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Polarity-dependent cerebellar transcranial direct current
stimulation modulates online functions of the alerting

attention network

Aysha N. Kinakool, BPT, MScNPT, Turki S. Abualait, PT, PhD.
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Objectives: To investigate the modulatory effect of
anodal, cathodal and sham cerebellar transcranial direct
current stimulation (ctDCS) on the efficiency of the 3
attention networks namely alerting network, orienting
network, and the network of executive control.

Methods: A sham-controlled, single-blind study.
Experiments were performed at the neuroscience

WWW.NSj.org.sa

lab of Imam Abdulrahman Bin Faisal University,
Dammam, Kingdom of Saudi Arabia, between the
months of January-July of 2018. Sixty-three healthy
subjects were assessed for eligibility and a total of 60
subjects (30 males and 30 females) met the inclusion
criteria. Subjects were randomly divided into 3 groups
that received a single 20-minute session of 2 mA of
anodal, cathodal or sham ctDCS while performing
tasks. The tasks corresponded to the 3 attention
networks-vigilance task assessed the alerting network,
Posner’s attention task assessed the orienting network
and Flanker task assessed the network of executive
control. The Edinburgh handedness inventory-short
form determined the subjects’ handedness.

Results: Analysis of variance (ANOVA) showed a
highly significant polarity-independent group*task
effect (p=0.003) for the vigilance task. Moreover, there
was a significant polarity-independent group*task
effect for valid cues (p=0.006). A polarity-dependent
group*task effect was observed for invalid cues

(p=0.011).

Conclusion: Findings demonstrate that ctDCS
modulates alerting attention and highlights a more
profound effect of cerebellar modulation in attention
tasks with higher cognitive load.
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n addition to motor theories, the cerebellum is

believed to contribute to the execution of non-motor
tasks that correspond to cognitive functions.'* With the
emergence of neuro-imaging techniques, these theories
were supported by showing correlated activation patterns
of the cerebral cortex and the contralateral cerebellum
in a range of cognitive tasks.”” It was revealed that the
cerebral cortex and cerebellum have mirrored network
patterns where each part of the cerebrum (motor and
cognitive) is represented by an area in the cerebellum.?
Several techniques also identified the presence of distinct
cognitive closed-loop circuits that do not overlap with
motor circuits of the cerebellum.”® Moreover, it was
observed that not all patients with cerebellar stroke
have motor impairments, highlighting that cerebellar
motor syndromes are only associated with lesions in
the cerebellar sensorimotor domains of function.'" This
suggested that the cerebellum has a unique functional
topography for influencing the performance of different
cognitive functions.

In terms of cognitive functions and specifically
attention, Petersen et al,'” illustrated the presence of
3 distinct but inter-connected networks for attention
processing. It was concluded based on a multitude of
evidence in the literature, that attention networks are
anatomically distinct entities that are not linked to other
pathways responsible for input, processing, or output of
stimuli. The first network known as the alerting network,
is responsible for arousal and vigilance systems where
a warning cue activates phasic alteration in a person’s
resting state.'? It represents a tonic alertness where the
appearance of a stimulus is followed by a response.
The second network or orienting network focuses on
filtering the information received to selectively focus
on the spatial attributes of a signal, location or sensory
stimulus.'? The third network known as the network of
executive control, represents the ability to consciously
focus on a target while simultaneously inhibiting
interference from stimuli across other sensory systems.
It is a state where a target or sensory stimulus is detected
amidst the interference of other targets or stimuli.

Transcranial direct current stimulation (tDCS) is a
non-invasive modulation method where different brain
regions are stimulated below the threshold of neuronal
damage.' Low intensity current modulates brain
regions, and this leads to the excitation or inhibition
of different functions through the process of long-term
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potentiation (LTP).” With the emergence of these
techniques, several studies have employed tDCS to
investigate the effect of different polarities of current
(anode, cathode and sham) on the functioning of the
cognitive domain.'®"” Based on the concept of cerebellar
brain inhibition (CBI), it has been proven that the
cerebellum imposes an inhibitory effect through the
facilitation of Purkinje fibers.”® This indicates that
anodal stimulation facilitates the inhibitory effect of the
Purkinje, while cathodal stimulation inhibits that effect
and thereby increases excitability.

