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Summary

The posterior cerebellum is a recently discovered hub of the affective and social brain, with
different subsectors contributing to different social functions. However, very little is known about
when the posterior cerebellum plays a critical role in social processing. Due to its location and
anatomy, it has been difficult to use traditional approaches to directly study the chronometry of the
cerebellum. To address this gap in cerebellar knowledge, here we investigated for the first time the
causal contribution of the posterior cerebellum to social processing using a chronometric
transcranial magnetic stimulation (TMS) approach. We show that the posterior cerebellum is
recruited at an early stage of emotional processing (starting from 100 ms after stimulus onset),
simultaneously with the posterior superior temporal sulcus (pSTS), a key node of the social brain.
Moreover, using a condition-and-perturb TMS approach, we found that the recruitment of the pSTS
in emotional processing is dependent on cerebellar activation. Our results are the first to shed light
on chronometric aspects of cerebellar function and its causal functional connectivity with other

nodes of the social brain.



Introduction

The contribution of the posterior cerebellum to social cognition is well established. We can
now count on solid evidence from different approaches demonstrating the role of the posterior (vs.
anterior) cerebellum in a variety of social tasks, including facial and bodily emotion recognition and
discrimination'*, mentalizing*>®, perception of biological motion’®, action understanding and
prediction'®!, and social categorization'? (for recent reviews and meta-analyses, see™>*°). Moreover,
neuroimaging studies suggest that the posterior cerebellum exhibits a fine-grained functional
topography®’ even within the domain of social cognition. In line with this, we have recently
provided causal evidence for a medial-to-lateral gradient in the posterior cerebellum, with medial
cerebellar sectors supporting basic social cognitive functions (emotion recognition and processing)
and more lateral/hemispheric sectors playing a role in higher-level social inferential processing and

mentalizing*.

Despite the extensive progress in our understanding of cerebellar topography in humans, very
little is known about the time course of mental operations in the cerebellum. Chronometric approaches
play a unique role in clarifying the cognitive operations that each cortical node within a network
performs and how they are organized in real-time. However, in the case of the cerebellum, these
approaches can be challenging to implement, mainly because the anatomy of the cerebellum makes
it difficult to use traditional electrophysiological methods (i.e., electroencephalogram, EEG, and
magnetoencephalography, MEG)*°. Nevertheless, knowing when the posterior cerebellum is involved
in social processing would be crucial for a better understanding of how cerebellar output affects social
circuits in the neocortex. Indeed, a largely accepted view is that the cerebellum may contribute to
cognition by signaling temporally-specific predictions about behavioral outcomes related to the

function of different cortical areas?®-%,

To fill this gap in current knowledge of cerebellar functioning, here we systematically
investigated the time course of the causal involvement of the posterior cerebellum in an emotion
discrimination task using a chronometric TMS approach. Indeed, thanks to its excellent temporal
resolution (in the order of a few milliseconds), TMS can be used to study the chronometry of mental
processes in the brain?*%°, Furthermore, we compared the timing of cerebellar activation with the
timing of activation of a key node of the social brain, the posterior superior temporal sulcus (pSTS),
and we assessed for the first time whether activation of the pSTS during performance of a social task
is causally dependent on cerebellar activation. Indeed, although many studies have shown that the
posterior cerebellum is anatomically and functionally connected to cortical hubs of the social brain,



such as the pSTS and the dorsomedial prefrontal cortex (dmPFC)*8-%%  this evidence is mostly based

on fMRI studies, which cannot assess causal functional connectivity.

In the first two experiments, we used TMS to investigate the chronometry of cerebellar
recruitment in facial emotion discrimination (see Figure 1A; using different time-windows), a task in
which we have consistently demonstrated a role for the posterior left paravermal cerebellum?!218,
Across the two experiments, we consistently found that TMS over the posterior (left paravermal)
cerebellum significantly impaired facial emotion discrimination when delivered as early as 100 ms
from face onset, up to around 200 ms. Experiment 2 also showed that TMS over the pSTS impairs
performance in a similar time-window, suggesting that the pSTS and the posterior cerebellum work
in tandem to support facial emotion processing. Finally, in a third experiment, we used a condition-
and-perturb TMS approach (see Figure 1B) (a methodology based on TMS state dependence?’) to
directly assess causal functional connectivity between the posterior cerebellum and the pSTS. We
found that inhibitory TMS over the cerebellum modulated the effects of TMS delivered over the pSTS

during the task, suggesting that these two regions are causally functional connected.

