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Abstract

The inhibitory mechanism named backward inhibition (BI) counteracts interference of previous tasks supporting task switching.
For instance, if task set A is inhibited when switching to task B, then it should take longer to immediately return to task set A (as
occurring in an ABA sequence), as compared to a task set that has not been just inhibited (as occurring in a CBA sequence),
because extra time will be needed to overcome the inhibition of task set A.

The evidenced prefrontal and cerebellar role in inhibitory control suggests their involvement even in BI. Here, for the first
time, we modulated the excitability of multiple brain sites (right presupplementary motor area (pre-SMA), left and right cerebellar
hemispheres) through continuous theta burst stimulation (cTBS) in a valuable sham-controlled order-balanced within-subject
experimental design in healthy individuals performing two domain-selective (verbal and spatial) task-switching paradigms.
Verbal BI was abolished by prefrontal or cerebellar stimulations through opposite alterations of the basal pattern: cTBS on
pre-SMA increased CBA reaction times, disclosing the current prefrontal inhibition of any interfering old task. Conversely,
cerebellar cTBS decreased ABA reaction times, disclosing the current cerebellar recognition of sequences in which it is necessary
to overcome previously inhibited events.
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Introduction

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s12311-020-01115-9) contains supplementary
material, which is available to authorized users.

Daily life events require frequent and often unexpected
switching between different task sets. The term task set refers
to the configuration of mental resources comprising represen-
tation of task-relevant stimuli, task-relevant responses, and
corresponding stimulus-response mapping [1]. The changes
are essentials to adaptively respond to a dynamic environment
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task A—task A). Such a difference between task repeat (A—A)
and task switch (A—B) is known as switch cost. Task switching
requires a number of executive functions, such as attention
shifting, goal retrieval, task set reconfiguration, and working
memory. Furthermore, successful switching between tasks in-
volves the inhibition of the now-irrelevant competing task.
Such an inhibition is referred to as backward inhibition (BI)
[2]. Bl is supposed to have the functional role of preventing
previous and competing task representation to interfere with
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the execution of the current task. A stronger Bl is thought to be
related to a better task-switching performance, as it facilitates
the activation of a new task set [2]. However, although highly
functional to correct performance, Bl makes it harder to
switch back to a just inhibited task. For instance, if task set
A is inhibited when switching to task B, then it should take
longer to immediately return to task set A (as occurring in an
ABA sequence), as compared to a task set that has not been
recently inhibited (as occurring in a CBA sequence), because
extra time will be needed to overcome the inhibition of task set
A. Consequently, the reaction times (RTs) are longer on ABA
sequences than on CBA sequences. This difference referred to
as N-2 alternation cost represents the time needed for cogni-
tive system to recover from inhibition of the previous task
representation [3, 4].

While a number of studies investigated the neural corre-
lates of cognitive processes involved in task-switching [5-9],
the neural underpinnings underlying BI remain poorly stud-
ied. As it is well known, the presupplementary motor area
(pre-SMA) is crucial in the cognitive control of actions requir-
ing rapid updating, inhibition, switching, flexible action con-
trol, and working memory [5, 6]. Greater activity in pre-SMA
has been shown in trials that are successfully stopped in com-
parison to trials with failed inhibition [10-13]. Consistently, a
proposed pre-SMA function is the modulation of behavior
when expecting a stopping stimulus [14—17]. Transcranial
magnetic stimulation (TMS) studies have provided causal ev-
idence for pre-SMA’s role in reactive inhibition of action [6,
18-20] and they indicated that switching from repetitive
movements to new ones is impaired when pre-SMA activity
is disrupted [7].

Coming back to BI, a reduced BI was reported in an
unfortunately very small sample of patients with exten-
sive damage to the right prefrontal cortex, suggesting the
involvement of this wide area in the inhibition of no
longer relevant task sets [21]. More recently, an fMRI
study demonstrated that individuals who had a large BI
effect exhibited increased activation of the supplementary
motor area/premotor arca and basal ganglia [22].
However, it is still uncertain whether in the process that
inhibits a recently performed task, the pre-SMA is the
only protagonist or it is an actor of a larger cast of brain
areas.