In general, very few studies have investigated the
effect of cerebellar modulation on attention networks.
Some studies have observed a modulation effect of the
dorsolateral prefrontal cortex (DLPFC) on all attention
tasks, while others revealed a modulatory effect of tDCS
on the network of executive control alone.'”"? Ferrucci et
al,” also assessed cerebellar modulation using cerebellar
transcranial direct current stimulation (ctDCS) and
observed improvement in a task that represented the
network of executive control. The most recent and
relevant study was conducted by Mannarelli etal,*' where
the attention network test (ANT) was used to assess the
effect of ctDCS on the functioning of the 3 attention
networks. Findings revealed a significant difference
in scores of the network of executive control. In the
study paradigm, 7 cue conditions were administered to
differentiate between the 3 attention networks. While
the functioning of attention networks overlaps in daily
life situations, they function separately along the dorsal
and ventral visual streams.'> Moreover, the cerebellum
has been proven to have a more profound effect on tasks
that impose a higher cognitive load or difficulty.”>*
Therefore, the paradigm failed to precisely account for
distinction between the alerting and orienting networks
and overlooked that the orienting network can be
sub-divided into several cue conditions that impose a
higher mental load or difficulty.

Therefore, this study investigated the effect of
different polarities of ctDCS on the efficiency of the
3 attention networks. A modified study paradigm was
employed to individually assess the 3 attention networks
and to investigate the efficiency of functioning of the
orienting network based on different cue conditions
with varying difficulty. Considering the concept of
CBI, anodal current was hypothesized to deteriorate
the efficiency of the 3 attention networks. Contrarily,
cathodal current was hypothesized to improve the same
variables while sham current had no modulatory effect
on the 3 attention networks.

Methods. Literature was extracted using the
Summon library database of Imam Abdulrahman Bin
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Faisal University (IAU), Dammam, Kingdom of Saudi
Arabia (KSA) and other databases like PubMed, and the
Cochrane Library.

A sham-controlled, single-blind study where
participants were randomized into 3 homogenous
intervention groups: anode, cathode, and sham (10
females and males per group; Figure 1). All experiments
took place at the neuroscience lab of IAU between
January-July of 2018. Initially, 63 subjects underwent
an assessment for eligibility and 3 were excluded as per
the inclusion/exclusion criteria. A sample size calculator
determined the total number of participants recruited
in the study. Sixty participants were included based on
the calculated Cohen’s d (0.8 - large effect size), and the
participants were divided into 3 sets of 20 per group.

A sample of convenience of 30 healthy males and
30 healthy females between 18-40 years of age were
included (mean age+SD; 28.35+6.62). The exclusion
criteria included any nervous system disease (central or
peripheral), psychiatric disorders, pregnancy, diabetes
or prior participation in brain stimulation techniques.
Before commencing the experiment, all participants
provided written consent and all protocols complied

Eligibility

Assessed for eligibility
(n=63)

Excluded (n=3)

« Diabetic (n=1)
* Excluded by age
(n=2)

Total subjects included
(n=60)

Allocation
Homogenous allocation of subjects:
Group 1 — 10 males 10 females
Group 2 — 10 males 10 females

Group 3 — 10 males 10 females

Randomization

3 groups randomly assigned to 3 intervention
types

Anodal ctDCS Sham ctDCS
(n=20) (n=20)

Figure 1 - Flow chart illustrating the participant randomization process,
inclusion criteria and allocation.

Cathodal ctDCS
(n=20)

WWW.NSj.0rg.sa

with the principles of the Declaration of Helsinki.
The IAU institute review board (IRB) reviewed and
approved the commencement of the study (IRB-PGS-
2017-03-174).