< Figure 1>

Results

A total of 87 participants took part in three experiments designed to investigate the timing of
cerebellar recruitment in emotional facial processing (Experiments 1 and 2) and explore cerebellar

causal functional connectivity with a critical node of the social brain, the pSTS (Experiment 3).

rTMS over the posterior left paravermal cerebellum disrupts discrimination of facial

emotions when delivered at 120 ms from probe face onset

In Experiment 1, 25 participants (7 males, mean age = 23.9 years, SD = 2.9) performed a facial
emotion discrimination task, in which they had to indicate whether two consecutive emotional faces
expressed the same or a different emotion (see STAR Methods for details). During the task, they
received triple-pulse TMS (20 Hz) starting at four different time points from the probe face onset
(20ms, 120ms, 220ms, 320ms) over the posterior left paravermal cerebellum, and over two control
sites (V1/V2, and the vertex). V1/V2 was also targeted to rule out the possibility that cerebellar TMS

effects may depend on spread of activation to nearby early visual cortex®.



A repeated measures ANOVA, with TMS site (vertex, V1/V2, left paravermal cerebellum)
and TMS timing (first pulse delivered at 20, 120, 220, 320 ms from probe face onset) as within-
subjects variables on mean accuracy rates revealed no significant main effect of either TMS site,
F(2,48)<1, p=.44, or TMS timing, F(3,72)<1, p=.53. The interaction TMS site x TMS timing,
F(6,144)=2.99, p=.009, #,? =.11, reached significance and was further examined by looking at the
simple main effect of TMS site at each time onset. The analysis revealed a significant main effect of
TMS site for TMS delivered at 20 ms (20-120ms time window), F(2,48)=3.56, p=.036, #p> =.13, and
at 120 ms from probe face onset (120-220 ms time window), F(2,48)=4.55, p=.016, #p> =.16. In turn,
TMS site was not significant for TMS delivered at 220 ms, F(2,48)=1.13, p=.33, or 320 ms,
F(2,48)<1, p=.40, from probe face onset. Post-hoc t-tests showed that when the first pulse was
delivered at 20 ms from the probe face onset, TMS over V1/VV2 impaired performance relative to the
vertex, t(24)=2.51, p=.019 (p=.057 Bonferroni-Holm corrected), and relative to the left paravermal
cerebellum (although in this case the difference only approached significance), t(24)=2.01, p=.056
(p=.11 Bonferroni-Holm corrected). TMS over the left paravermal cerebellum did not affect accuracy
compared to the control vertex condition, t(24)<1, p=.93. For the 120 ms TMS onset, accuracy rates
were lower when TMS was applied over the left paravermal cerebellum compared to the vertex,
t(24)=3.11, p=.005 (p=.014 Bonferroni-Holm corrected) and V1/V2, t(24)=2.51, p=.019 (p=.038
Bonferroni-Holm corrected) (Figure 2). No difference was observed between TMS over the vertex
and V1/V2, t(24)<1, p=.76.

< Figure 2>

The same analysis performed on correct RTs revealed no significant main effects or
interactions: TMS site, F(2,48)=1.27, p=.29; TMS timing, F(3,72)<1, p=.63; TMS site by TMS
timing, F(6,144)<1, p=.55. Mean correct RTs were 1121 ms (SD=249) for vertex TMS, 1135 ms
(SD=344) for cerebellar TMS, and 1048 ms (SD=270) for V1/V2.

Double-pulse TMS over the posterior left paravermal cerebellum and over the right

pSTS disrupts discrimination of facial emotions at a similar timing

In Experiment 2, we performed a finer temporal analysis of the cerebellar contribution to facial
emotion processing, focusing on the 120-220 ms time window identified in Experiment 1. To this
aim, 24 participants (9 males, mean age = 22.30 years, SD = 2.35) performed the same facial emotion
discrimination task used in Experiment 1, while receiving double-pulse TMS (40 ms between the two
pulses, resulting into a 25 Hz frequency, see Pitcher®) at 100ms, 130ms, and 170ms from the probe
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face onset. Critically, here we also targeted the pSTS, a core region of the social brain implied in

facial emotion processing.

