eral MEP, 20.8 " 1.3 ms; paired t test: t(7) % 7.4, p % 0.0005).
During RS measurements, there was no difference in EMG preacti-
vation (ANOVARM: muscle, F(1,7) % 5.7, p % 0.055; session, F(2,12) %
0.6, p % 0.57; time, F(1,6) % 0.32, p % 0.6; interactions, F(2,12) # 1.8,
p $ 0.2). MEP amplitudes were not influenced by the tDCS across
session, time, or session & time interaction in either the contralateral
(ANOVARM: session, F(2,14) % 0.09, p % 0.9; time, F(2,14) % 2.8, p %
0.14; interaction, F(2,14) % 0.79, p % 0.47) or ipsilateral (ANOVARM:
session, F(2,14) %1, p%0.38; time, F(2,14) %1.4, p%0.27; interaction,
F(2,14) % 0.45, p % 0.65) (Fig. 4b) pectoralis muscle.

Experiment 2: CBI recruitment curve
Anodal tDCS applied over the cerebellum lead to changes in the
RCCBI (Fig. 5). The mean brainstem motor threshold from which
conditioning stimulation intensities were set was 70 " 13% of the
stimulator output. The test stimulation MEP amplitudes were
not significantly different between pre and post tDCS stimulation
(1.1 " 0.2 and 1.1 " 0.2 mV, respectively; paired t test: t(7) % 0.5,
p % 0.3). ANOVARM comparing the MEP amplitudes during test
versus conditioned responses across CS intensity before tDCS
revealed no significant effect for responses (F(1,7) % 3; p % 0.12)
or CS intensity (F(4,28) % 2; p % 0.12); however, the interaction
between responses and CS intensity was significant (F(4,28) % 7.7;
p % 0.005). Paired t tests revealed significant differences between
test and conditioned responses only at CS intensities !5% (test,
1.1 " 0.2; conditioned, 0.68 " 0.1; t(7)3.3; p % 0.01, two-tailed)
and !10% (test, 1 " 0.17; conditioned, 0.74 " 0.09; t(7) % 3; p %
0.02), suggesting a lack of CBI when the CS intensities were
!15% of the brainstem threshold or less. To the contrary, a sim-
ilar ANOVARM performed for the MEP amplitudes after tDCS

Figure 2. Single-subject and group CBI data. a, Single MEP traces from tests (M1 stimulation; gray lines) and conditioned stimulation
(cerebellar plus M1 stimulation; black lines) from a sample subject before (pre) and after (post) cerebellar stimulation is shown. Note that
CBI MEPs showed the same amplitudes as the TS after cathodal tDCS, an effect not present after sham or anodal stimulation. b, The amount
of inhibition observed during pre (open bar) and post (filled bar) remained similar in the anodal and sham sessions. However, there was a
significant decrease in inhibition from pre to post after cathodal stimulation. When comparing with anodal and sham, the amount of
inhibition in post was significantly less in the cathodal session. *p # 0.02. Data are means " SEM.

Table 2. Experiment 1: psychological measures

Attention Fatigue Pain caused by tDCS

Anodal 5.5 " 0.5 3.4 " 0.6 2.5 " 0.4
Cathodal 5.1 " 0.5 2.4 " 0.3 2.8 " 0.6
Sham 5.6 " 0.4 3.0 " 0.5 2.3 " 0.5
ANOVA F % 0.2, p % 0.79 F % 1, p % 0.39 F % 0.2, p % 0.8

Values (mean " SEM) depict the subject’s choice in a visual analog scale in which 1 represents poorest attention,
maximal fatigue, and pain and 7 represents maximal attention, least fatigue, and pain. F and p values originate from
separate ANOVAs for each measure comparing the anodal, cathodal, and sham sessions.
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ability of the primary motor cortex. Unfortunately, the effects
described in these studies are indirect and inconsistent, and none
of them measured the cerebellar motor connections (Oliveri et
al., 2005; Fierro et al., 2007; Koch et al., 2008; Langguth et al.,
2008). In the present study, we aimed to both inhibit and enhance
cerebellar excitability using tDCS and determine the effects by
measuring changes in cerebello–motor connections.