An increasing amount of data suggests the involvement of
the cerebellum in the inhibitory control [23, 24] also taking
into account the wide bidirectional cortico-cerebellar projec-
tions and the existence of parallel segregated closed-loops
between cerebellum and prefrontal areas [25, 26]. The impor-
tance of cerebello-frontal network in inhibitory control has
been confirmed by the observation that the modulation of
cerebellar plasticity by continuous theta burst stimulation
(cTBS) induces functional changes in cerebello-prefrontal
connectivity only during NoGo trials leaving unaffected Go

trials [27]. The weakening of the cerebello-prefrontal func-
tional link due to damage to the cerebellar cortex is associated
with altered inhibitory performance [28]. Furthermore, lesion
and functional neuroimaging studies supported the cerebellar
involvement in task switching and remapping of responses
[29-32]. In spite of this, up to now, no study has investigated
the specific role of cerebellar circuitries in active inhibition of
sequential events in which it is needed an inhibitory control
upon a previous task set, as occurring in BI. In fact, within the
many control processes (monitoring, inhibition, selection, er-
ror detection, attentional shift, and working memory) that BI
encompasses, one of the most significant process is event
sequencing, a supra-modal function in which a cerebellar role
has been repeatedly proposed [33, 34]. Actually, the cerebel-
lum provides a fast computational system for timing and se-
quencing the incoming patterns and outgoing responses so as
to process the sequential information in an increasingly more
efficient and adaptive manner [35]. Studies in healthy volun-
teers or in patients with focal cerebellar damage, as well as in
animals with cerebellar lesions, indicated the cerebellar in-
volvement in sequence detection and processing [36—41].
Starting from the role of pre-SMA and cerebellum in
inhibiting and processing sequential events, the aim of
the present research was to clarify the distinct roles of these
structures in high-level inhibitory control during rapid
task-switching as occurring during BI. To this aim, we
separately applied cTBS on pre-SMA and cerebellar hemi-
spheres in healthy adult subjects who performed two task-
switching paradigms on verbal and spatial domains. We
used the verbal and spatial paradigms since we recently
demonstrated the material-dependency of BI process [42,
43], as it had been already reported for working memory
[44], conflict resolution [45, 46], and attentional control
[47, 48]. We chose the valuable within-subject experimen-
tal design in which the same subject performed two BI
paradigms following sham or real cTBS applied on the
right pre-SMA, left, or right cerebellar hemispheres.
Currently, no study analyzed BI performances in different
domains following neuromodulation of prefrontal or cere-
bellar areas in the very same individuals. We chose ¢TBS
since this kind of non-invasive stimulation induces focal
long-lasting effects in neocortical and cerebellar regions in
spite of its brief application time. Applying cTBS to mul-
tiple sites, as well as investigating its effects on multiple
domains in the same subject, represents a methodology
infrequently used in the literature. Yet, such a methodolog-
ical approach, although time-consuming and high-demand-
ing, produces a stringent and reliable assessment of the
effects. Indeed, it allows ruling out that the observed ef-
fects could be attributed to unspecific influence on the
neural excitability, and unambiguously ascribing modified
performances in one specific functional domain to the in-
volvement of a specific neural circuit (and not of others).
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Materials and Methods
Participants

Twelve healthy volunteers (5 women; mean age =+ stan-
dard deviation, 25.13 £2.9 years) participated to this
study. All subjects were right-handed as assessed by the
Edinburgh Handedness Inventory [49]. All gave written
informed consent for the study. All participants reported
normal or corrected-to-normal vision, no history of neu-
rological or psychiatric disorders, and no on-going med-
ication. All subjects were naive on the purpose of the
study and they have never been exposed to TMS before.
The experimental procedures were approved by the
Ethics Committee of the Santa Lucia Foundation
IRCCS according to the Declaration of Helsinki.