A repeated measures ANOVA with TMS site (vertex, left paravermal cerebellum, pSTS) and
TMS timing (first pulse at 100ms, 130ms, 170ms from probe face onset) as within-subject variables
on mean accuracy rates revealed a significant main effect of TMS site, F(2,46)=4.93, p=.012, #,?
=.18, indicating that TMS over both the pSTS, t(23)=3.13, p=.005 (p=.014 Bonferroni-Holm
corrected), and the left paravermal cerebellum, t(23)=2.20, p=.038 (p=.077 Bonferroni-Holm
corrected) impaired performance compared to TMS over the control site (vertex). TMS over the pSTS
and the left paravermal cerebellum similarly impaired performance, t(23)=1.03, p=.32 (Figure 3). The
main effect of TMS timing, F(2,46)<1, p=.92, and the interaction of TMS site by TMS timing,
F(4,92)<1, p=.82, were not significant.

< Figure 3>

Correct RTs were 1074 ms (SD=200) for vertex TMS, 1084 ms (SD=256) for left paravermal
cerebellar TMS, and 1076 ms (SD=280) for pSTS TMS. The repeated measure ANOVA on RTs
revealed no significant main effects or interactions: TMS site, F(2,46)<1, p=.98; TMS timing,
F(2,46)<1, p=.53; TMS site by TMS timing, F(4,92)=1.46, p=.22.

Inhibition of the posterior left paravermal cerebellum modulates the effects of

perturbing TMS over the right pSTS during facial emotion discrimination

Experiment 3 was designed to assess possible causal functional connectivity between the
posterior left paravermal cerebellum and the pSTS. To this aim, we used a dual-site condition-and-
perturb TMS approach (see STAR Method for details), in which 38 participants (10 males, mean age
= 23.19 years, SD = 3.08) received conditioning (inhibitory) 1Hz TMS over the left paravermal
cerebellum followed by five-pulses (10 Hz) perturbing TMS over the right pSTS during the same

facial emotion discrimination task performed in the previous experiments.

Data from two participants were excluded due to technical problems. A repeated measure
ANOVA with conditioning TMS (left paravermal cerebellum and vertex) and perturbing TMS (right
pSTS and vertex) as within-subject variables on mean accuracy rates revealed no significant main

effect for conditioning TMS, F(1,35)<1, p=.65. The main effect of perturbing TMS was significant,



F(1,35)= 9.89, p=.003, #p?=.22, as was the interaction of perturbing TMS by conditioning TMS,
F(1,35)=13.22, p<.001, 7,2=.27 (Figure 4).

Post-hoc comparisons showed that when online TMS was applied over the vertex,
performance after 1 Hz conditioning of the cerebellum tended to be lower compared to conditioning
of the vertex, t(35)=1.88, p=.068 (p=.14 Bonferroni-Holm corrected). Furthermore, following 1 Hz
vertex conditioning, participants’ accuracy was lower when we delivered online TMS over the right
pSTS compared to the vertex, t(35)=4.07, p<.001, d=.68 (p=.002 Bonferroni-Holm corrected),
indicating the effective contribution of pSTS in the emotion discrimination task. Critically, this
pattern disappeared following 1 Hz conditioning of the posterior left paravermal cerebellum: in this
condition perturbing pSTS activity with online TMS did not affect performance compared to online
TMS of the vertex, t(35)<1, p=.82. Accordingly, performance was higher when pSTS was stimulated
online following cerebellar conditioning compared to vertex conditioning, t(35)=2.58, p=.014

(p=.042 Bonferroni-Holm corrected).

< Figure 4>

The same analysis carried out on correct RTs revealed no significant main effects or
interactions: perturbing TMS, F(1,35)<1, p=.64; conditioning TMS, F(1,35)<1, p=.50; conditioning
TMS by perturbing TMS, F(1,35)<1, p=.45. Mean correct RTs after vertex conditioning TMS
were=996 ms (SD=326) for perturbing vertex TMS and 976 ms (SD=332) for perturbing pSTS TMS.
Mean correct RTs after cerebellar inhibitory conditioning TMS were 959 ms (SD=210) for perturbing
vertex TMS and 960 ms (SD=218) for perturbing pSTS TMS.

