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Abstract

Evidence-based therapeutic options for children with developmental coordination disorder (DCD) are scarce. This work
explored the effects of cerebellar anodal transcranial direct current stimulation (atDCS) on three 48 h-apart motor sequence
learning and upper limb coordination sessions in children with DCD. The results revealed that, as compared to a Sham inter-
vention (n= 10), cerebellar atDCS (n=10) did not meaningfully improve execution speed but tended to reduce the number
of execution errors during motor sequence learning. However, cerebellar atDCS did neither meaningfully influence offline
learning nor upper limb coordination, suggesting that atDCS’ effects are circumscribed to its application duration. These
results suggest that cerebellar atDCS could have beneficial effects as a complementary therapeutic tool for children with DCD.

Keywords Neurostimulation - Neurodevelopmental disorders - Motor learning - Cerebellum - Transcranial direct current

stimulation (tDCS)

Introduction

Developmental coordination disorder (DCD) is a prevalent
neurodevelopmental condition affecting 5-6% of school-age
children characterized by motor learning and coordination
difficulties independent of other medical or intellectual dis-
orders (American Psychiatric Association, 2013). These
motor impairments significantly impact daily activities and
are associated with debilitating physical and mental health
impacts (O’Dea & Connell, 2016). Motor learning difficul-
ties appear to be central to the challenges experienced by
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children with DCD. In fact, DCD is often presented as a
motor learning disorder (Biotteau et al., 2016; Schoemaker
& Smits-engelsman, 2015), as children show delays in
achieving developmental milestones, such as learning to
cycle, handwrite or tie shoelaces, and require more time,
repetition, and feedback than their peers to perform motor
tasks.

There are currently few evidence-based therapeutic
options for DCD (Smits-Engelsman et al., 2018). The most
common forms of intervention are task-oriented approaches,
in which children practice real-world tasks, learn to elabo-
rate motor plans, and identify and correct their errors. These
approaches combining practice with cognitive strategies are
widely used, but a recent meta-analysis of 15 studies offers
mitigated support for this type of intervention, as the only
two randomized controlled trials conducted so far failed to
show the benefits of task-based interventions on motor per-
formance (Miyahara et al., 2020). This lack of therapeutic
options calls for the development of new methods to allevi-
ate the impairments of children with DCD.

To date, the neurological basis of motor learning impair-
ments in children with DCD remains poorly understood.
Recent studies using functional magnetic resonance imagery
(fMRI) in DCD have shown abnormal recruitment of several
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brain regions typically involved in motor learning, planning,
and performance, including the dorsolateral prefrontal cor-
tex, the precentral gyrus, and parietal cortex, all of which
are part of the cortico-cerebellar loop (Kelly & Strick, 2003;
Zwicker et al., 2011). Namely, a consensual body of literature
underlines the importance of the cerebellum in motor learn-
ing and coordination in healthy adults (Caligiore et al., 2019;
Celnik, 2015; De Zeeuw & Ten Brinke, 2015), but also the
motor learning and coordination impairments in DCD children
(Zwicker et al., 2012). Namely, recent neuroimaging studies
have found functional alterations in the crus I, lobule VI, and
lobule IX of the cerebellum’s posterior lobe of DCD children
(Debrabant et al., 2013; Zwicker et al., 2011), indicating that
the cerebellum is a prime target for neurorehabilitation of chil-
dren with DCD (Brown-Lum & Zwicker, 2015).

Transcranial direct current stimulation (tDCS) is a non-
invasive brain stimulation technique that relies on the appli-
cation of a weak electric current (2 mA) to modulate brain
activity (Celnik, 2015). Painless and safe, tDCS is widely
used and is considered to bear minimal risks in the school-
aged population (Bikson et al., 2016). Typical tDCS relies on
a two-electrode montage; a current travels from the anode to
the cathode, resulting in increased excitability in the region
located under the anode (Nitsche & Paulus, 2000). In healthy
individuals, this so-called anodal tDCS (atDCS) applied to
the cerebellum has been shown to enhance motor learning and
retention (Buch et al., 2017; Cantarero et al., 2015; Giordano
et al., 2017; Jalali et al., 2018; O’Brien et al., 2018; Shimizu
etal., 2017; Wessel et al., 2016; but see Ballard et al. (2019)).
The positive impact of cerebellar atDCS on motor skills has
also been shown in clinical conditions such as cerebellar ataxia
(Benussi et al., 2017; Grimaldi et al., 2016; Pozzi et al., 2014)
and cerebral palsy (Grecco et al., 2017). However, it remains to
be established whether this type of neuromodulatory approach
may also prove beneficial for individuals with DCD.

The primary aim of the study was to assess the efficacy
of cerebellar atDCS over three learning sessions in modulat-
ing motor sequence learning and retention in children with
DCD. Secondary aims included the assessment of the effects
of cerebellar atDCS and motor sequence learning on upper
limb coordination. It was hypothesized that active cerebel-
lar atDCS, in comparison to sham atDCS stimulation, would
improve motor sequence learning by increasing learning speed
and accuracy, as measured from a classic serial reaction time
task (SRTT) (Robertson, 2007; Robertson et al., 2004).

Methods
Participants

A sample of 121 children participants was initially assessed
for eligibility, but only 21 of them successfully met

eligibility criteria (Fig. 1). One further participant had to
be rejected because his participation in all three sessions
was not completed, which left a total sample size of 20 chil-
dren participants (Fig. 1). All participants were recruited via
public ads and medical archives of the institution. Children
were eligible to participate if they were aged between 10
and 16 years old, right-handed or ambidextrous (Edinburgh
Handedness Inventory score > — 50; (Oldfield, 1971)), and
had a confirmed medical diagnostic of DCD. Exclusion cri-
teria included all contraindication for tDCS (Ferrucci et al.,
2013) or the existence of comorbid neurodevelopmental,
neurological, or psychiatric conditions, except for atten-
tion deficit hyperactivity disorder (ADHD) because of its
high concomitance with DCD (Piek et al., 2007; Tal Saban
et al., 2014). Written informed consent was obtained from
all parents and children gave verbal assent. This study was
approved by the institutional ethics board and was conducted
per the 1964 Declaration of Helsinki.

Study Design and Protocol

The study consisted of a double-blind, randomized sham-
controlled experiment. After confirming their eligibility,
participants were randomly assigned to the experimental
(i.e. Active atDCS) or sham (i.e. Sham atDCS) group using
computerized random blocks. The study protocol was the
same for both groups and included three stimulation sessions
that occurred at 48 h intervals (Fig. 2A). Group assignment
and the application of cerebellar atDCS were performed by

eligibility (n = 121)

Excluded (n = 100)
* Did not meet inclusion criteria (n = 33)

[ Assessed for enrollment

+ Declined to participate (n = 20)
+ Inability to reach the study site (n = 47)

Randomized (n =21)

[ Active atDCS group J [

(n=11)
Follow-up

{ Not available for [

Sessions 2 and 3 (n = 1)

Complete data set
(n=10)

Sham atDCS group
(n =10)

Available for all
Sessions (n = 10)

Complete data set
(n=10)

Fig. 1 Flow diagram of participants’ enrollment. A total of 121 par-
ticipants were initially assessed for eligibility, but only 20 participants
with complete data sets remained for the statistical analyses
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a research assistant that was not involved in data collection
or analysis. Children, parents, and all other experiment-
ers were kept blind until the end of data collection. Before
the first session, the level of motor impairment was evalu-
ated using Movement Assessment Battery of Children-2nd
edition (MABC-2) (Henderson et al., 2007), which uses a
percentile rank to categorize the severity of coordination
difficulties in children. The impact of DCD on daily activi-
ties was evaluated using the French Canadian version of the
Developmental Coordination Disorder Questionnaire (DCD-
Q) (Fritsch et al., 2010) filled out by the parent, where the
total score indicates a suspicion or not of DCD. Before and
after each stimulation session, upper limb coordination was
assessed using the Finger Nose Test (FNT).