Task-Switching Paradigms

Participants were individually tested in a dimly lit testing
room. Stimuli were presented on a 17-in. computer mon-
itor placed at a distance of 60 cm. The experiments were
programmed in E-Prime on a computer running the
Microsoft operating system. Participants pressed one of
two response buttons (“A” and “L” keys) on a QWERTY
computer keyboard with their left and right index fingers,
respectively. Given the material-dependency of the BI
process [42], all participants performed two (one verbal
and one spatial) task-switching paradigms in a
counterbalanced order. For both paradigms, the following
procedure was followed.

The tasks were explained to the participants who were
told to respond as fast as possible and make as few
mistakes as possible. The experiments started with a
practice block of 21 trials through which the participants
familiarized with the experimental setting and learned the
task requests. Afterwards, the percentages of correct re-
sponses were calculated. The practice was considered
successful when the percentage of correct responses
was >80%. If not, the participant repeated new practice
blocks until the criterion was reached. Each trial started
with the presentation of a blank screen (500 ms), follow-
ed by the presentation at the center of the screen of a
geometrical shape (visual cue) (1000 ms), and then by
the presentation of the target stimulus (2500 ms). Both
cue and target stimuli were presented with 7° width x 4°
height visual angles in black on a pale gray background.

Each task-switching paradigm encompassed 174 trials in
which pseudo-randomized series of non-alternating (CBA), al-
ternating (ABA), and repetition (AA) sequences appeared.
Repetition sequences were formed by two elements (AA) in
order to avoid an excessive lengthening of the testing-time that
could have exceeded the period of optimal cTBS effect. In a non-
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alternating CBA sequence, three different tasks were executed; in
an alternating ABA sequence, the same task was performed for
the first and third trial; in a repetition AA sequence, the same task
was performed for two successive trials. The sequence of tasks
was randomly created with the constraint that the number of trials
for each of three tasks had to be counterbalanced. Since in a
purely random (without replacement) selection procedure the
probability to have two consecutive trials of the same task
(AA) is higher than the probability to have three consecutive
trials of different tasks (CBA) or a N-2 task repetition (ABA),
the number of repetition sequences (AA) was necessarily higher
that the number of non-alternating (CBA) and alternating (ABA)
sequences. Thus, 42 ABA alternating, 41 CBA non-alternating,
and 60 AA repetition sequences were presented. The occurrence
of right and left responses was equally required in each task-
switching paradigm. Given the pseudo-randomized presentation
and lack of inter-trial interval, participants were unaware that
different sequences were presented. The task was made up of
three blocks of about 5 min each, with an inter-block interval of
about 2 min. Thus, the experiment lasted about 16 min.

Verbal Task-Switching Paradigm

This protocol tested the Bl effect in a paradigm that required to
process verbal stimuli without tapping spatial components
(Fig. la).

In each trial, the target stimulus was represented by a word
written in Courier New font which appeared at the screen
center and indicated the name of an animal (parrot, mouse,
gorilla, elephant, frog, peacock, chick, bear). In each trial, the
participants were asked to perform one of three tasks deter-
mining: (a) the number of legs of the animal (2-footed or 4-
footed); (b) the actual size of the animal (small or large); (c)
the presence of the tail of the animal (absent or present). The
leg-number task was precued by a diamond shaped frame, the
size task was precued by a square shaped frame, and the tail
task was precued by a circle shaped frame. Participants had to
press the left key for 2-footed, small, or no-tail task, and the
right key for 4-footed, large, or with-tail tasks.

Spatial Task-Switching Paradigm

This protocol tested the BI effect in a paradigm that required to
process spatial stimuli without tapping verbal or semantic
components (Fig. 1b).