The normal inhibitory tone the cerebellum exerts over the
primary motor cortex, CBI, can be assessed using paired-pulse
TMS (Ugawa et al., 1995; Pinto and Chen, 2001; Daskalakis et al.,
2004). In these studies, a conditioning pulse delivered over one
cerebellar cortex 5–7 ms before a test pulse over the contralateral
M1 results in a decrease of the motor-evoked potential amplitude
relative to single-pulse TMS over the same M1. The decreased
MEP amplitude reflects inhibition of M1, an effect attributed to
activation of Purkinje cells resulting in inhibition of the dentate
nucleus, which in turn has a disynaptic excitatory connection
through the ventral thalamus to the contralateral M1 (Ugawa et
al., 1995; Pinto and Chen, 2001; Daskalakis et al., 2004; Reis et al.,
2008). Therefore, it is possible to probe the excitability level of the
cerebellum by testing directly the amount of CBI.

Our results suggest that tDCS modulates Purkinje cell excit-
ability. Application of cathodal tDCS, known to decrease excit-
ability (Purpura and McMurtry, 1965; Nitsche and Paulus, 2000),
resulted in a reduction of CBI. This is likely attributable to re-
duced Purkinje cell excitability resulting in the conditioning TMS
pulse not activating these cells and consequently not causing in-
hibition of the excitatory connection between the dentate nucleus
and M1. On the contrary, increased Purkinje cell excitability after
anodal tDCS, a form of stimulation that increases excitability
(Purpura and McMurtry, 1965; Nitsche and Paulus, 2000), can
explain the facilitation of CBI. This was determined by persistent
M1 inhibition even when the cerebellum was conditioned with
low TMS intensities. Thus, anodal tDCS would allow low-
intensity TMS pulses to cause activation of the Purkinje cells and,
subsequently, inhibition of the dentate nucleus and M1 excita-
tory connection. Importantly, these findings cannot be explained
by simple passage of time, as sham stimulation did not elicit any
significant changes, nor to nonspecific effects of the stimulation
on attention, fatigue, or pain (Table 2). In addition, the subjects
were not able to determine what kind of stimulation they received
in each session.

The findings of the present study suggest that tDCS exerted its
effects focally over the cerebellum without affecting brainstem or
corticomotor excitability. First, we did not find any changes in
brainstem motor thresholds or brainstem MEP amplitudes, as
determined by TMS applied over the inion (Ugawa et al., 1994,
1995; Pinto and Chen, 2001; Daskalakis et al., 2004). However,
these measures may reflect spinal cord excitability rather than
brainstem, since it has been suggested that TMS over the inion
activates descending corticospinal axons (Ugawa et al., 1994;
Pinto and Chen, 2001). Nonetheless, we did not observe changes
in the ipsilateral pectoralis MEP amplitudes, suggested to reflect
RS excitability (Ziemann et al., 1999). In addition, we also failed
to observe changes in the recruitment curve of either the short
ipsilateral (R1) or long bilateral (R2) eye-blink reflex, which is
integrated via intrinsic brainstem circuits (Kimura, 1989). De-
spite all these negative findings, it is important to note that subtle
changes in brainstem excitability may still be occurring, but we
were not able to detect them with the measures implemented.

Interestingly, we did not find any significant changes in M1
excitability, as determined by motor threshold, MEP amplitudes,
MEP recruitment curves, intracortical excitability, probed with

Figure 5. Experiment 2: CBI recruitment curve. To assess the effect of cerebellar anodal
stimulation, we performed a RCCBI of the conditioning TMS pulse intensities (cerebellar TMS)
before (pre; open diamonds) and after (post; filled squares) tDCS. During pre, as the CS intensity
is reduced in 5% step decrements of the stimulator output (from !5 to !25%), the amount of
CBI decreases. After 25 min of anodal tDCS, CBI remains present even at condition stimulus
intensities that previously did not elicit CBI (!20 and !25% below brainstem threshold).
*p " 0.008; **p " 0.08. Data are means # SEM.