Motor Coordination: Finger Nose Test (FNT)

The FNT (Swaine et al., 2005), a clinical test with excel-
lent reliability in children with and without DCD was used
(Peters et al., 2008; Wilson et al., 1992). Eyes closed, par-
ticipants are asked to touch their nose with their index finger,
then fully extend the arm at shoulder level, and repeat the
movement five times as fast and as accurately as possible.
Participants were allowed 10 practice attempts before per-
forming the test. Completion time and accuracy (number of
times successfully touching their nose) were used as vari-
ables. The FNT was performed before and after each cer-
ebellar atDCS session.

Serial Reaction Time Task (SRTT)

Motor learning was assessed with the SRTT, a computerized
task commonly used to evaluate motor learning in neuro-
modulation studies (Ciechanski & Kirton, 2016; Nissen &
Bullemer, 1987). In this task, four squares are shown on a
computer screen, each corresponding to a specific key on
the keyboard. For each trial, a given square was blacked-
out and participants were instructed to press the correct key
with the corresponding finger of their right hand as fast as
possible (with the index to the little fingers set to “J”, “K”,
“L”, and “:” keys, respectively). Reaction time is calculated
as the interval between the onset of the stimuli and the press-
ing of the key, and an error is registered when a non-target
key is pressed. The time interval between the response
and the presentation of the next stimulus was fixed at 0 ms
because short intervals prevent gaining explicit knowledge
of the repeated sequence (Destrebecqz et al., 2005). During
each session, eight blocks consisting of 120 trials were ini-
tially performed with the right hand. The first, second, and
eighth blocks consisted of stimuli presented in random order
(Blocks R1, R2, R3). The third to the seventh blocks (S1, S2,
S3, S4, S5) consisted of a 12-stimuli sequence (4-2-3-1-1-
3-2-1-3-4-2-4) repeated ten times to induce motor learning.
Subjects were allowed to take a few minutes rest between
blocks to alleviate fatigue. As it is usually the case with
the SRTT (Jongkees et al., 2019; Morin-Parent et al., 2017;
Perez et al., 2007), the first random block (R1) was used to
familiarize participants with the task, and the second random

A 48h 48h

tests

1. Approbation and
consent

2. Psychometric ]

3. Finger-Nose Test 4. Cerebellar atDCS 5. Finger-Nose Test
(FNT) during SRTT learning (FNT)

1. Finger-Nose Test 2. Cerebellar atDCS 3. Finger-Nose Test
(FNT) during SRTT learning (FNT)

B Specific Offline Learning

Unspecific Online Learning

Fig.2 Overview of study design. a Procedures of each experimental
session. Note that Session 2 and Session 3 were identical. b Over-
view of the different contrasts calculated to assess learning during the
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block (R2) was used as a baseline to monitor individual
learning performance. Since they acted as familiarization
runs, the R1 blocks of every session were discarded from
further analyses. The same approach was used for reaction
time and errors. Trials with reaction time under 250 ms or
exceeding 2.5 standard deviations from the mean of each
block were excluded from the analysis, as they are not repre-
sentative of a reaction-based response (Ciechanski & Kirton,
2016). Stimuli presentation and data recordings were man-
aged with Superlab 5 software (Cedrus, California, CA).

Transcranial Direct Current Stimulation

tDCS was administered simultaneously with the SRTT using
an HDCK:it device (Magstim, UK) for 20 min during each
session, following the parameters and montage described
in previously published protocols (Cantarero et al., 2015;
Ehsani et al., 2016; Ferrucci et al., 2013). Briefly, the current
was delivered through two sponge electrodes soaked in 0.9%
saline solution; a 35 cm? (7 x5 cm) anode was centered on
the median line 2 cm below the inion of the occipital bone
(Ferrucci et al., 2013), and a 25 cm? (5% 5 cm) cathode was
positioned over the left shoulder. The electrodes were held
in place with two rubber straps, one around the head and
the other on the left arm. In the active atDCS condition, the
current intensity was set at 2 mA with a 30-s ramp-up and
ramp-down. In the sham condition, the device was turned off
after the initial ramp-up. This blinding procedure was effec-
tive, as groups did not differ regarding the correct guessing
of their experimental condition (Pearson’s Xz; X2=0.833,
p=0.361).

Statistical Analyses

Regarding the SRTT data, the RT and Error data of all ses-
sions were normalized (%) to the random block R2 of the
first session. Then, the following online (within-sessions)
contrasts were calculated (Fig. 2B). Global online learn-
ing was assessed by calculating the RT and Error differ-
ence between the last (S5) and first (S1) sequence blocks
of the same session. Specific online learning was assessed
by calculating the RT and Error difference between the last
sequence (S5) and random (S3) blocks of the same session.
Unspecific online learning was assessed by calculating the
RT and Error difference between the last (R3) and second
(R2) random blocks of the same session. Offline (between-
sessions) contrasts were also calculated. Namely, specific
offline learning was assessed by calculating the RT and
Error difference between the first (S1) and last (S5) sequence
blocks of the subsequent and preceding sessions, respec-
tively. Unspecific offline learning was assessed by calculat-
ing the RT and Error difference between the second (R2) and
last (R3) random blocks of the subsequent and preceding

sessions, respectively. The resulting contrasts were submit-
ted to omnibus tests. Namely, mixed two-way ANOVAs
with Sessions as a within-subject factor and Groups as the
between-subject factor were conducted on RT and Error
data. Concerning FNT data, mixed three-way ANOVAs
were conducted on the Time and Number data, with Ses-
sions and Times (Pre, Post) as within-subject and Groups as
a between-subject factor.

Given the exploratory nature of this work (de Groot,
2014; Wagenmakers et al., 2012), both significant (defined
as p <0.05) and marginal (defined as 0.05 <p <0.10 and
when the effect size is above the large ni or Cohen’s d (dz)
benchmark values of 0.140 and 0.800, respectively (Lak-
ens, 2013)) main effects and interactions were decomposed
using pairwise comparisons. The Shapiro—Wilk test was
used to assess normality (Razali & Wah, 2011) and the
Benjamini—-Hochberg procedure (Benjamini & Hochberg,
1995) was used to correct for inflated type 1 errors due to
multiple comparisons (Ludbrook, 1998). Deviations from
normality (p <0.05; Shapiro—Wilk test) resulted in the use
of Wilcoxon’s and Mann—Whitney U’s rank test instead of
dependent and independent t-tests, respectively. Statistical
analyses were performed with jamovi 1.2.6 (www.jamovi.
org).

Results

Similar Participants’ Characteristics in the Two
Groups

Participants’ characteristics are shown in Table 1. Groups
did not differ significantly regarding age, gender, lateral-
ity, co-occurrence of ADHD or other disorders, and the use
of psychostimulant medications. The DCD-Q (7,5,=0.411,
p=0.686, Cohen’s d=0.184) and the MABC-2 scores
(t18)=0.052, p=0.959, Cohen’s d=0.012) were similar
across groups. The overall sample was representative of
the DCD population, with 65% being males and 65% hav-
ing ADHD (Piek et al., 2007; Tal Saban et al., 2014). No
serious adverse effects occurred during or after the study
completion.

RT Data: No Reliable atDCS-Induced Improvements
During SRTT Learning

The RT data are shown in Fig. 3. Concerning Global
Online Learning, the results revealed an effect of Groups
(F1.18y=4.310, p=0.052, nlzj = 0.193), but no effect
of Sessions (F(; 36 =0.650, p=0.484, n; = 0.035) and
no interaction (F 35 =1.260, p=0.295, ni = 0.066).
The effect of Groups revealed that the Sham atDCS
(—7.72+1.63%) improved their RTs more than the Active
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Table 1 Mean and SEM, where applicable, of participant’s characteristics

Active atDCS group (n=10) Sham atDCS group (n=10) Tests used p values
Age (years) 12.10+0.64 12.70+0.60 Ind. T-test 0.502
Sex 7 males; 3 females 6 males; 4 females Pearson’s Xz 0.639
Laterality (Edinburgh score/100) 88.00+9.98% 96.10+2.60% Mann—Whitney U* 0914
Diagnosis of ADHD 7 out of 10 6 out of 10 Pearson’s Xz 0.639
Diagnosis of other learning disorders 2 out of 10 1 out of 10 Pearson’s Xz 0.607
Use of psychostimulant medications 7 out of 10 6 out of 10 Pearson’s Xz 0.639
DCD-Q score 37.90+2.83 36.10+3.33 Ind. T-test 0.686
MABC-2 score 1591+6.5 15.50+4.48 Ind. T-test 0.959

“ADHD” refers to Attention deficit hyperactivity disorder. “DCD-Q”

refers to the Developmental Coordination Disorder Questionnaire.