In each trial, the target stimulus was represented by an
asterisk and participants were required to execute one of three
tasks determining: (a) the vertical position of the asterisk from
the screen center (up or down), (b) the horizontal position of
the asterisk from the screen center (left or right); (c) the ec-
centricity of the asterisk from the screen center (close or far).
The vertical position task was precued by a diamond shaped
frame, the horizontal position task was precued by a square
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Fig. 1 Methods are depicted in a
the schematic representation of

task cues and stimuli in the verbal

task-switching paradigm (pavone:

peacock; orso: bear; rana: frog) in

a and in the spatial task-switching

paradigm in b. ¢ Schematic

drawing of coil positioning and

cTBS protocol Leg task

Size task

shaped frame, and the eccentricity task was precued by a circle
shaped frame. The left-right lateralized target stimuli, as well
as the number of left-right responses, were counterbalanced in
order to avoid potential spatial-compatibility effects.

Parameters

As dependent variable, reaction times (RTs) were measured.
Mean RTs for trials in which the task was the same as the task
performed on N-2 trial (i.e., ABA task sequence), trials in
which the task was different from the task required on N-2
trial (i.e., CBA task sequence) and trials in which the same
task was repeated (i.e., AA task sequence), were computed for
each participant and for both spatial and verbal paradigms. We
compared RTs of the third trials of the alternating sequences
(ABA) to those of the non-alternating sequences (CBA) to
determine the BI effect. RTs on the repetition sequences were
compared to those of the changing sequences to estimate the
switch cost (see Supplementary Material). Only triplets for
which participants responded correctly to all trials were used
to compute the BI and switch cost effects.

The percentage of correct responses was also computed.
However, because of the extended practice participants were
submitted to, in both paradigms and in all experimental con-
ditions, the behavioral performance resulted highly accurate

Verbal task-switching

Tail task

Spatial task-switching

sham/real cTBS

and with a very low variability (96.55+2.5%) also across
conditions. For this reason, the accuracy scores were not sta-
tistically analyzed.

Continuous Theta Burst Stimulation

A MagStim Super Rapid magnetic stimulator (Magstim
Company, Whitland, Wales, UK) connected with a figure-of-
eight coil with a diameter of 70 mm was used to selectively
deliver theta burst stimulation over the scalp sites correspond-
ing to the right pre-SMA [50] or the posterior and superior
lobules of the right or left cerebellar hemisphere [51] (Fig. 1c).
We applied continuous theta burst stimulation (cTBS) over
pre-SMA and cerebellar hemispheres considering that cTBS
is able to activate plastic mechanisms in both regions, as al-
ready demonstrated as for motor evoked potentials [52], elec-
troencephalographic recordings [53] and behavioral tasks
[54]. Thus, through the selective disruption of cortical and
cerebellar activities, the cTBS protocol allowed investigating
the specific contribution of pre-SMA and cerebellar hemi-
spheres to the BI effect. The magnetic stimulus had a biphasic
waveform with a pulse width of about 300 us. Three-pulse
bursts at 50 Hz repeated every 200 ms for 40 s (600 pulses),
and were delivered at 80% of the active motor threshold
(AMT) [55, 56]. AMT was tested over the primary motor
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cortex at the start of each experimental session and defined as
the lowest intensity that produced MEPs of 0.200 mV in at
least five out of 10 trials when the subject made a 10% of
maximum contraction using visual feedback [55, 56].
Stimulation intensities are reported in the Supplementary
Materials. For the stimulation of right pre-SMA, the coil was
positioned tangentially to the scalp with the handle pointing
laterally to induce a medially directed current in the stimulated
cortex [50]. For each participant, the stimulation site was de-
termined at 15% of the distance between nasion and inion
anterior to Cz [57, 58] and slightly shifted to the right
(1 cm). For cerebellar cTBS, the coil was positioned tangen-
tially to the scalp, with the handle pointing superiorly over the
right or left cerebellar hemisphere using the scalp coordinates
(1 cm inferior and 3 cm right or left to the inion) previously
adopted [59, 60]. For sham cTBS, the coil was positioned in
the same scalp coordinates used for real stimulations but an-
gled away so that no current was induced in the brain resulting
in an absence of biological effects [61]. Given in the present
study different stimulation sites were targeted, the sham cTBS
was applied over the right pre-SMA in 6 subjects, over the
cerebellar vermis in 6 subjects. Since RTs of these two Sham
sub-groups did not differ in both task-switching paradigms,
we pooled all data in only one Sham condition (see
Supplementary Materials for the related statistics).