Table 3. Experiment 3

1 mA 2 mA

Psychological measuresa

Attention 6.5 # 0.3 6.7 # 0.3
Fatigue 1.7 # 0.2 1.8 # 0.2
Pain 3.8 # 0.2 3.3 # 0.6

CBIb (conditioning/test) ! 3 ms ISI
Pre 1.07 # 0.8 1.08 # 0.1
Post 1 1.05 # 0.1 1.1 # 0.2
Post 2 1.03 # 0.04 1.1 # 0.1
Post 3 1.05 # 0.03 1.2 # 0.2

aValues depict the subject’s choice in a visual analog scale in which 1 represents poorest attention, maximal fatigue,
and pain and 7 represents maximal attention, least fatigue, and pain across stimulation intensity (1 mA, 2 mA
cathodal tDCS).
bValues represent CBI with an ISI of 3 ms over time (pre, post 1, post 2, post 3) and stimulation intensity (1 mA, 2 mA).

Table 4. Experiment 3

1 mA pre 1 mA post 1 2 mA pre 2 mA post 1

Blink reflex: R1 peak timea

100% 8.5 # 0.4 8.8 # 0.2 8.6 # 0.3 8.7 # 0.2
110% 8.1 # 0.5 8.4 # 0.3 8.4 # 0.2 8.5 # 0.3
120% 8.0 # 0.6 8.2 # 0.5 8.5 # 0.2 8.3 # 0.2
130% 8.2 # 0.5 8.5 # 0.3 8.3 # 0.4 8.5 # 0.2
140% 8.0 # 0.3 8.0 # 0.5 8.3 # 0.3 8.3 # 0.3

Blink reflex: R2 ipsilateralb

100% 7.5 # 2.5 7.9 # 2.0 6.3 # 0.6 6.8 # 1.0
110% 7.9 # 2.7 7.3 # 1.6 6.9 # 0.8 6.8 # 1.0
120% 8.3 # 2.8 7.6 # 1.8 7.6 # 0.9 7.5 # 1.2
130% 8.9 # 2.6 7.6 # 1.6 8.1 # 0.9 7.1 # 1.0
140% 8.1 # 2.8 7.7 # 1.5 8.7 # 1.1 8.0 # 1.1

Blink reflex: R2 contralateralc

100% 5.4 # 1.7 5.7 # 1.7 4.4 # 0.6 4.6 # 1.1
110% 5.4 # 1.7 5.6 # 1.9 4.8 # 0.9 4.7 # 1.0
120% 6.3 # 2.2 5.9 # 1.9 5.2 # 0.9 5.2 # 1.1
130% 6.7 # 2.3 6.0 # 1.9 5.6 # 0.8 5.2 # 1.3
140% 6.2 # 2.0 5.9 # 1.9 5.5 # 1.1 5.4 # 1.2

aA recruitment curve assessed the blink reflex at five intensities (100, 110, 120, 130, and 140% of brainstem evoked
potential) over time (pre, post 1) and stimulation intensity (1 mA, 2 mA). Values represent the time point (in
milliseconds) of the peak evoked potential.
bValues indicate the rectified and summed EMG data between 50 and 90 ms after stimulation in the ipsilateral
orbicularis oculi muscle (mean # SEM).
cValues represent a similar measure to R2 ipsilateral but with the contralateral orbicularis oculi muscle
(mean # SEM).
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CLINICAL APPLICATIONS
OF CEREBELLAR
STIMULATION



Clinical applications of	cerebellar
stimulation
• Cerebellar	motor	disorders

• Cerebellar	stroke

• Subcortical	stroke

• Cerebello-cerebral	network	disorder

• Neurodevelopmental	disorders

van	Dun,	Mitoma,	Manto,	2018
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CEREBELLAR	MOTOR	DISORDERS