Randomization. Eligible participants were randomly
assigned with a ratio of 1:1:1 to the anode (n=20),
cathode (n=20) and sham (n=20) ctDCS intervention
groups based on gender. The randomization sequence
was conducted using www.randomizer.org to ensure
random and equal gender distribution. To ensure
blinding, the allocation was revealed only after the
assessment and intervention were carried out.*

Intervention - cerebellar transcranial direct current
stimulation (ctDCS). A direct current stimulator
(Magstim Co., Whitland, UK) was used to administer
ctDCS. The 10-20 EEG system was used as a reference
guide for saline soaked electrode (7x5 cm) placement.
The active electrode was placed 2 cm inferior to the
inion and the reference electrode was placed on the
deltoid muscle of the dominant hand.*® A single
stimulation session was conducted for 20 mins for all
the groups. As per our previous study, a 2 mA current
was administered, with 0.057 mA/cm? density and a
resultant total charge of 1.14 C/cm?®.* The same current
intensity was ramped up for the initial 30 seconds and
then ramped down to zero for the sham group to ensure
blinding.

Outcome measures. All tasks were administered in
the same sequential order for all subjects irrespective of
the group they were assigned to. Prior to stimulation,
the Edinburgh handedness inventory-short form
determined the participants’ hand dominance.” Mental
fatigue levels were assessed verbally from 0-10 on the
visual analogue scale (rest was to be given if fatigue was
reported above 5/10). All outcomes were administered
using the PEBL psychological test battery.*

A vigilance task was used to assess the role of the
cerebellum in executing functions attributed to the
efficiency of the alerting network.'>?” Subjects were
presented with a warning cue before the appearance of
a stimulus (Figure 2a). The subjects had to respond by
pressing an assigned button as fast as possible only when
a stimulus appeared on the screen. The outcome for the
task was the mean reaction time (RT) in milliseconds
(ms). Two RT scores V1-V2, corresponding to the
efficiency of alerting attention were recorded for
analysis. There was a total of 7 practice trials and 10
main trials in the task.

Posner’s spatial orienting task assessed the role of the
cerebellum in modulating the efficiency of the orienting
network. This task assessed the ability to prioritize the
location of a target stimulus by orienting attention.?®
Subjects were asked to fix gaze on a centralized “+” sign
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and press the left or right shift key as fast as possible
depending on where the “X” stimulus appeared (left
or right to the “+”) (Figure 2b). The main trials were
divided into 4 blocks with 50 trials in each block (200
total trials). The mean RT of individual blocks was
recorded in ms as P1, P2, P3 and P4. Similarly, the
mean RT for the total number of trials, valid cues RT,
invalid cues RT and neutral cues RT were recorded for
analysis.

Finally, the Flanker task assessed the role of the
cerebellum in modulating the efficiency of the network
of executive control by focusing on a stimulus while
simultaneously inhibiting detection of other stimuli.”
A row of 5 randomly directed arrows was presented
in the center of the screen. Subjects were instructed
to disregard the arrows in the periphery (namely,
flankers) and focus on the central arrow (Figure 2c). A
practice block of 8 trials was performed by the subjects
before the main experimental block which included
16 trials. For analysis, the overall mean RT, congruent
trials mean RT and incongruent trials mean RT were
recorded (ms). The difference between incongruent and
congruent trials RT, also known as “congruence cost”
was also recorded.

Statistical analysis. Statistical analysis was conducted
using the Statistical Package for the Social Science
(SPSS) software version 25.0 (IBM Corp., Armonk,
NY, USA). Data from the practice trials of tasks was
not included for analysis. To ensure homogeneity of
variances, the Levene’s test was conducted. For alerting,
a split-plot repeated measures (RM) ANOVA assessed
within-subject differences in RT between the 2 trials V1
and V2 of each group (p<0.05). Moreover, Group*Task
interaction using one-way ANOVA was computed to
assess the between-subjects mean RT scores. Post-hoc
Tukey test analyzed multiple comparisons between
groups.