Overview of the Procedure

Each participant underwent four cTBS sessions spaced by
1 week apart. In each weekly session, the subject performed
both task-switching paradigms under the effect of cTBS de-
livered in counterbalanced order over the right pre-SMA, right
cerebellar hemisphere (r-Cb), left cerebellar hemisphere (1-
Cb), or Sham stimulation.

Statistical Analyses

To assess the modulation of BI following ¢cTBS, we performed
a three-way within-subject ANOVA on mean RTs including
sequence (ABA and CBA), domain (spatial and verbal), and
stimulation condition (pre-SMA, r-Cb 1-Cb, Sham) as inde-
pendent variables. Post hoc analyses were performed with the
Duncan’s test, when appropriate.

Switch cost (SC) was computed as the RTs difference be-
tween trials in which the task changed and trials in which the
task remained the same (see Supplementary Material for the
statistics related to SC).

The effects of ¢cTBS on SC were assessed by a three-way
within-subject ANOVA on mean RTs with sequence (AA and
CBA), domain (spatial and verbal) and stimulation condition
(pre-SMA, 1-Cb, I-Cb, Sham) as independent variables. Post
hoc analyses were performed by Duncan’s test, when
appropriate.
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To assess the reliability of the results of the two above-
described ANOVA designs, we ran two non-parametric boot-
strap analyses. Four hundred bootstrap samples were formed
by randomly, with replacement, drawing participants from the
original sample (N=12). The same ANOVA designs de-
scribed above were run on each bootstrap sample. We then
computed the average F values (Fboot) for each main effect
and interaction. A significant Fboot suggested that the original
effect did not depend on the specific group composition in
terms of participants.

To rule out potential effects due to the relationship between
the stimulation site and the responding hand, we carried out
two three-way within-subjects ANCOVAs on BI and SC with
the Sham condition used as covariate, and with domain (spa-
tial and verbal), stimulation site (pre-SMA, r-Cb, 1-Cb), and
responding hand (left and right) as independent variables (see
Supplementary Material for the related statistics).

Results
Task Inhibition

The results of three-way ANOVA on BI revealed the signifi-
cant effect of the domain (F; j; =66.041; p=0.00001; np2 =
0.857, power 0.99, Fboot, ;; = 88.36, p=0.000001) with RTs
on spatial task significantly faster than RTs on verbal task. The
remaining main factors were not significant (sequence F ;; =
2.640; p=0.132; stimulation F;33=0.721; p=0.546).
Importantly, the second-order interaction was significant
(F333=3.607; p=0.023; np2 =0.247, power 0.74,
Fboot; 33=5.22, p=0.005).