“MABC-2” refers to the Movement Assessment Battery of Children-2nd edition. “Ind.” refers to Independent. The asterisk refers to a deviation
of normality (Shapiro—Wilk; p <0.05). The p values have not been corrected for multiple comparisons

atDCS (- 1.16 £2.71%), suggesting that cerebellar atDCS
impaired rather than improved learning during the SRTT.
However, this result may be confounded by the significant
difference presence between Groups at the S1 block of the
first session (t(18) =3.464, p=0.003, Cohen’s d=1.549),
where the Active atDCS (87.46 +4.09%) showed lower RT
than the Sham atDCS group (102.70 +1.57%). When this

confounding difference is used as a covariate, the results
on the two-way ANOVA no longer indicated an effect of
Groups (F; 17y=0.368, p=0.552, nlzj = 0.021). Specifically,
the Sham atDCS (—5.61% +2.45%) no longer improved
their RTs more than the Active atDCS (—3.27% +2.45%),
suggesting that the difference at the S1 block was driving
the Group effect. Globally, taken at face value, the results

Global Online Learning
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©
LY €
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Fig.3 RT data of the SRTT. a Time-course of normalized RT across
the three sessions. b Upper Panel: Global Online Learning data (S5—
S1 of each session). Lower Panel: Effect of Groups in Global Online
Learning data. Analyses of the raw data revealed an Effect of Groups
(p=0.052) where the Sham atDCS improved more than the Active
atDCS group. However, when the significant difference observed
at S1 (Session 1) is used as a covariate in the analyses, the effect of
Group is no longer present (p=0.552). ¢ Left Panel: Specific Online
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Learning (R3-S5 of each session). Right Panel: Unspecific Online
Learning (R3-R2 of each session). Main effect of Sessions were
present in both Specific (p=0.020) and Unspecific Online Learning
(»=0.001). d Left Panel: Specific Offline Learning data (S1-S5 of
the preceding session). Right Panel: Unspecific Offline Learning data
(R2-R3 of the preceding session). Error bars represent SEM. Aster-
isks (*) indicate significant differences (p <0.05). Note that the leg-
end in a applies to every panel
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suggest that active atDCS impaired rather than improved
SRTT learning. However, when taking into account the
group difference present at S1 of the first session, results
indicate that the two groups improved similarly. These
results suggest that active atDCS did not conclusively
improve RTs during Global SRTT learning as compared to
sham atDCS.

RT Data: Similar Online and Offline Learning
Improvements Between Groups

Regarding Specific Online Learning, the results revealed
a marginal effect of Groups (F, ;5,=3.130, p=0.094, n}%
= 0.148), an effect of Sessions (F(2’36)=4.390, p=0.020,
n? = 0.196), but no interaction (F, 35,=1.315, p=0.281,
n,= 0.068). The marginal effect of Groups shows that the
Sham atDCS (7.92 +1.50%) tended to display higher RTs
than the Active atDCS group (3.98 +1.65%), suggesting
that the Active atDCS slowed their RTs less during the R3
random blocks than the Sham atDCS group. On the other
hand, the effect of Sessions indicated that Specific learning
improved from the first to the third session (7,9, =3.121,
p=0.018, Cohen’s dz=0.698), but neither between the first
and second sessions (W =76, p=0.441, Cohen’s dz=0.368)
nor between the second and third sessions (¢4,=1.065,
p=0.300, Cohen’s dz=0.238). Globally, these results indi-
cate that the Active atDCS tended to show less Specific
learning than the Sham atDCS group, which suggests simi-
lar online learning improvements between the two groups.

Concerning Unspecific Online Learning, the results
revealed no effect of Groups (F(1,18) =0.373, p=0.549, n;
= 0.020), an effect of Sessions (F(2736) =17.969, p=0.004,
n;‘; = 0.307), but no interaction (F, 35,=1.781, p=0.183, n;‘;
= 0.090). The effect of Sessions revealed that RTs improved
from the first to both the second (#,4,=3.083, p=0.009,
Cohen’s dz=0.689) and third sessions (¢4, =2.873,
p=0.015, Cohen’s dz=0.643), but not from the second to
the third sessions (W =118, p=0.648, Cohen’s dz=0.064).
This suggests that both Groups improved similarly from
the first session regarding unspecific learning. Concern-
ing both Specific and Unspecific Offline Learning, the
results revealed no effect of Groups, Sessions, and interac-
tion (all F<2.514, all p>0.130, all n; < 0.123). Globally,
these results indicate that the Active atDCS group did not
show greater offline learning (i.e., consolidation) than the
Sham atDCS group, which suggests similar offline learning
improvements between the two groups.

Error Data: Active atDCS Tended to Perform Fewer
Errors than Sham atDCS

The Error data are shown in Fig. 4. Concerning Global
Online Learning, the results revealed a marginal effect of

Groups (F(1,18)=3.817, p=0.091, n? = 0.150), no effect of
Sessions (F(2’36) =0.218, p=0.716, n, = 0.012), and no inter-
action (F 36 =1.166, p=0.323, n; = 0.061). Breakdown of
the marginal effect of Groups revealed that the Active atDCS
(25.21+£11.15%) tended to perform fewer errors than the
Sham atDCS group (91.06 +35.17%). Although not signifi-
cant, the large effect size between the two groups suggests
that cerebellar atDCS increased accuracy by decreasing the
number of committed errors during Global SRTT learning.

Error Data: Similar Online and Offline Learning
Improvements Between Groups

Concerning Specific and Unspecific Online Learning, the
results revealed no effect of Groups, Sessions, and interac-
tion (all F<1.845, all p>0.191, all ni < 0.093), indicat-
ing that both Groups committed a similar amount of errors
across sessions during Specific and Unspecific SRTT learn-
ing. Globally, this suggests similar online learning improve-
ments between the two groups.

Concerning Specific Offline Learning, the results revealed
no effect of Groups (F(1’18)=0.587, p=0.454, nlzJ = 0.032),
an effect of Sessions (F; 5, =4.228, p=0.055, n?=0.190),
and no interaction (F; ;= 1.665, p=0.213, n_ = 0.085).
The effect of Sessions revealed that the number of errors
decreased from the first contrast (Session 2 vs Session 1;
—120.26+41.84%) to the second one (Session 3 vs Ses-
sion 2; —24.73 +17.48%). This indicates that both groups
showed greater specific offline improvements between the
first and second sessions than between the second and third
sessions. Concerning Unspecific Offline Learning (R2-R3
of the preceding session), the results revealed no effect of
Groups, Sessions, and interaction (all F(l,18)< 1.309, all
p>0.268, all ni < 0.068). Globally, this suggests similar
offline learning improvements between the two groups.

Similar Performance Levels Between Groups During
the FNT

Concerning the FNT Time data, the results revealed a
Sessions X Times (Pre, Post) interaction (F, 35 =38.520,
p=0.003, ni = 0.321), but no effect or interaction involving
the Groups factor (all F < 1.728, all p>0.205, all n,% < 0.088),
which indicates that application of cerebellar active atDCS
did not facilitate performance during the FNT. Breakdown
of the interaction revealed that participants improved from
Pre to Post in Session 1 (t(20)=4.142, p=0.002, Cohen’s
dz=0.926), but neither in Session 2 (,4,=0.019, p=0.985,
Cohen’s dz=0.004) nor Session 3 (t(19)= 1.213, p=0.360,
Cohen’s dz=0.271). Concerning the FNT Number data,
the results revealed no significant interaction or main effect
(all F<2.351, all p>0.110, all nﬁ < 0.115). Overall, these

@ Springer



3208

Journal of Autism and Developmental Disorders (2022) 52:3202-3213

Global Online Learning

ve)