Discussion

In this study, we conducted the first chronometric investigation of the causal recruitment of
the posterior cerebellum in social processing. Moreover, to further characterize the role of the
posterior cerebellum within the social brain, we assessed for the first time the causal functional

connectivity between this region and the pSTS by using a condition-and-perturb TMS approach.

In a first experiment, we applied triple-pulse TMS over the posterior left paravermal
cerebellum (and over V1/V2 and vertex as control sites) during a facial emotion discrimination task

in four different 100ms-long time windows (starting at 20, 120, 220, and 320 ms from probe face
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onset). We found that cerebellar TMS significantly impaired emotion discrimination when
administered between 120 and 220 ms from probe face onset, but not at earlier or later time-windows.

This result provides the first causal evidence of the time course of the posterior cerebellum’s

involvement in a social task and, more broadly, in a cognitive process. Importantly, although the

electric field induced by TMS over our targeted paravermal site may have spread to nearby visual

regions (see Figure 1D, see also Renzi et al®°: for a recent discussion on TMS focality see Numssen

et al®?), the effects we reported are unlikely to depend on indirect stimulation of VV1/VV2. Indeed, direct

stimulation of V1/V2 only affected performance in the earliest time window (20-120 ms, as expected,

see de Graaf et al®®). Moreover, in prior studies we were able to clearly dissociate the effects of

cerebellar and V1/V2 TMS on visual tasks’ performance’?, demonstrating that these two regions can

be selectively targeted.

We then conducted (Experiment 2) a more detailed temporal analysis of the role of the
cerebellum in facial emotion processing within the critical time-window identified in Experiment 1,
using double-pulse TMS and focusing on shorter (40 ms-long) time intervals (similarly to Pitcher®?).
Here, we also compared the time-course of cerebellar involvement in facial emotion processing with
that of the right pSTS, a key node of the social brain. Results of Experiment 2 supported what found
in the first experiment: TMS over the posterior left paravermal cerebellum affected facial emotion
discrimination between 100 and 210 ms, and so did TMS over the right pSTS. The observed TMS
effects over the pSTS are mostly in line with prior literature: indeed, if Pitcher®! found a significant
contribution of the pSTS to facial emotion discrimination up to 140 ms after face onset, other MEG
studies reported a strong pSTS response up to 250 ms after face onset in similar tasks®-%. While
stimulation effects for the pSTS are therefore consistent with previous evidence, the critical finding
here is that the posterior cerebellum causally contributes to emotion discrimination within the same

time window as the pSTS.

We suggest that the simultaneous causal recruitment of the posterior left paravermal
cerebellum and the right pSTS reflects an effective functional interaction between these two regions
(as suggested by prior neuroimaging studies®®), as part of the same network, rather than the

simultaneous activation of two distinct networks. Indeed, in a third experiment, we showed that the

recruitment of the right pSTS in face emotion discrimination depends on posterior cerebellar

activation. Specifically, we observed that interfering with the right pSTS activity with online (i.e.,
during the task) perturbing TMS impaired participants’ performance in discriminating emotional face
expressions, in line with previous studies®*". Crucially, however, when we inhibited the posterior

left paravermal cerebellum activity with offline 1 Hz TMS before the task, online perturbation of
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right pSTS activity no longer impaired performance. This result points to the existence of causal
functional connections between the posterior left paravermal cerebellum and right pSTS during social
processing, in line with prior neuroimaging evidence suggesting functional connections between

these two regions®®.

Data from Experiment 3 are likely indicative of state-dependent effects of TMS-%, State
dependence in TMS studies refers to the consistent observation that when the activity of a brain region
is primed by inhibitory offline 1Hz rTMS, subsequent online TMS applied over the same region either
has no effect or can even paradoxically cause a behavioral facilitation, as opposed to the disruptive
effect typically observed when online TMS alone is administered. In other words, online TMS applied
to a region causally involved in a task may counteract or even reverse the interference effect normally
induced by the stimulation, if this region has previously been inhibited by offline 1 Hz TMS. In this
context, the effects observed in our study suggest that, under normal conditions, the posterior
cerebellum may send excitatory signals to the pSTS during emotion discrimination, possibly fine-
tuning its activity. Consequently, when cerebellar activity is suppressed by offline 1 Hz TMS, the
pSTS is indirectly inhibited. Thus, the subsequent online TMS applied over the pSTS results in a

facilitatory effect due to this prior cerebellar inhibition.