Verbal Task-Switching

As for verbal task-switching (Fig. 2a), post hoc comparisons
on significant interaction revealed that the RTs on ABA se-
quences were significantly (p <0.05) slower than those on
CBA sequences in Sham condition, indicating that in the ab-
sence of ¢TBS stimulation participants exhibited the typical
BI effect. Interestingly, the pre-SMA stimulation significantly
(p<0.02) increased the RTs on CBA sequences when com-
pared to Sham condition but it failed to modulate the RTs on
ABA sequences (p =0.28). Conversely, the RTs on ABA se-
quences were significantly reduced following both left
(p <0.005) and right (p <0.0005) cerebellar stimulations
when compared to the RTs of ABA sequences in Sham con-
dition. RTs on CBA sequences were not modulated by the
cerebellar stimulation (p=0.14 and p=0.11 for the left and
right cerebellum, respectively). Scatterplots with the distribu-
tion of individual values were presented in the Supplementary
Material section.
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As for spatial task-switching paradigm (Fig. 2b), post hoc
comparisons revealed that the RTs on ABA sequences were
not significantly different than those on CBA sequences in
Sham condition (p = 0.93), revealing the absence of BI effect.
However, pre-SMA stimulation selectively facilitated the
ABA performance (p <0.05) without affecting CBA perfor-
mance (p =0.29). Conversely, the cTBS applied over 1-Cb
induced a facilitatory effect on the CBA sequences
(p <0.05), without affecting RTs of ABA sequences (p =
0.53). Finally, the r-Cb cTBS significantly (always
p<0.001) reduced RTs on both CBA and ABA sequences
in comparison to Sham condition. Scatterplots with the distri-
bution of individual values were presented in the
Supplementary Material section.

Other Statistics

The findings related to the contribution of prefrontal and cer-
ebellar regions on the switch cost, as well as the relationship
between stimulation side and responding hand, are described
in the Supplementary Material section.

Discussion

The main result of the present research is that the cTBS ap-
plied over the pre-SMA or cerebellar hemispheres canceled
the verbal BI with site-specific effects. Namely, in Sham

CBA
Task Sequence

ABA CBA
Task Sequence

(control) condition, we recorded longer RTs in the ABA in
comparison to CBA sequences, consistently with the presence
of an inhibitory process altering the cognitive configurations
that were to be abandoned. This is the typical BI effect. It is
known that the BI effect arises from the difference between
RTs of ABA and CBA sequences, with the ABA RTs longer
than the CBA RTs (Fig. 3a). Thus, any modification of this
pattern (either decreasing the ABA RTs or increasing the CBA
RTs) results in canceling BI effect.

Interestingly, cTBS applied on either pre-SMA or cerebel-
lar hemispheres did cancel BI effect, although through an
opposite alteration of the basal pattern. Namely, the pre-
SMA stimulation elicited a significant increase in the RTs on
CBA sequences (Fig. 3b), while cerebellar stimulation elicited
a significant decrease in the RTs on ABA sequences (Fig. 3c¢).
Once more, this finding emphasizes the importance of using
multiple stimulation sites and remarkably demonstrates that
the pre-SMA and cerebellum differently contribute to develop
the BI effect. Interestingly, Meiran et al. [62] suggested that in
the task-switching paradigm (although not specifically in the
BI), the prefrontal regions subserve some components (i.e.,
congruency effect and residual cost), while more posterior
areas subserve other factors (i.e., preparatory component).
Notably, the different contribution of prefrontal and cerebellar
areas in task switching has been previously described in pa-
tients affected by frontal or cerebellar focal lesions [29]. In
line with previous findings suggesting the involvement of
pre-SMA in the BI process [7], the present results indicate that
pre-SMA acts whenever inhibition is required by promoting
the switching from a previous to a successive task set in any
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Fig. 3 The effects of stimulation on BI illustrated in (a) a graphical
representation of backward inhibition (BI) effect expressed as relation
between ABA and CBA sequences in the verbal task-switching para-
digm. b Graphical representation of the effects of pre-SMA c¢TBS on
BI. ¢ Graphical representation of the effects of cerebellar cTBS on BI.
(Cb, cerebellum)

N-1 trial. In other words, in the CBA sequences, the pre-SMA
inhibits any interfering old task set to work on a new repre-
sentation. It is commonly recognized that top-down activity
arising from prefrontal areas is associated with control pro-
cesses that select goal-related information, enhancing the rep-
resentations that underlie the current behavior and inhibiting
irrelevant or inappropriate information. Note that the BI is
retained a conflict-solving process aimed at reducing the pro-
active interference from old to new representations.
Ultimately, the difficulty in switching process induced by
pre-SMA cTBS fits well into the general framework which
considers the pre-SMA as a crucial node of the brain inhibi-
tory networks [6, 15, 63—66]. As previously demonstrated by
neuroimaging and stimulation studies, the pre-SMA, as well
as the inferior frontal cortex and subthalamic nucleus, are