500% 1 Active atDCS [l 450%
o
e ShamatDCS [ 5 300%
400% ° 150%
5 ,—é 0%
= o 5 -150%
- -4
G 300% 300%
8 Session 1  Session 2 Session 3
g 200% Effect of Groups —
s Global Online Learning
=4 | 450% A
100% o £ 300% - _~
T 150% -
0% d | L . O x| e EE
R2 S1 S2 S3 S4 S5 R3 R2 S1 S2 S3 S4 S5 R2 S1 S2 S3 S4 S5 R3 g -150% A
Session 1 Session 2 Session 3 -300% -
C D Raw data
Specific Online Learning Unspecific Online Learning Specific Offline Learning Unspecific Offline Learning
450% 450% 450% 450% A
2 300% 2 300% 2 300% 2 300% -
wi w w * w
o 150% = 150% = 150% ° 150% A
‘TE 0% ,—E 0% é 0% ,—E 0%
(Z‘s -150% g -150% g -150% Z-é -150% I ! |
-300% < —— M/ -300% 4 —— M/ M/ -300% < —— r— -300% < ——— —

Session 1 Session 2 Session 3 Session 1 Session 2 Session 3

Fig.4 Error data of the SRTT. a Time-course of normalized Error
across the three sessions. b Upper Panel: Global Online Learn-
ing data (S5-S1 of each session). Lower Panel: Effect of Groups in
Global Online Learning data. The results revealed a marginal effect
of Groups (p=0.091) where the Active atDCS tended to com-
mit fewer errors than the Sham atDCS group. ¢ Left Panel: Specific
Online Learning (R3-S5 of each session). Right Panel: Unspe-
cific Online Learning (R3-R2 of each session). d Left Panel: Spe-

results show that participants improved the Time needed to
perform the FNT selectively in their first Session and that
both Groups did not differ, suggesting that cerebellar atDCS
application did not influence FNT performance.

Discussion

The objective of this study was to assess the effects of cer-
ebellar atDCS on motor sequence learning and coordination
in children with DCD. First, initial results revealed that the
Sham atDCS group improved their Global RT more than
the Active atDCS group, suggesting that active cerebellar
atDCS impaired sequence learning. However, the inclu-
sion of the group difference at S1 (Session 1; Fig. 3) as a
covariate mitigated this result by revealing that the Active
and Sham atDCS groups no longer differed. Together, these
results suggest that active cerebellar atDCS did not conclu-
sively enhance RT improvements during sequence learning.
Second, the results revealed that the Active atDCS group
tended to commit fewer errors than the Sham atDCS group,
suggesting that cerebellar atDCS improves accuracy during
sequence learning. Third, the results revealed no difference
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cific Offline Learning data (S1-S5 of the preceding session). The
results revealed a significant effect of Sessions (p=0.001). Right
Panel: Unspecific Offline Learning data (R2-R3 of the preceding
session). Error bars represent SEM. Asterisks (*) indicate signifi-
cant differences (p <0.05). Tildes (~) indicate marginal differences
(0.05<p<0.10 and when the resulting effect size is>large). Note
that the legend in a applies to every panel

between the Active and Sham atDCS groups in all meas-
urements of Offline Learning and the FNT, suggesting that
cerebellar atDCS did neither improve motor memory con-
solidation nor upper limb motor coordination, respectively.
One discussed possibility is that cerebellar atDCS primarily
stimulated the cerebellum’s posterior lobe, which is involved
in the regulation of higher cognitive functions rather than
motor learning and coordination (Schmahmann, 2019). This
could explain why cerebellar atDCS selectively improved
accuracy but neither learning speed, motor memory consoli-
dation, nor upper limb coordination.

No Conclusive Effects of Cerebellar atDCS
on Sequence Learning Speed

One surprising initial result was that the Sham atDCS
group improved its Global RT more than the Active atDCS
groups, suggesting that cerebellar atDCS was detrimental
to sequence learning. However, given that Global Online
Learning is calculated as the difference between the S1 and
S5 blocks of each session, this result was likely confounded
by the large difference observed between groups at S1 of
the first session (Fig. 3A). The inclusion of this difference
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as a covariate mitigated this result by showing that the Sham
and Active atDCS groups no longer differed. As a result,
contrary to one of this work’s hypotheses, these results do
not conclusively indicate that cerebellar atDCS enhanced
overall sequence learning speed.

These results are arduous to put in relation with previous
studies, as mixed result patterns have been reported on the
influence that cerebellar atDCS should have on sequence
learning. Namely, previous work has shown that cerebel-
lar atDCS impairs (Jongkees et al., 2019), does not affect
(Ballard et al., 2019), or enhances (Shimizu et al., 2017)
motor sequence learning as compared to Sham conditions.
Interestingly, a recent meta-analysis of functional neuroim-
aging data revealed that sequence learning relies on the basal
ganglia and that the cerebellum does not directly contribute
to sequence learning itself (Janacsek et al., 2020), which
suggests that the cerebellum may not be the key target to
enhance motor sequence learning in healthy humans. How-
ever, since this structure—function evidence is correlational,
that the causal results are mixed in healthy humans, and
that this is the first study evaluating the effects of cerebellar
atDCS in DCD children, the contribution of the cerebellum
to sequence learning in DCD children remains to be ascer-
tained by future confirmatory studies.

Cerebellar atDCS Tended to Improve Accuracy

The results revealed that the Active atDCS group tended to
perform fewer errors than the Sham atDCS group during
Global Online Learning, suggesting that cerebellar atDCS
tended to improve accuracy during sequence learning. This
result dovetails previous results (Cantarero et al., 2015;
Ehsani et al., 2016) but also opposes others (Ballard et al.,
2019) reported in healthy humans. Specifically, on the one
hand, Cantarero et al. (2015) found that cerebellar atDCS
enhanced motor learning and retention of a force pinch task
through an effect of accuracy. On the other hand, Ballard
et al. (2019) found that cerebellar atDCS impaired accu-
racy while cerebellar cathodal tDCS—a putatively inhibi-
tory NIBS technique—facilitated accuracy during motor
sequence learning, suggesting that inhibiting the cerebellum
is beneficial to sequence learning. As a result, it remains
uncertain if cerebellar atDCS can effectively improve accu-
racy during motor learning in healthy humans. Although
awaiting further confirmation, the present results nonethe-
less indicate that cerebellar atDCS can enhance accuracy in
DCD children during sequence learning. This suggests that
cerebellar atDCS can be used as an adjuvant to motor train-
ing therapies to facilitate DCD rehabilitation.

Cerebellar atDCS Did Not Enhance Offline Learning

The results revealed that the Active atDCS group did not
show greater Offline Learning—either Specific or Unspe-
cific for both RTs and Errors—than the Sham atDCS
group, suggesting that cerebellar atDCS did not enhance
motor memory consolidation. Here as well, previous work
indicated mixed result patterns by showing that cerebellar
atDCS enhances (Cantarero et al., 2015; Jalali et al., 2018;
Shimizu et al., 2017; Wessel et al., 2016), does not influ-
ence (Galea et al., 2011) or is detrimental to offline learn-
ing (Jongkees et al., 2019), which makes it arduous to infer
on the expected influences of atDCS on motor memory
consolidation in healthy humans. Here, the present results
suggest that the effects of atDCS on performance were
temporally circumscribed to its time of application, with
little to no lingering performance aftereffects once atDCS
was switched off.

However, this possibility is difficult to reconcile with evi-
dence showing atDCS-induced structural changes in gray
and white matter (Hirtz et al., 2018), which suggests that the
effects of atDCS can outlast its time of application. Moreo-
ver, when learning is considered from a synaptic perspec-
tive (Baltaci et al., 2019), interventions that are presumed to
facilitate synaptic plasticity should translate, at least partly,
to enduring synaptic changes. Functionally, this implies that
the online performance improvements induced by cerebellar
atDCS should also yield qualitatively similar offline perfor-
mance improvements. However, given that results in healthy
adults are mixed and that the present results do not suggest
offline effects of cerebellar atDCS on performance in DCD
children, alternative interpretations are warranted.