In terms of orienting attention, RM split-plot
ANOVA assessed the within-subject effect of the 4 blocks
(P1, P2, P3 and P4) for the ctDCS groups. One-way
ANOVA for Group*Task interactions (between-
subjects) was conducted for valid cues RT, invalid cues
RT, neutral cues RT and mean RT. Concurrent with
previous tasks, a post-hoc Tukey test analyzed multiple
group comparisons.

Finally, one-way ANOVA assessed the Group*Task
interaction of the Flanker task which represented the
network of executive control. The between-subjects
factor was analyzed for congruent trials RT, incongruent
trials RT, congruence cost and the mean RT. Post-hoc
Tukey test analyzed multiple comparisons between the
groups.
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a. Vigilance task

Stimulus

¢>€B¢>

Rest Await stimulus
4000 ms 4000 ms

-D-®

Await stimulus Do not respond
4000 ms

Respond
Max time: 2700 ms

b. Posner's attention task

Valid cue + > X
Interstimulus interval
1000 ms
Neutral cue <+> R
Invalid cue < + b4

C. Flanker task

= = = e e

Stimulus duration

) 2000 ms
Congruent trial

Interstimulus
interval 1000 ms

L Xl I

Incongruent trial

Figure 2 - Illustration of vigilance task for assessment of the alerting
network of attention (a). Posner’s attention task for assessment
of the orienting network of attention (b). Flanker task for
assessment of the network of executive control (c).

Results. Table 1 illustrates the demographic
characteristics of the included participants.

Alerting  network. Between-subjects ANOVA
for Group*Task interaction of mean RT revealed a
highly significant effect (F [2, 57]= 6.64; p=0.003).
Post-hoc Tukey test showed a highly significant effect
of sham (646.55£135.66) in comparison to cathode
(525.05£75.95; p=0.003). Similarly, sham scores were
significantly higher than anode scores (545.55+118.40;
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»=0.017). On the contrary, anode and cathode showed
no significant difference between the mean RT scores
(Figure 3). RM split-plot ANOVA conducted for the
within-subjects factor of the 2 blocks (V1 and V2)
revealed a non-significant Block*Group effect (Partial
Eta squared - 0.059).

Orienting  network.  The  between-subjects
Group*Task effect was analyzed for valid cues RT,
invalid cues RT, neutral cues RT and mean RT. Results
revealed a non-significant mean RT Group*Task
interaction between anode (374.10+26.23), cathode
(368.82+11.97) and sham (373.17+20.03) scores
(F [2, 57]= 0.386; p=0.682). Similarly, neutral cues
RT Group*Task interaction revealed non-significant
between-subjects effect for anode (397.00+68.95),
cathode (424.60+80.22) and sham (460.65+137.28)
scores (F [2, 57]= 2.035; p=0.140). On the contrary,
Group*Task interaction for valid cues RT scores
revealed a highly significant between-subjects difference
(F [2, 57]= 5.618; p=0.006; Figure 4). Similarly, the
Group*Task interaction for invalid cues RT between-
subjects revealed a significant difference (F [2, 57]=
4.868; p=0.011). Figure 4 graphically demonstrates
the mean scores of valid cues RT, invalid cues RT and
neutral cues RT.

Table 1 - Demographic information of subjects in ctDCS groups

(n=20).
Variables Group
Anode ctDCS Cathode ctDCS  Sham ctDCS
Age (mean+SD) years 28.3+6.12 29.1+7.34 27.65£6.61
Female gender n (%) 10 (50) 10 (50) 10 (50)
Laterality right- 17 (85) 18 (90) 18 (90)

handed n (%)