GRO @ Springer

recruited in numerous forms of executive control, as stopping
an already initiated response, Go/NoGo task, and interference
resolution task [67-72]. In particular, neuroimaging studies
have consistently reported the activation of the right pre-
SMA during successful response inhibition [5, 6, 10, 12,
73], and functional studies have shown that altering pre-
SMA activity through TMS [19, 74-77], and cTBS [5, 78]
affects the inhibitory control in a positive or negative manner.
Furthermore, a very recent neurophysiological study on the
age-related differences in overcoming BI effect confirms the
involvement of frontal regions in two BI processes [79].
Namely, the suppression of the inhibitory effect of the N-1
trial on the N-2 trial is associated with right inferior frontal
regions, while the response selection and conflict monitoring
are associated with medial frontal regions [79].

In the light of the close functional link between frontal lobe
and cerebellum [23, 26], we retained worth investigating the
influence of cerebellar cTBS on BI effect. We found that the
c¢TBS application over the right or left cerebellar hemisphere
decreased RTs of ABA sequences, once more annulling the BI
effect even if in an opposite way in comparison to the pre-
SMA cTBS (Fig. 3c¢).

The faster ABA RTs following cerebellar cTBS suggest the
specific contribution of the cerebellum in detecting the posi-
tion of the single event within a sequence. In other words,
cerebellar cTBS seems to alter the recognition of ABA as a
sequence, in which it is necessary overcome the previously
inhibited N-2 event. In light of this, the cerebellum may act by
identifying the repetitive elements within the sequence, and
making necessary the effortful overcoming the inhibition of
the N-2 task back to being relevant. It is just this lacking
recognition of the event order that makes an ABA sequence
not different from a CBA sequence following cerebellar
cTBS. Note that a remarkable feature of the BI is the event
sequencing, since it is just the sequential order of representa-
tions that elicits BI. Sequencing skill should not be seen as a
distinct cognitive function, but rather as a supra-modal func-
tion. The relationship with other cognitive functions, first of
all working memory and timing, is not yet fully clarified. In
fact, to act on a sequential order of events, the single inward
sensory information has to be kept active in a (dedicated?)
working memory system and compared with the successive
incoming stimuli. So, the previous and ongoing representa-
tions are serially encoded, related, and processed to be
inhibited or maintained depending on the situation. Not by
chance, the cerebellar networks have been repeatedly given
a role in sequencing incoming sensory patterns and outgoing
responses in multifarious (motor, spatial, verbal, mnesic, be-
havioral, and cognitive) domains [34, 80—82] so that the cer-
ebellar networks have been involved in sequencing virtually
all abilities although to a greater or lesser extent [8§3—85]. In
fact, the sequence-in/sequence-out mode of operation pro-
posed as the key of the cerebellar function [36, 86] could well
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account for the involvement of the cerebellar networks in the
BI. An intriguing interpretation of the role of the cerebellum in
the executive processes is that the cerebellum accomplishes its
sequencing function by first allowing the correct recognition
of spatial and temporal relations among relevant information,
then encoding and manipulating the ordered sequences of rep-
resentations, eventually inhibiting the preceding and currently
irrelevant (if not even interfering) information. This assump-
tion entails that the cerebellum plays a role in mediating con-
trol processes and establishing the proper sequential mapping
required to optimize a task in general, and to switch from a
representation to another, in particular. Note that the present
findings are quite compatible with recent functional neuroim-
aging studies indicating the involvement of the cerebellum in
task switching [87].