Another possibility is that the cerebellar neural structures
targeted by atDCS mainly regulate higher cognitive func-
tions—such as attention and working memory—without
directly contributing to motor coordination and learning (for
arecent review, see Schmahmann (2019). Namely, while the
cerebellum’s anterior lobe is responsible for motor coordina-
tion and learning, its posterior lobe has widely distributed
ramifications to associative areas, including the prefrontal
cortex, and is actively involved in the regulation of higher
cognitive functions (Buckner, 2013; Schmahmann, 2019).
In light of modeling studies showing that the strongest cer-
ebellar tDCS electric fields reach the posterior lobe due to
its proximity to the scalp (Parazzini et al., 2014), here, one
possibility is that cerebellar atDCS predominantly stimu-
lated the cerebellum’s posterior lobe and thus preferentially
enhanced cognitive functions that support—without directly
mediating—sequence learning. This possibility resonates
with a very recent meta-analysis showing that the cerebel-
lum supports, but does not directly contribute to sequence
learning (Janacsek et al., 2020). This could explain why the
online effects of atDCS were selective to accuracy and did
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not translate to similar offline improvements. Whether cer-
ebellar atDCS contributes to motor coordination and learn-
ing through an improvement of higher cognitive functions
should be examined by future studies.

No Meaningful Effects of Cerebellar atDCS on Upper
Limb Coordination

The present results revealed that the Active atDCS group
did not differ from the Sham atDCS group in terms of per-
formance at the FNT, suggesting that cerebellar atDCS
did not improve upper limb coordination in DCD children.
Considering that this work is the first to assess the effects
of cerebellar atDCS in DCD children, it is difficult to deter-
mine if this result is attributable to the disorder itself, to
characteristics inherent to brain maturation, or the stimu-
lation protocol used. Moreover, the effects of cerebellar
atDCS on motor coordination in ataxic patients—patients
suffering from impaired motor coordination similar to DCD
children—remains controversial (Benussi et al., 2020; Gri-
maldi & Manto, 2013). Interestingly, recent studies indicate
that repeated application of cerebellar atDCS may be key to
optimize the outcomes of such interventions (Benussi et al.,
2017; Pilloni et al., 2019). Namely, Benussi et al. (2017)
found that 2 weeks of cerebellar atDCS application, as
compared to 3 days, improved motor coordination of ataxic
patients, including their FNT scores. Here, one possibil-
ity is that 3 days of cerebellar atDCS were insufficient to
yield meaningful improvements of upper limb coordination
in DCD children. Further clarifications will be required to
determine if repeated applications of cerebellar atDCS can
optimize functional upper limb coordination gains in DCD
children.

Study Limitations

First, factors such as the higher prevalence of co-morbid
neurodevelopmental disorders and the presence of psychoac-
tive medication in our sample may have influenced respon-
siveness to cerebellar atDCS. However, given our small
sample size, it was unfeasible to stratify children accord-
ing to such factors. Second, motor learning acquisition in
children with DCD and the effects of cerebellar atDCS
on motor learning each depend on many elements such as
motivation and fatigue (Wulf et al., 2010; Zwicker et al.,
2010). Children with DCD tend to be more anxious than
other children (Pratt & Hill, 2011) and commonly report
fatigue during the performance of motor tasks (Zwicker
et al., 2010). These factors may have impacted motivation
and perseverance during SRTT, which is a potential source
of confound. Thirdly, the brain regions involved in DCD
have been reported to vary between individuals (Farmer
et al., 2017). Targeting the same brain region with atDCS
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without any regard for the heterogeneity in the neuroana-
tomical bases of DCD could account for the present results.
One possibility is that atDCS would yield greater effects if it
is targeting individually pre-identified brain areas (Benussi
et al., 2020). Finally, the sensitivity of the FNT to assess
the effects of atDCS on upper limb motor coordination
remains unknown, which may explain the present absence
of group differences. Further studies are needed to explore
how can putative changes of cerebellar excitability result in
motor improvements and clarify their effects on distal brain
regions, such as the primary motor cortex (see Schlerf et al.,
2012). Furthermore, the effect of different electrode montage
and neuromodulation techniques (i.e. transcranial magnetic
stimulation) in improving motor function of children with
DCD should be investigated along with the potential gains
of using neuromodulation as an adjuvant to intensive motor
training therapies.

Conclusion

The results of this study show that cerebellar atDCS did
not improve online sequence learning speed, but tended to
improve online accuracy in children with DCD. Whether
or not these online improvements can also lead to enduring
offline improvements or functional gains in upper limb coor-
dination remains to be determined. Additional research with
larger sample sizes is needed to establish if atDCS can be a
valuable complementary therapeutic tool for the rehabilita-
tion of children with DCD.

Author Contributions HA recruited patients, collected data, analyzed
data, interpreted the results, and prepared the manuscript; RH and AD
analyzed data, interpreted results, and prepared the manuscript; CC,
HC, and JFL designed the study, interpreted results, and prepared the
manuscript. All authors approved the final version of the manuscript.

Funding This work was supported by grants from the Fonds de la
Recherche du Québec- Santé [FRQS, Grant 33140] and the Natural Sci-
ences and Engineering Research Council of Canada [NSERC; Grant
RGPIN-2017-05510] awarded to JFL.

Declarations
Conflict of interest The authors have no conflict of interest to declare.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not



Journal of Autism and Developmental Disorders (2022) 52:3202-3213

321

permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

American Psychiatric Association. (2013). Diagnostic and statistical
manual of mental disorders (Se édition). https://doi.org/10.1016/
B978-1-4377-2242-0.00016-X

Ballard, H. K., Goen, J. R. M., Maldonado, T., & Bernard, J. A. (2019).
Effects of cerebellar transcranial direct current stimulation on the
cognitive stage of sequence learning. Journal of Neurophysiology,
122(2), 490-499. https://doi.org/10.1152/jn.00036.2019

Baltaci, S. B., Mogulkoc, R., & Baltaci, A. K. (2019). Molecular mech-
anisms of early and late LTP. Neurochemical Research, 44(2),
281-296. https://doi.org/10.1007/s11064-018-2695-4

Benjamini, Y., & Hochberg, Y. (1995). Controlling the false discovery
rate: A practical and powerful approach to multiple testing. Jour-
nal of the Royal Statistical Society, Series B (Methodological),
57(1), 289-300.

Benussi, A., Dell’Era, V., Cotelli, M. S., Turla, M., Casali, C., Pado-
vani, A., & Borroni, B. (2017). Long term clinical and neurophys-
iological effects of cerebellar transcranial direct current stimula-
tion in patients with neurodegenerative ataxia. Brain Stimulation,
10(2), 242-250. https://doi.org/10.1016/j.brs.2016.11.001

Benussi, A., Pascual-Leone, A., & Borroni, B. (2020). Non-invasive
cerebellar stimulation in neurodegenerative ataxia: A literature
review. International Journal of Molecular Sciences. https://doi.
org/10.3390/ijms21061948

Bikson, M., Grossman, P., Thomas, C., Zannou, A. L., Jiang, J., Adnan,
T., Mourdoukoutas, A. P., Kronberg, G., Truong, D., Boggio, P.,
Brunoni, A. R., Charvet, L., Fregni, F., Fritsch, B., Gillick, B.,
Hamilton, R. H., Hampstead, B. M., Jankord, R., Kirton, A., ...
Woods, A.J. (2016). Safety of transcranial direct current stim-
ulation: Evidence based update 2016. Brain Stimulation, 9(5),
641-661. https://doi.org/10.1016/j.brs.2016.06.004

Biotteau, M., Chaix, Y., & Albaret, J.-M. (2016). What do we really
know about motor learning in children with developmental coor-
dination disorder? Current Developmental Disorders Reports.
https://doi.org/10.1007/s40474-016-0084-8

Brown-Lum, M., & Zwicker, J. G. (2015). Brain imaging increases
our understanding of developmental coordination disorder: A
review of literature and future directions. Current Developmen-
tal Disorders Reports, 2(2), 131-140. https://doi.org/10.1007/
540474-015-0046-6

Buch, E. R., Santarnecchi, E., Antal, A., Born, J., Celnik, P. A., Clas-
sen, J., Gerloff, C., Hallett, M., Hummel, F. C., Nitsche, M. A.,
Pascual-Leone, A., Paulus, W. J., Reis, J., Robertson, E. M., Roth-
well, J. C., Sandrini, M., Schambra, H. M., Wassermann, E. M.,
Ziemann, U., & Cohen, L. G. (2017). Effects of tDCS on motor
learning and memory formation: A consensus and critical position
paper. Clinical Neurophysiology: Official Journal of the Interna-
tional Federation of Clinical Neurophysiology, 128(4), 589-603.
https://doi.org/10.1016/j.clinph.2017.01.004