ctDCS - cerebellar transcranial direct current stimulation

Alerting network scores for anode, cathode and
sham ctDCS groups

n *
é 900 %
E 800 /—‘
= 700
% 600

500
E 400
= 300
E 200
5 100
g o

Anode Cathode Sham
GROUPS

Figure 3 - Graph representing mean reaction times of the cerebellar
transcranial direct current stimulation (ctDCS) groups for
vigilance task; **p<0.01; *p<0.05.
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Post-hoc Tukey test was conducted for multiple
comparisons of valid and invalid cues RT scores.
Comparisons showed a significant difference of
sham (447.75+£82.75) and anode (399.15+53.60)
valid cues RT scores (p=0.043). Moreover, there
was a highly significant difference between sham
and cathode (384.80+43.62) valid cues RT scores
(p=0.006). However, anode and cathode scores were
not significantly different. In terms of invalid cues RT
scores, post-hoc results revealed a significant difference
in the scores of cathode and sham groups (p=0.011).
However, there was no significant difference between
cathode and anode as well as anode and sham (Figure 4).

A split-plot RM ANOVA analyzed the within-
subjects Block*Group effect. The within-subjects
Block*Group interaction showed a non-significant
effect (partial eta squared - 0.054). Multiple pairwise
block comparisons revealed a non-significant difference
between the 4 (P1, P2, P3 and P4) blocks.

Network of executive control. There was no significant
Group*Task difference between anode (783.82+82.34),
cathode (801.95+0.46) and sham (802.22+0.42) for
congruent trials (F [2, 57]= 0.984; p=0.380). Similarly,
incongruent trials showed no significant difference
between anode (786.73+69.84), cathode (802.16+0.40)
and sham (802.17+0.39) groups (F [2, 57]= 0.976;
=0.383). Also, there was no significant Group*Task
difference between anode (2.88+12.50), cathode
(0.21+0.45) and sham (-0.05+0.37) for the congruence
cost scores (F [2, 57]= 1.011; p=0.370). Finally, the
mean RT scores between anode (784.11+81.20),
cathode (802.19+0.28) and sham (802.18+0.28) were
not significant (F [2, 57]= 0.991; p=0.378].

Discussion. Experimental findings revealed a

polarity-independent  Group*Task effect of anode

Valid, invalid and neutral cues RT for anode, cathode
and sham groups

@ * x
600 . %
E 500

-

400

F4

e

£ 300

S 200

Z 100

=

= 0

Valid cues RT Invalid cues RT
mAnode = Cathode mSham

Neutral cues RT

Figure 4 - Graph representing reaction times of anode, cathode and
sham groups for valid cues RT, invalid cues RT and neutral
cues RT of Posner’s spatial orienting task; **p<0.01; *p<0.05.

Neurosciences 2021; Vol. 26 (4) 327



Cerebellar modulation and attention ... Kinakool ¢ Abualait

and cathode in the efficiency of the alerting network.
However, Cathodal stimulation seemed to modulate
the cerebellum more significantly as compared to
anode. This is not surprising as previous research has
shown a similar effect of different tDCS polarities in
functional domains.?*? An enhancement in vigilance
of an air traffic task was previously seen following
anodal stimulation to the DLPFC.* It was concluded
that the decrease in RT was attributed to an increase
in hemispheric blood oxygenation which was reflected
by an improvement in alerting attention. Another study
investigated the effect of stimulation of the inferior
frontal cortex by examining the role of modulation
in altering the attention networks.*® Anodal tDCS
enhanced object detection performance, an attribute
of the alerting network, without revealing an effect on
the orienting or executive control networks. Since this
study showed the involvement of cerebellar modulation
in alerting, this could indicate the involvement of the
cerebellum in a closed loop network with the frontal
cortex to modulate alerting. Moreover, repeated
measures pairwise comparison between the 2 blocks
revealed no significant difference. This indicates that
modulation occurred at the same pace between blocks
and there was no significant difference in effect at the
beginning or end of the task.