Task-switching paradigms require abilities of cogni-
tive flexibility to quickly disengage from and eliminate
the detrimental effects of proactive interference and to
quickly prepare for a new task, or both. Interestingly,
the cerebellar networks are heavily involved in the cog-
nitive flexibility abilities, as indicated by the observation
that in the presence of cerebellar lesions it is very diffi-
cult to abandon a previously correct and now interfering
representation and acquire a new one. In fact, although
able to put into action fixed and repeating responses,
subjects with cerebellar lesions are impaired in emitting
behavioral responses requiring rapidly changing adapta-
tions [41, 88-90]. Consistently, a number of studies have
reported impaired sequencing functions [24, 36, 80, 85,
91] and task-switching deficits [29-31, 92] in patients
with cerebellar lesions. Thus, the present findings indi-
cating that the processing of sequential events is im-
paired by interfering with the cerebellar activity support
the basic operational model of the cerebellum. As
Schmahmann [93, 94] has advanced the term “dysmetria
of thought” to define the nature of the cognitive impair-
ment following cerebellar lesions, analogously the al-
tered sequencing functions, we found following cerebel-
lar ¢cTBS may be regarded as a sort of “cognitive
dysdiadochokinesia.”

Recently, it has been hypothesized that “pattern detection
and prediction, and processing of anticipation are cerebellum-
specific functions” so that the cerebellar sequencing can be
considered “a trick for predicting the future” [37]. Here, we
are advancing that cerebellar function in sequencing and in
backward inhibition it is not only a trick for predicting the
future but also a tool to avoid the interference of the past.

Potential Limitations
One potential limitation of the present study is the lack

of BI effect in the spatial task-switching paradigm in
Sham condition, although the spatial task had been

designed with all the same features (type of training,
number and category of sequences, presentation time,
cues) but the nature of the material to be processed.
We retain that this lack of spatial BI may be related to
the prevailingly perceptual nature of the spatial task pro-
posed, given the visual features of stimuli explicitly
affording the response. In fact, a critical boundary con-
dition for the BI to occur is the top-down selection of the
task set, so that when target visual features suffice for
triggering the response (in a bottom-up fashion) then the
BI effect does not occur because a high-level elaboration
is not needed [2, 95]. However, it is worth noting that
the present spatial paradigm, although it did not evoke
the BI, was able to elicit the switch cost (these data are
described in details in Supplementary Materials), coher-
ently with previous studies on spatial task-switching
[96]. In fact, any task-switching performance depends
on several other factors over the BI, as the task prepara-
tion time [97-102], the interval between the previous and
the new task [103, 104], and the bivalence of the
response-set [95]. When one factor does not work (as
the spatial Bl does here), the others still contribute to
the switching performance. Consistently, in the absence
of BI, for a sort of recency effect, it is possible that the
task representation remains available in working memory
longer for the more recently executed tasks (as in AB-A
sequences) than for less recently executed tasks (as in
CB-A sequences). Since the spatial task-switching para-
digm did not evoke any BI effect in Sham condition, any
interpretation of cTBS effects on spatial task-switching
would risk being totally speculative. Thus, we retain that
the performances related to spatial BI will require dedi-
cated researches to enable various questions to be solved.

Another point of the study that deserves particular attention
is the sample size (N = 12). In fact, notwithstanding the valu-
able within-subject design ensures a sufficient statistical pow-
er and limits the possible methodological confounds, it is still
possible for the reported effect to be due to the rather small
sample size, potentially raising a reliability issue. We were
aware that the inference based on maximum likelihood esti-
mators relies on an asymptotic distribution, which might not
be appropriate for small samples, given the sampling distribu-
tion of the estimate is unknown [105]. Such an issue has been
addressed through resampling statistic methods such as the
bootstrap [106] which uses the data and computer power to
estimate the unknown sampling distribution. At the heart of
the bootstrap is the computation of the statistics of interest on
multiple random selections with replacement of participants
from the original samples (bootstrap samples). The bootstrap
estimated statistic is less dependent on the specific composi-
tion of the sample than the original one. Thus, the adopted
bootstrap resampling supports the robustness of present
results.
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