Buckner, R. L. (2013). The cerebellum and cognitive function: 25
years of insight from anatomy and neuroimaging. Neuron, 80(3),
807-815. https://doi.org/10.1016/j.neuron.2013.10.044

Caligiore, D., Arbib, M. A, Miall, R. C., & Baldassarre, G. (2019).
The super-learning hypothesis: Integrating learning processes
across cortex, cerebellum and basal ganglia. Neuroscience and
Biobehavioral Reviews, 100, 19-34. https://doi.org/10.1016/].
neubiorev.2019.02.008

Cantarero, G., Spampinato, D., Reis, J., Ajagbe, L., Thompson, T.,
Kulkarni, K., & Celnik, P. (2015). Cerebellar direct current stimu-
lation enhances on-line motor skill acquisition through an effect
on accuracy. The Journal of Neuroscience: The Official Journal
of the Society for Neuroscience, 35(7), 3285-3290. https://doi.org/
10.1523/JNEUROSCI.2885-14.2015

Celnik, P. (2015). Understanding and modulating motor learning with
cerebellar stimulation. Cerebellum (London, England), 14(2),
171-174. https://doi.org/10.1007/s12311-014-0607-y

Ciechanski, P., & Kirton, A. (2016). Transcranial direct-current stimu-
lation can enhance motor learning in children. Cerebral Cortex.
https://doi.org/10.1093/cercor/bhw114

de Groot, A. D. (2014). The meaning of « significance » for different
types of research [translated and annotated by Eric-Jan Wagen-
makers, Denny Borsboom, Josine Verhagen, Rogier Kievit, Mar-
jan Bakker, Angelique Cramer, Dora Matzke, Don Mellenbergh,
and Han L. J. van der Maas]. 1969. Acta Psychologica, 148, 188—
194. https://doi.org/10.1016/j.actpsy.2014.02.001

De Zeeuw, C. 1., & Ten Brinke, M. M. (2015). Motor learning and the
cerebellum. Cold Spring Harbor Perspectives in Biology. https://
doi.org/10.1101/cshperspect.a021683

Debrabant, J., Gheysen, F., Caeyenberghs, K., Van Waelvelde, H., &
Vingerhoets, G. (2013). Neural underpinnings of impaired predic-
tive motor timing in children with Developmental Coordination
Disorder. Research in Developmental Disabilities, 34(5), 1478—
1487. https://doi.org/10.1016/j.ridd.2013.02.008

Destrebecqz, A., Peigneux, P., Laureys, S., Degueldre, C., Del Fiore,
G., Van Der Linden, M., Cleeremans, A., & Maquet, P. (2005).
The neural correlates of implicit and explicit sequence learning:
Interacting networks revealed by the process dissociation pro-
cedure. Learning and Memory, 12, 480-490. https://doi.org/10.
1101/Im.95605.6

Ehsani, F., Bakhtiary, A. H., Jaberzadeh, S., Talimkhani, A., & Haji-
hasani, A. (2016). Differential effects of primary motor cortex
and cerebellar transcranial direct current stimulation on motor
learning in healthy individuals: A randomized double-blind sham-
controlled study. Neuroscience Research, 112, 10-19. https://doi.
org/10.1016/j.neures.2016.06.003

Farmer, M., Echenne, B., Drouin, R., & Bentourkia, M. (2017).
Insights in developmental coordination disorder. Current Pediat-
ric Reviews, 13(2), 111-119. https://doi.org/10.2174/1573396313
666170726113550

Ferrucci, R., Brunoni, A. R., Parazzini, M., Vergari, M., Rossi, E.,
Fumagalli, M., Mameli, F., Rosa, M., Giannicola, G., Zago, S., &
Priori, A. (2013). Modulating human procedural learning by cer-
ebellar transcranial direct current stimulation. Cerebellum, 12(4),
485-492. https://doi.org/10.1007/s12311-012-0436-9

Fritsch, B., Reis, J., Martinowich, K., Schambra, H. M., Ji, Y., Cohen,
L. G., & Lu, B. (2010). Direct current stimulation promotes
BDNF-dependent synaptic plasticity: Potential implications for
motor learning. Neuron, 66(2), 198-204. https://doi.org/10.1016/].
neuron.2010.03.035

Galea, J. M., Vazquez, A., Pasricha, N., Orban de Xivry, J.-J., & Cel-
nik, P. (2011). Dissociating the roles of the cerebellum and motor
cortex during adaptive learning: The motor cortex retains what the
cerebellum learns. Cerebral Cortex, 21(8), 1761-1770. https://doi.
org/10.1093/cercor/bhq246

Giordano, J., Bikson, M., Kappenman, E. S., Clark, V. P., Coslett, H.
B., Hamblin, M. R., Hamilton, R., Jankord, R., Kozumbo, W.
J., McKinley, R. A., Nitsche, M. A., Reilly, J. P., Richardson, J.,
Wurzman, R., & Calabrese, E. (2017). Mechanisms and effects of
transcranial direct current stimulation. Dose-Response: A Publica-
tion of International Hormesis Society. https://doi.org/10.1177/
1559325816685467

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/B978-1-4377-2242-0.00016-X
https://doi.org/10.1016/B978-1-4377-2242-0.00016-X
https://doi.org/10.1152/jn.00036.2019
https://doi.org/10.1007/s11064-018-2695-4
https://doi.org/10.1016/j.brs.2016.11.001
https://doi.org/10.3390/ijms21061948
https://doi.org/10.3390/ijms21061948
https://doi.org/10.1016/j.brs.2016.06.004
https://doi.org/10.1007/s40474-016-0084-8
https://doi.org/10.1007/s40474-015-0046-6
https://doi.org/10.1007/s40474-015-0046-6
https://doi.org/10.1016/j.clinph.2017.01.004
https://doi.org/10.1016/j.neuron.2013.10.044
https://doi.org/10.1016/j.neubiorev.2019.02.008
https://doi.org/10.1016/j.neubiorev.2019.02.008
https://doi.org/10.1523/JNEUROSCI.2885-14.2015
https://doi.org/10.1523/JNEUROSCI.2885-14.2015
https://doi.org/10.1007/s12311-014-0607-y
https://doi.org/10.1093/cercor/bhw114
https://doi.org/10.1016/j.actpsy.2014.02.001
https://doi.org/10.1101/cshperspect.a021683
https://doi.org/10.1101/cshperspect.a021683
https://doi.org/10.1016/j.ridd.2013.02.008
https://doi.org/10.1101/lm.95605.6
https://doi.org/10.1101/lm.95605.6
https://doi.org/10.1016/j.neures.2016.06.003
https://doi.org/10.1016/j.neures.2016.06.003
https://doi.org/10.2174/1573396313666170726113550
https://doi.org/10.2174/1573396313666170726113550
https://doi.org/10.1007/s12311-012-0436-9
https://doi.org/10.1016/j.neuron.2010.03.035
https://doi.org/10.1016/j.neuron.2010.03.035
https://doi.org/10.1093/cercor/bhq246
https://doi.org/10.1093/cercor/bhq246
https://doi.org/10.1177/1559325816685467
https://doi.org/10.1177/1559325816685467

3212

Journal of Autism and Developmental Disorders (2022) 52:3202-3213

Grecco, L. A. C., Oliveira, C. S., de Duarte, N. A. C., Lima, V. L.
C. C,, Zanon, N., & Fregni, F. (2017). Cerebellar transcranial
direct current stimulation in children with ataxic cerebral palsy:
A sham-controlled, crossover, pilot study. Developmental Neu-
rorehabilitation, 20(3), 142—148. https://doi.org/10.3109/17518
423.2016.1139639

Grimaldi, G., Argyropoulos, G. P., Bastian, A., Cortes, M., Davis, N.
J., Edwards, D. J., Ferrucci, R., Fregni, F., Galea, J. M., Hamada,
M., Manto, M., Miall, R. C., Morales-Quezada, L., Pope, P. A.,
Priori, A., Rothwell, J., Tomlinson, S. P., & Celnik, P. (2016).
Cerebellar Transcranial Direct Current Stimulation (ctDCS): A
novel approach to understanding cerebellar function in health and
disease. The Neuroscientist: A Review Journal Bringing Neuro-
biology, Neurology and Psychiatry, 22(1), 83-97. https://doi.org/
10.1177/1073858414559409

Grimaldi, G., & Manto, M. (2013). Anodal transcranial direct cur-
rent stimulation (tDCS) decreases the amplitudes of long-
latency stretch reflexes in cerebellar ataxia. Annals of Biomedi-
cal Engineering, 41(11), 2437-2447. https://doi.org/10.1007/
$10439-013-0846-y

Henderson, S., Sudgen, D., & Barnett, A. (2007). Movement assess-
ment battery for children (2nd ed., examiner’s manual). London:
Pearson.