• Cerebellar	ataxia	(CA)
• e.g.	Significant	alleviation	of	truncal	ataxia	in	spinocerebellar	degeneration	after	
cerebellar	TMS	(Shiga	et	al.,	2002)

• Essential	tremor	(ET)
• Acute	or	subacute	tremor	effect	demonstrated	in	most	studies	(van	Dun	et	al.,	
2018)

• Dystonia
• Mixed	results	after	a	single	session	=>	Studies	with	consecutive	sessions	needed	
(Ferrucci et	al.,	2016)

• Dyskinesia	in	Parkinson’s	Disease	(PD)
• Promising	effect	of	cerebellar	atDCS (Ferrucci et	al.,	2016)

van	Dun,	Mitoma,	Manto,	2018
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CEREBELLAR	STROKE

Cerebellar	stroke

Bonnì et	al.	(2014)
6	(5M,	1F)	patients	with	posterior	circulation	stroke	(9m-7y	poststroke)
2	weeks	of	iTBS over	the	lesioned	cerebellar	hemisphere

Behavioral	results:
- Posture	and	gait	significantly	improved



CEREBELLAR	STROKE

Cerebellar	stroke

Kim	et	al.	(2014)
32	(17M,	15F)	patients	with	posterior	circulation	stroke	(~15days	poststroke)
1	week	of	1Hz	rTMS over	the	lesioned	cerebellar	hemisphere
Randomized	sham-controlled	study

Behavioral	results:
- Overall	walking	significantly	improved	in	the	active	group	
- Balance	improved	in	both	groups



CEREBELLAR	STROKE:	case	study

Cerebellar	stroke

66-year-old	right-handed	man
- Cerebellar	infarct
- Lesions	in	bilateral	posterior	lobes	+	
mesencephalon/pons

- R	occipital	and	L	thalamic	damage

- Cerebellar	dysarthria

van	Dun,	2017

Chapter 9 307

Figure 9.1: MRI of HN showing the vascular lesions in the right occipital lobe and
temporo-parietal junction, the infarct in the PICA territory and the pons, and the small
lesion in the left thalamus.



CEREBELLAR	STROKE:	case	study

Cerebellar	stroke

tDCS	protocol:
- Anode	over	R	insula
- Cathode	over	L	insula
- 1.5mA,	20min,	online	(speech	therapy)
- 3	weekly	sessions,	16	weeks	in	ABAB	design

van	Dun,	2017
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CEREBELLAR	STROKE:	case	study

Cerebellar	stroke

fMRI:	Speech	protocol	(pataka/tatata compared	
to	rest)
~	Brendel et	al.	(2010)

ROI as independent factors. Since repeated measures ANOVAs did
not show significant main effects of rate for latency (F(1,15)=3.22,
pN0.05) and for temporal expansion (F(1,15)=.322, pN0.5), the
data were pooled across the 2.5 and 5 Hz conditions.

Results

Behavioral data

Determination of the produced syllable rates at the acoustic
signal recorded during the SYNC runs relied upon the software
PRAAT (Boersma and Weenink, 2007; www.praat.org.). The subjects
produced on average 10.1 (LCT) or 4.2 (SCT) syllables during the
2.5 Hz-runs and 20.3 (LCT) or 4.0 (SCT) items in response to the
5 Hz-trains, respectively. As a rule, repetitions started briefly after
the second click, i.e., participants did not keep track with the first
two clicks. Most subjects then tried to compensate for this initial
delay by an accelerated rate of the first two produced syllables.
Calculation of SCT rate was based upon the first three actually
produced items whereas the syllable frequencies of the long trials
could be derived from more extended trains of nine (2.5 Hz) or 19
(5 Hz) syllables, respectively. In case of the 2.5 Hz-runs, the longer
trials were produced at a rate of 2.50 (SD=0.08) syllables per
second (syl/s) while the frequency of short trains amounted to 2.62
(SD=0.53) syl/s. During the fast condition, mean rates were 5.08
(SD=0.41) syl/s for LCT and 5.64 (SD=1.12) syl/s for the SCT
stimuli. Altogether, thus, subjects were able to tightly synchronize
vocal behavior to the external pacing signal. These observations
indicate that the various acoustic events of the experiment, i.e., the
warning stimulus, the click trains, and the EPI-sequences, were
clearly discernable.