In terms of the orienting network, this study revealed
no significant results for the Group*Task interaction of
mean RT and neutral cues RT. These findings coincide
with the findings of a recent study that revealed no
modulatory effect of ctDCS on orienting attention.? To
further analyze the efficiency of the orienting network
based on cognitive load, valid and invalid cues RT
were recorded in this study. The valid cues RT showed
a significant Group*Task polarity-independent effect
where cathode and anode both showed a significant
stimulation effect on cerebellar modulation. Similarly,
invalid cues RT also showed a highly significant
Group*Task effect of cathodal ctDCS. These findings
are justifiable as it has been previously shown that
cerebellar stimulation showed a more notable effect
when the difficulty of tasks was increased.””* This might
be attributed to the ability of the cerebellum to adjust
errors or improve performance when the cognitive load
or difficulty is increased. This is reasonable as healthy
subjects have high functioning cognitive processes and
will demonstrate higher potential for improvement
in performance when exposed to more difficult tasks
(namely, invalid and valid cues).

In a previous attempt to investigate the effect of
tDCS of different target sites on orienting attention,
stimulation of the DLPFC, left and right parietal

328  Neurosciences ] 2021; Vol. 26 (4)

cortices revealed that the right posterior parietal cortex
(PPC) had a modulatory effect on spatial reorienting.”
Similarly, Bolognini et al,*® explored the influence
of online tDCS applied over the PPC in improving
orienting attention. The complex study paradigm
comprised of a covert and an overt visual task and
results showed a significant improvement in both forms
of visual reorienting. In terms of the polarity, results of
this study opposed a previous study that investigated
the role of cortical stimulation on orienting attention.”’
Stimulation of the intraparietal sulcus (IPS) showed an
effect of cathodal tDCS on spatial reorienting while
anodal tDCS had no effect. It was hence concluded that
the inhibitory outcome of cathodal stimulation might
be restricted to the motor and not cognitive domain.
The fact that this study showed no improvement in the
overall efficiency of orienting attention (illustrated by
the mean RT) highlights that this network may not be
affected by cerebellar attention processes.

This study revealed a non-significant Group*Task
effect for the congruent trials, incongruent trials,
congruence cost and mean RT of the flanker task. These
findings indicate that cerebellar modulation using
ctDCS had no effect on the network of executive control.
Silva et al," previously studied attention dysfunction
and assessed the effect of tDCS on the prefrontal cortex
in modulating the 3 attention networks. By using the
ANT as an outcome, active stimulation improved
performance of orienting and executive control
networks. Concurrently, a similar study employed
ANT to investigate the effect of left prefrontal tDCS on
attention.'® Results revealed a greater executive control
(EC) following active anodal stimulation as compared
to sham. Zmigrod et al," also demonstrated an effect of
right DLPFC on stimulus conflict which corresponds to
EC. Therefore, the findings of this study may indicate
that the network of executive control is predominantly
influenced by frontal cortex and that the modulation of
the cerebellum does not contribute to its functioning.

Limitations. Alimitation of this study is that a single-
blind, single session of online ctDCS was conducted
and so the cumulative effect of multiple sessions was
not investigated. Moreover, the recruited participants
were a healthy sample of convenience.

In conclusion, the results of the study indicate
that the cerebellum has a specific role in modulating
attention networks. Our findings revealed a significant
polarity-independent effect of ctDCS on the efficiency
of alerting attention despite previous findings suggesting
that ctDCS had a modulatory effect on the network of
executive control.?! There is a possibility that online
stimulation of the cerebellum in this study prompted a
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different effect on the efficiency of attention networks
as opposed to the offline stimulation used in other
studies. We also observed and highlighted that while
the cerebellum does not elicit an overall effect on the
orienting network, it has a more profound effect on
attention tasks with a higher cognitive load. This was
demonstrated with significant polarity-independent
effects on the valid cues RT scores and polarity-
dependent effects on invalid cues RT scores.

Future directions should aim to compare healthy
subjects and patients with attention deficit disorders.
The findings of this study indicate that ctDCS can
be used as a treatment for patient populations with
impaired attention processes. By identifying specific
deficits in the functioning of attention networks, a more
targeted approach can be implemented to treat patients
with clinical manifestations of impaired attention.
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