Hirtz, R., Weiss, T., Huonker, R., & Witte, O. W. (2018). Impact of
transcranial direct current stimulation on structural plasticity of
the somatosensory system. Journal of Neuroscience Research,
96(8), 1367-1379. https://doi.org/10.1002/jnr.24258

Jalali, R., Chowdhury, A., Wilson, M., Miall, R. C., & Galea, J. M.
(2018). Neural changes associated with cerebellar tDCS studied
using MR spectroscopy. Experimental Brain Research, 236(4),
997-1006. https://doi.org/10.1007/s00221-018-5170-1

Janacsek, K., Shattuck, K. F., Tagarelli, K. M., Lum, J. A. G., Tur-
keltaub, P. E., & Ullman, M. T. (2020). Sequence learning in
the human brain: A functional neuroanatomical meta-analysis of
serial reaction time studies. Neurolmage, 207, 116387. https://doi.
org/10.1016/j.neuroimage.2019.116387

Jongkees, B. J., Immink, M. A., Boer, O. D., Yavari, F., Nitsche, M. A.,
& Colzato, L. S. (2019). The effect of cerebellar tDCS on sequen-
tial motor response selection. Cerebellum (London, England),
18(4), 738-749. https://doi.org/10.1007/s12311-019-01029-1

Kelly, R. M., & Strick, P. L. (2003). Cerebellar loops with motor cor-
tex and prefrontal cortex of a nonhuman primate. The Journal of
Neuroscience, 23(23), 8432-8444.

Lakens, D. (2013). Calculating and reporting effect sizes to facilitate
cumulative science: A practical primer for t-tests and ANOVAs.
Frontiers in Psychology, 4, 863. https://doi.org/10.3389/fpsyg.
2013.00863

Ludbrook, J. (1998). Multiple comparison procedures updated. Clinical
and Experimental Pharmacology & Physiology, 25(12), 1032—
1037. https://doi.org/10.1111/j.1440-1681.1998.tb02179.x

Miyahara, M., Lagisz, M., Nakagawa, S., & Henderson, S. (2020).
Intervention for children with developmental coordination disor-
der: How robust is our recent evidence? . Child: Care, Health and
Development, 46(4), 397-406. https://doi.org/10.1111/cch.12763

Morin-Parent, F., de Beaumont, L., Théoret, H., & Lepage, J.-F. (2017).
Superior non-specific motor learning in the blind. Scientific
Reports, 7(1), 6003. https://doi.org/10.1038/541598-017-04831-1

Nissen, M. J., & Bullemer, P. (1987). Attentional requirements of learn-
ing: Evidence from performance measures. Cognitive Psychology,
19, 1-32.

Nitsche, M. A., & Paulus, W. (2000). Excitability changes induced in
the human motor cortex by weak transcranial direct current stimu-
lation. The Journal of Physiology, 527(Pt 3), 633—639.

O’Brien, A. T., Bertolucci, F., Torrealba-Acosta, G., Huerta, R., Fregni,
F., & Thibaut, A. (2018). Non-invasive brain stimulation for fine
motor improvement after stroke: A meta-analysis. European

@ Springer

Journal of Neurology, 25(8), 1017-1026. https://doi.org/10.1111/
ene.13643

O’Dea, & Connell, A. (2016). Performance difficulties, activity limita-
tions and participation restrictions of adolescents with develop-
mental coordination disorder (DCD). British Journal of Occu-
pational Therapy, 79(9), 540-549. https://doi.org/10.1177/03080
22616643100

Oldfield, R. C. (1971). Oldfield 1971.pdf. Neuropsychologia, 9,
97-113.

Parazzini, M., Rossi, E., Ferrucci, R., Liorni, 1., Priori, A., & Ravaz-
zani, P. (2014). Modelling the electric field and the current density
generated by cerebellar transcranial DC stimulation in humans.
Clinical Neurophysiology: Official Journal of the International
Federation of Clinical Neurophysiology, 125(3), 577-584. https://
doi.org/10.1016/j.clinph.2013.09.039

Perez, M. A., Wise, S. P.,, Willingham, D. T., & Cohen, L. G. (2007).
Neurophysiological mechanisms involved in transfer of procedural
knowledge. The Journal of Neuroscience: The Official Journal of
the Society for Neuroscience, 27(5), 1045-1053. https://doi.org/
10.1523/INEUROSCI.4128-06.2007

Peters, L. H. J., Maathuis, K. G. B., Kouw, E., Hamming, M., &
Hadders-algra, M. (2008). Original article test-retest, inter-
assessor and intra-assessor reliability of the modified Touwen
examination. European Journal of Paediatric Neurology, 12,
328-333. https://doi.org/10.1016/j.ejpn.2007.09.006

Piek, J. P., Rigoli, D., Pearsall-Jones, J. G., Martin, N. C., Hay, D. A.,
Bennett, K. S., & Levy, F. (2007). Depressive symptomatology
in child and adolescent twins with attention-deficit hyperactiv-
ity disorder and/or developmental coordination disorder. Twin
Research and Human Genetics, 10(4), 587-596. https://doi.org/
10.1375/twin.10.4.587

Pilloni, G., Shaw, M., Feinberg, C., Clayton, A., Palmeri, M., Datta,
A., & Charvet, L. E. (2019). Long term at-home treatment with
transcranial direct current stimulation (tDCS) improves symp-
toms of cerebellar ataxia: A case report. Journal of Neuroengi-
neering and Rehabilitation, 16(1), 41. https://doi.org/10.1186/
$12984-019-0514-z

Pozzi, N. G., Minafra, B., Zangaglia, R., De Marzi, R., Sandrini, G.,
Priori, A., & Pacchetti, C. (2014). Transcranial direct current
stimulation (tDCS) of the cortical motor areas in three cases
of cerebellar ataxia. Cerebellum (London, England), 13(1),
109-112. https://doi.org/10.1007/s12311-013-0524-5

Pratt, M. L., & Hill, E. L. (2011). Research in Developmental Dis-
abilities Anxiety profiles in children with and without devel-
opmental coordination disorder. Research in Developmental
Disabilities, 32(4), 1253—-1259. https://doi.org/10.1016/j.ridd.
2011.02.006

Razali, N. M., & Wah, Y. B. (2011). Power comparisons of Shapiro—
Wilk, Kolmogorov—Smirnov, Lilliefors and Anderson—Darling
tests. Journal of Statistical Modeling and Analytics, 2(1), 21-33.