fMRI data: Contrast analyses

“Motor preparation” preceding syllable repetitions (NCTNBL)
As a first step of analysis, it was tested whether the hemodynamic

responses to S1 during the NCT trials showed any rate effects. As
expected, both the contrasts 2.5N5 Hz and 5N2.5 Hz did not display
any significant differences. Therefore, the data from both rate
conditions were pooled for group analyses. The subsequently
calculated contrast NCTNBL across both rate conditions revealed a
wide-spread bilateral network of hemodynamic activation, including
dorsal aspects of pons and midbrain, thalamic structures, basal
ganglia, superior temporal gyrus (STG), mesiofrontal cortex (mainly
SMA proper, encroaching, however, in rostral-ventral direction upon
preSMA and the cingulate sulcus/gyrus), SMC, IFG (pars opercularis),
and the insula (Fig. 2a, Table 1). In addition, unilateral right-
hemisphere responses emerged within the middle frontal and the
supramarginal gyri. At the contralateral side, the middle temporal
area, the amygdala and Crus 1 of the cerebellum showed significant
activation spots.

“Overall network” of hemodynamic activation during syllable repetitions
(LCTNBL)

As a first step of analysis, again, the influence of repetition rate on
hemodynamic activation was tested. During 5 Hz-productions, the
contrast LCTNBL (“overall network”) was associatedwith significantly
enhanced BOLD signal changes within bilateral STG and lower SMC
(see Table 2). The reversed contrast (2.5N5 Hz) did not show any
significant effects. In consideration of this minor impact of syllable
rate upon hemodynamic activation, trials again were pooled across
both frequency conditions for whole-head analysis.

Computation of the contrast LCTNBL (“overall network”) yielded a
large cluster of significant responses at the lateral surface of both

Fig. 2.Hemodynamic group activations (pooled across syllable repetition rates) of the whole-brain contrasts considered: (a)motor preparedness (no click train [NCT]Nbaseline [BL]),
(b) network (long click train [LCT]NBL, overlaid onto a rendered brain template (one-factorial ANOVA, pooled across the two syllable rates, significance level P(FWE)N .05, extent
threshold k=10).

1223B. Brendel et al. / NeuroImage 50 (2010) 1219–1230
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Figure 9.4: Functional MRI before tDCS of HN, showing the significant activation in
the left postcentral gyrus/insular region (A), and the right middle frontal gyrus (B).

z =	41 z =	32z =	37

Figure 9.5: Functional MRI after tDCS of MP, showing the significant activation in the
right precentral gyrus.

CEREBELLAR	STROKE:	case	study

Cerebellar	stroke

tDCS	protocol:
- Anode	over	R	insula
- Cathode	over	L	insula

Þ Goals:
• Restore	insular	equilibrium	
• Restore	cerebello-cerebral	connectivity

van	Dun,	2017



CEREBELLAR	STROKE:	case	study

Cerebellar	stroke

Behavioral	results:

van	Dun,	2017
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Table 9.2: Speech evolution during tDCS protocol.
Test Baseline 2 weeks

of real
tDCS

2 weeks
of rest

2 weeks
of sham

tDCS

2 weeks
of rest

2 weeks
of real
tDCS

2 weeks
of rest

2 weeks
of sham

tDCS

2 weeks
of rest

MP

Phonation
(MFT)

12s
(-7.5SD)

14s
(-6.0SD)

12s
(-7.5SD)

15s
(-5.2SD)

14s
(-6.0SD)

15s
(-5.2SD)

17s
(-3.7SD)

17s
(-3.7SD)

15s
(-5.2SD)