Robertson, E. M. (2007). The serial reaction time task: Implicit motor
skill learning? The Journal of Neuroscience: The Official Journal
of the Society for Neuroscience, 27(38), 10073—-10075. https://doi.
org/10.1523/INEUROSCI.2747-07.2007

Robertson, E. M., Pascual-Leone, A., & Press, D. Z. (2004). Aware-
ness modifies the skill-learning benefits of sleep. Current Biology,
14(3), 208-212. https://doi.org/10.1016/j.cub.2004.01.027

Schlerf, J. E., Galea, J. M., Bastian, A. J., & Celnik, P. A. (2012).
Dynamic modulation of cerebellar excitability for abrupt, but not
gradual, visuomotor adaptation. Journal of Neuroscience, 32(34),
11610-11617. https://doi.org/10.1523/JINEUROSCI.1609-12.
2012

Schmahmann, J. D. (2019). The cerebellum and cognition. Neurosci-
ence Letters, 688, 62-75. https://doi.org/10.1016/j.neulet.2018.
07.005


https://doi.org/10.3109/17518423.2016.1139639
https://doi.org/10.3109/17518423.2016.1139639
https://doi.org/10.1177/1073858414559409
https://doi.org/10.1177/1073858414559409
https://doi.org/10.1007/s10439-013-0846-y
https://doi.org/10.1007/s10439-013-0846-y
https://doi.org/10.1002/jnr.24258
https://doi.org/10.1007/s00221-018-5170-1
https://doi.org/10.1016/j.neuroimage.2019.116387
https://doi.org/10.1016/j.neuroimage.2019.116387
https://doi.org/10.1007/s12311-019-01029-1
https://doi.org/10.3389/fpsyg.2013.00863
https://doi.org/10.3389/fpsyg.2013.00863
https://doi.org/10.1111/j.1440-1681.1998.tb02179.x
https://doi.org/10.1111/cch.12763
https://doi.org/10.1038/s41598-017-04831-1
https://doi.org/10.1111/ene.13643
https://doi.org/10.1111/ene.13643
https://doi.org/10.1177/0308022616643100
https://doi.org/10.1177/0308022616643100
https://doi.org/10.1016/j.clinph.2013.09.039
https://doi.org/10.1016/j.clinph.2013.09.039
https://doi.org/10.1523/JNEUROSCI.4128-06.2007
https://doi.org/10.1523/JNEUROSCI.4128-06.2007
https://doi.org/10.1016/j.ejpn.2007.09.006
https://doi.org/10.1375/twin.10.4.587
https://doi.org/10.1375/twin.10.4.587
https://doi.org/10.1186/s12984-019-0514-z
https://doi.org/10.1186/s12984-019-0514-z
https://doi.org/10.1007/s12311-013-0524-5
https://doi.org/10.1016/j.ridd.2011.02.006
https://doi.org/10.1016/j.ridd.2011.02.006
https://doi.org/10.1523/JNEUROSCI.2747-07.2007
https://doi.org/10.1523/JNEUROSCI.2747-07.2007
https://doi.org/10.1016/j.cub.2004.01.027
https://doi.org/10.1523/JNEUROSCI.1609-12.2012
https://doi.org/10.1523/JNEUROSCI.1609-12.2012
https://doi.org/10.1016/j.neulet.2018.07.005
https://doi.org/10.1016/j.neulet.2018.07.005

Journal of Autism and Developmental Disorders (2022) 52:3202-3213

3213

Schoemaker, M. M., & Smits-engelsman, B. C. M. (2015). Is treat-
ing motor problems in DCD just a matter of practice and more
practice? Current Developmental Disorders Reports, 2, 150-156.
https://doi.org/10.1007/s40474-015-0045-7

Shimizu, R. E., Wu, A. D., Samra, J. K., & Knowlton, B. J. (2017). The
impact of cerebellar transcranial direct current stimulation (tDCS)
on learning fine-motor sequences. Philosophical Transactions of
the Royal Society of London Series B, Biological Sciences. https://
doi.org/10.1098/rstb.2016.0050

Smits-Engelsman, B., Vincon, S., Blank, R., Quadrado, V. H., Polata-
jko, H., & Wilson, P. H. (2018). Evaluating the evidence for
motor-based interventions in developmental coordination disor-
der: A systematic review and meta-analysis. Research in Devel-
opmental Disabilities, 74, 72—102. https://doi.org/10.1016/j.ridd.
2018.01.002

Swaine, B. R., Lortie, E., & Gravel, D. (2005). The reliability of
the time to execute various forms of the Finger-to-Nose Test
in healthy subjects. Physiotherapy Theory and Practice, 21(4),
271-279. https://doi.org/10.1080/09593980500321119

Tal Saban, M., Ornoy, A., & Parush, S. (2014). Executive function and
attention in young adults with and without Developmental Coor-
dination Disorder—A comparative study. Research in Develop-
mental Disabilities, 35(11), 2644-2650. https://doi.org/10.1016/j.
ridd.2014.07.002

Wagenmakers, E.-J., Wetzels, R., Borsboom, D., van der Maas, H. L.
J., & Kievit, R. A. (2012). An agenda for purely confirmatory
research. Perspectives on Psychological Science, 7(6), 632—638.
https://doi.org/10.1177/1745691612463078

Wessel, M. J., Zimerman, M., Timmermann, J. E., Heise, K. F., Gerloff,
C., & Hummel, F. C. (2016). Enhancing consolidation of a new
temporal motor skill by cerebellar noninvasive stimulation. Cer-
ebral Cortex (New York, N.Y.: 1991), 26(4), 1660—1667. https://
doi.org/10.1093/cercor/bhu335

Wilson, B., Pollock, N., Bonnie, J., Law, M., & Faris, P. (1992). Reli-
ability and construct validity of the clinical and postural skills.
The American Journal of Occupational Therapy, 46, 775-783.

Wulf, G., Shea, C., & Lewthwaite, R. (2010). Motor skill learning and
performance: A review of influential factors. Medical Education,
44, 75-84. https://doi.org/10.1111/j.1365-2923.2009.03421.x

Zwicker, J. G., Missiuna, C., Harris, S. R., & Boyd, L. (2010). Brain
activation of children with developmental coordination disorder
is different than peers. Pediatrics, 126(3), e678—e686. https://doi.
org/10.1542/peds.2010-0059

Zwicker, J. G., Missiuna, C., Harris, S. R., & Boyd, L. A. (2011). Brain
activation associated with motor skill practice in children with
developmental coordination disorder: An fMRI study. Interna-
tional Journal of Developmental Neuroscience, 29(2), 145-152.
https://doi.org/10.1016/j.ijdevnen.2010.12.002

Zwicker, J. G., Missiuna, C., Harris, S. R., & Boyd, L. A. (2012).
Developmental coordination disorder: A review and update. Euro-
pean Journal of Paediatric Neurology: EJPN: Official Journal
of the European Paediatric Neurology Society, 16(6), 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.

@ Springer


https://doi.org/10.1007/s40474-015-0045-7
https://doi.org/10.1098/rstb.2016.0050
https://doi.org/10.1098/rstb.2016.0050
https://doi.org/10.1016/j.ridd.2018.01.002
https://doi.org/10.1016/j.ridd.2018.01.002
https://doi.org/10.1080/09593980500321119
https://doi.org/10.1016/j.ridd.2014.07.002
https://doi.org/10.1016/j.ridd.2014.07.002
https://doi.org/10.1177/1745691612463078
https://doi.org/10.1093/cercor/bhu335
https://doi.org/10.1093/cercor/bhu335
https://doi.org/10.1111/j.1365-2923.2009.03421.x
https://doi.org/10.1542/peds.2010-0059
https://doi.org/10.1542/peds.2010-0059
https://doi.org/10.1016/j.ijdevneu.2010.12.002
https://doi.org/10.1016/j.ejpn.2012.05.005

	Cerebellar Transcranial Direct Current Stimulation in Children with Developmental Coordination Disorder: A Randomized, Double-Blind, Sham-Controlled Pilot Study
	Abstract
	Introduction
	Methods
	Participants
	Study Design and Protocol
	Motor Coordination: Finger Nose Test (FNT)
	Serial Reaction Time Task (SRTT)
	Transcranial Direct Current Stimulation
	Statistical Analyses

	Results
	Similar Participants’ Characteristics in the Two Groups
	RT Data: No Reliable atDCS-Induced Improvements During SRTT Learning
	RT Data: Similar Online and Offline Learning Improvements Between Groups
	Error Data: Active atDCS Tended to Perform Fewer Errors than Sham atDCS
	Error Data: Similar Online and Offline Learning Improvements Between Groups
	Similar Performance Levels Between Groups During the FNT

	Discussion
	No Conclusive Effects of Cerebellar atDCS on Sequence Learning Speed
	Cerebellar atDCS Tended to Improve Accuracy
	Cerebellar atDCS Did Not Enhance Offline Learning
	No Meaningful Effects of Cerebellar atDCS on Upper Limb Coordination
	Study Limitations

	Conclusion
	References