NSVO
words

92% 92% 92% 92% 96% 90% 90% 94% 92%

NSVO
sen-
tences

95% 94% 96% 96% 97% 95% 95% 94% 96%

SHI 18/60 18/60 22/60 20/60 22/60 23/60 22/60 25/60 24/60
Physical 12/20 10/20 12/20 10/20 12/20 13/20 12/20 14/20 12/20
Emotional 2/20 3/20 4/20 4/20 4/20 3/20 4/20 4/20 6/20
Functional 4/20 5/20 6/20 6/20 6/20 7/20 6/20 7/20 6/20

HN

Fonation 5s
(-12.9SD)

7s
(-11.4SD)

9s
(-9.8SD)

8s
(-10.6SD)

10s
(-9.1SD)

10s
(-9.1SD)

9s
(-9.8SD)

9s
(-9.8SD)

-

NSVO
words

76% 80% 84% 78% 84% 88% 86% 90% 88%

NSVO
sen-
tences

86% 94% 91% 88% 93% 94% 93% 95% 93%

SHI 20/60 21/60 22/60 22/60 21/60 20/60 23/60 22/60 21/60
Physical 9/20 10/20 10/20 10/20 9/20 9/20 11/20 11/20 12/20
Emotional 6/20 6/20 6/20 6/20 7/20 6/20 6/20 6/20 5/20
Functional 5/20 5/20 6/20 6/20 5/20 5/20 6/20 5/20 4/20

Legend: tDCS = transcranial direct current stimulation; MFT = maximal phonation time; NSVO
= Dutch speech comprehensibility investigation; SHI = Speech handicap index.
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Figure 9.6: Functional MRI showing the areas that were significantly stronger activated
after tDCS than before tDCS in MP. In addition to the regions directly beneath the

stimulated area (A and C), activations were found in the right basal ganglia (B), and in
the left thalamus (E) and superior frontal gyrus (D).



CEREBELLAR	STROKE:	case	study

Cerebellar	stroke

Bilateral	damage	in	the	cerebellum	resulting	in	cerebellar	dysarthria

Asymmetrical	insular	activations	(L	>	R)	

R	anodal	stimulation	over	insular	region,	cathode	over	L	insular	region

More	activation	directly	under	anode	and	subcortically	
Some	improvement	in	speech	intelligibility	

van	Dun,	2017



Clinical applications of	cerebellar
stimulation
• Cerebellar	motor	disorders

• Cerebellar	stroke

• Subcortical	stroke

• Cerebello-cerebral	network	disorder

• Neurodevelopmental	disorders

van	Dun,	Mitoma,	Manto,	2018



SUBCORTICAL	STROKE:	case	study

Subcortical	or	extensive	bilateral	cerebral	cortical	damage

68-year-old	right-handed	man
- Subcortical	hemorrhage	in	left	basal	ganglia
-Hypokinetic	dysarthria

-Old	extensive	lesion	in	right	frontal	and	left	
parietal	area



SUBCORTICAL	STROKE:	case	study

Subcortical	or	extensive	bilateral	cerebral	cortical	damage

tDCS	protocol:
- Anode	over	L	CB
- Cathode	over	R	CB
- 2mA,	20min,	online	(speech	training)
- 3 weekly	sessions,	9	weeks	
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SUBCORTICAL	STROKE:	case	study

Subcortical	or	extensive	bilateral	cerebral	cortical	damage

Results:
- Speech	intelligibility
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SUBCORTICAL	STROKE:	case	study

Subcortical	or	extensive	bilateral	cerebral	cortical	damage
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SUBCORTICAL	STROKE:	case	study

Subcortical	or	extensive	bilateral	cerebral	cortical	damage

Results:
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SUBCORTICAL	STROKE:	case	study

Subcortical	or	extensive	bilateral	cerebral	cortical	damage

Speech:
- Speech	intelligibility	markedly	improved	but	no	clear	indication	for	
the	added	value	of	tDCS

- No	change	in	intonation	or	speech/articulation	rate
- Possible	effect	on	pauses	during	reading	after	3	weeks	of	tDCS



SUBCORTICAL	STROKE:	case	study

Subcortical	or	extensive	bilateral	cerebral	cortical	damage

fMRI:	Speech	protocol	(pataka/tatata compared	
to	rest)
~	Brendel et	al.	(2010)

ROI as independent factors. Since repeated measures ANOVAs did
not show significant main effects of rate for latency (F(1,15)=3.22,
pN0.05) and for temporal expansion (F(1,15)=.322, pN0.5), the
data were pooled across the 2.5 and 5 Hz conditions.

Results

Behavioral data

Determination of the produced syllable rates at the acoustic
signal recorded during the SYNC runs relied upon the software
PRAAT (Boersma and Weenink, 2007; www.praat.org.). The subjects
produced on average 10.1 (LCT) or 4.2 (SCT) syllables during the
2.5 Hz-runs and 20.3 (LCT) or 4.0 (SCT) items in response to the
5 Hz-trains, respectively. As a rule, repetitions started briefly after
the second click, i.e., participants did not keep track with the first
two clicks. Most subjects then tried to compensate for this initial
delay by an accelerated rate of the first two produced syllables.
Calculation of SCT rate was based upon the first three actually
produced items whereas the syllable frequencies of the long trials
could be derived from more extended trains of nine (2.5 Hz) or 19
(5 Hz) syllables, respectively. In case of the 2.5 Hz-runs, the longer
trials were produced at a rate of 2.50 (SD=0.08) syllables per
second (syl/s) while the frequency of short trains amounted to 2.62
(SD=0.53) syl/s. During the fast condition, mean rates were 5.08
(SD=0.41) syl/s for LCT and 5.64 (SD=1.12) syl/s for the SCT
stimuli. Altogether, thus, subjects were able to tightly synchronize
vocal behavior to the external pacing signal. These observations
indicate that the various acoustic events of the experiment, i.e., the
warning stimulus, the click trains, and the EPI-sequences, were
clearly discernable.

fMRI data: Contrast analyses

“Motor preparation” preceding syllable repetitions (NCTNBL)
As a first step of analysis, it was tested whether the hemodynamic

responses to S1 during the NCT trials showed any rate effects. As
expected, both the contrasts 2.5N5 Hz and 5N2.5 Hz did not display
any significant differences. Therefore, the data from both rate
conditions were pooled for group analyses. The subsequently
calculated contrast NCTNBL across both rate conditions revealed a
wide-spread bilateral network of hemodynamic activation, including
dorsal aspects of pons and midbrain, thalamic structures, basal
ganglia, superior temporal gyrus (STG), mesiofrontal cortex (mainly
SMA proper, encroaching, however, in rostral-ventral direction upon
preSMA and the cingulate sulcus/gyrus), SMC, IFG (pars opercularis),
and the insula (Fig. 2a, Table 1). In addition, unilateral right-
hemisphere responses emerged within the middle frontal and the
supramarginal gyri. At the contralateral side, the middle temporal
area, the amygdala and Crus 1 of the cerebellum showed significant
activation spots.

“Overall network” of hemodynamic activation during syllable repetitions
(LCTNBL)

As a first step of analysis, again, the influence of repetition rate on
hemodynamic activation was tested. During 5 Hz-productions, the
contrast LCTNBL (“overall network”) was associatedwith significantly
enhanced BOLD signal changes within bilateral STG and lower SMC
(see Table 2). The reversed contrast (2.5N5 Hz) did not show any
significant effects. In consideration of this minor impact of syllable
rate upon hemodynamic activation, trials again were pooled across
both frequency conditions for whole-head analysis.

Computation of the contrast LCTNBL (“overall network”) yielded a
large cluster of significant responses at the lateral surface of both

Fig. 2.Hemodynamic group activations (pooled across syllable repetition rates) of the whole-brain contrasts considered: (a)motor preparedness (no click train [NCT]Nbaseline [BL]),
(b) network (long click train [LCT]NBL, overlaid onto a rendered brain template (one-factorial ANOVA, pooled across the two syllable rates, significance level P(FWE)N .05, extent
threshold k=10).

1223B. Brendel et al. / NeuroImage 50 (2010) 1219–1230
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SUBCORTICAL	STROKE:	case	study
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fMRI	post	stimulation



SUBCORTICAL	STROKE:	case	study

Subcortical	or	extensive	bilateral	cerebral	cortical	damage

fMRI:
- Left	anodal	stimulation	appeared	to	inhibit	right	motor	activations	
during	speech
- Right	cathodal	stimulation	appeared	to	excite	left	motor	activations	
during	speech	
- Cerebellar	stimulation	primarily	affected	bilateral	prefrontal	areas

Þ Neurophysiological	mechanisms	of	cerebellar	stimulation	still	poorly	
understood



Clinical applications of	cerebellar
stimulation
• Cerebellar	motor	disorders

• Cerebellar	stroke

• Subcortical	stroke

• Cerebello-cerebral	network	disorder

• Neurodevelopmental	disorders

van	Dun,	Mitoma,	Manto,	2018



CEREBELLO-CEREBRAL	NETWORK
DISORDER
Disorders	caused/accompanied	by	cerebello-cerebral	network	
anomalies	

• Neuropsychiatric	diseases	(Schizophrenia,	bipolar	disorder)

• Neurodegenerative	diseases	(Alzheimer’s	disease,	Parkinson’s	disease,	
…)

van	Dun	et	al.,	2018



Clinical applications of	cerebellar
stimulation
• Cerebellar	motor	disorders

• Cerebellar	stroke

• Subcortical	stroke

• Cerebello-cerebral	network	disorder

• Neurodevelopmental	disorders

van	Dun,	Mitoma,	Manto,	2018



Why cerebellar stimulation?
NEURODEVELOPMENTAL	DISORDERS
CEREBELLUM	implicated	in

- Developmental	Coordination	Disorder	(DCD)
- Dyslexia
- Autism
- Attention	Deficit	Hyperactivity	Disorder	(ADHD)

van	Dun	et	al.,	2018



Why cerebellar stimulation?
Adults vs Children
CEREBELLAR	DAMAGE

Adults:	
- Subtle	effect	on	acquired	skills
- Most	pronounced	in	acquisition/learning	process

van	Dun,	Mitoma,	&	Manto,	2018



Why cerebellar stimulation?
Adults vs Children
CEREBELLAR	DAMAGE

Adults:	
- Subtle	effect	on	acquired	skills
- Most	pronounced	in	acquisition/learning	process

Children (acquired	and	developmental	damage):
- Great	impact	on	cognitive	and	behavioral	functions
- Rare	improvement	with	conventional	therapy

van	Dun	et	al.,	2018



Cerebellar stimulation:
Future directions
Systematic	studies	needed	to	investigate	the	specific	impact	of
Different	stimulation	parameters
- Type,	timing,	and	area	of	stimulation
- Intensity/duration/…

Difference	TMS	and	tDCS/tACS
- Different	working	mechanisms

Cerebellar	involvement	in	neuroplasticity	and	functional	networks
- How	exactly	is	the	cerebellum	involved	in	spontaneous	recovery	and	
the	functional	network

van	Dun	et	al.,	2018



CONCLUSION



Conclusion

• TMS	and	tDCS	over	the	cerebellum are	capable	of	modulating cortical	
functions through cerebello-cerebral connections,	which might be useful to	
restore	functional connectivity in	a	stroke	population	(e.g.	case	study of	
patient	with subcortical stroke)

• Cerebellum is involved in	several neurodegenerative,	neuropsychiatric,	and	
neurodevelopmental disorders,	which makes it an	interesting target for	
stimulation	as	a	therapeutic aid

HOWEVER
• More	research is needed to	investigate the	specific impact	of	cerebellar

stimulation	parameters on	cerebellar excitability and	cortical	functions,	and,	
more	specifically,	on	functional connectivity
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