Prior studies have proposed that during social tasks, such as emotion face and body
processing, the visual input travels from extrastriate visual regions to the pSTS*#? (see also Pitcher
and Ungerleider®®). The pSTS is thought to subserve the rapid integration of information derived from
changeable aspects of the stimuli (e.g., facial expressions, body movements) to attribute social and
emotional meaning to faces and bodies and thereby understand the intentions of others**). These

operations represent an intermediate step between basic perceptual mechanisms and higher-level

social processes (e.q., perspective taking, theory of mind), occurring in other nodes of the social brain,

such as the temporoparietal junction (TPJ) and the dmPFC**’. Here we propose that, within this

circuit, the role of the posterior left paravermal cerebellum may be to fine-tune via bidirectional
connections the contribution of the pSTS to mental state inference by constructing situational internal
models. Indeed, a consistent body of evidence suggests that the posterior cerebellum anticipates the
behavior of others by generating internal models of social interactions that predict potential outcomes
based on individuals’ prior experience and knowledge® 22248, Qur findings suggest that, if this is
indeed the case, the posterior paravermal cerebellum generates these internal models for emotion
discrimination around 100 ms from face onset, concurrently with the operations performed by the

pSTS. Furthermore, although in our study we focused on functional connectivity between the

posterior left paravermal cerebellum and the pSTS, there is evidence that the posterior cerebellum is




also functionally connected to both the TPJ and the dmPFC49 (see also Metoki et al* and Van

Overwalle et al*® for meta-analyses). Accordingly, the posterior cerebellum may modulate processing

of social information at different stages within the social brain, with cerebro-cerebellar connections

playing an important role in determining whole-brain dynamics®’.

It is worth noting that cerebellar inhibition, which in our study tended to reduce performance
when followed by vertex/control online stimulation, has been associated with reduced resting-state
functional connectivity between the cerebellum and core regions of the Default Mode Network
(DMN), which largely overlaps with the mentalizing network®. Thus, our findings may contribute to
the ongoing debate about the modulatory tone exerted by the posterior cerebellum on the cerebrum.
In fact, while it is widely accepted that the cerebellum exerts an inhibitory tone on the primary motor
cortex (M1), a phenomenon known as cerebellar brain inhibition (CBI)*3 the potential
excitatory/inhibitory nature of the posterior cerebellar connectivity with non-motor cerebral regions
is more controversial. In a previous study, we showed that inhibition of the posterior left paravermal
cerebellum via TMS reduced motor-evoked potentials during fearful face viewing®. Thus, the
direction or tone of the cerebellar modulatory effect (whether inhibitory or excitatory) over the
cerebrum may depend on the specific network involved. This perspective is consistent with a previous
PET study showing that cerebellar inhibition via 1Hz TMS resulted in both decreased activity in
cerebral regions associated with voluntary movements and emotion-related regions, and increased
activity in regions associated with cognition and language in the cerebrum®. Overall, the nature of
the modulation exerted by the posterior cerebellum on various cortical and subcortical networks
warrants further investigation, possibly using double-coils/paired-pulse/cortico-cortical paired

associative stimulation methods®®.

In prior work we have suggested that there may be a gradient in posterior cerebellar
organization whereby sectors of the vermal/paravermal cerebellum play a role in emotion recognition,
whereas lateral sectors are mostly engaged when higher-level inferential processing and mentalizing
tasks are tested'®. This suggests a potentially different time course for the involvement of distinct

posterior cerebellar sectors depending on the specific demands of the task. In our study, TMS affected

left paravermal regions, possibly spreading to the (left) lateral hemisphere, as suggested by modeling

of the TMS induced electric field (see Figure 1D). We predict that more lateral cerebellar regions

(e.g., lying in lobule VI/VII, see Ferrari et al'®) may be recruited at different stages of processing,
when tasks involve higher-level inferential processes such as mentalizing. This is a hypothesis that
should be investigated in future studies and may also shed light on lateralization patterns in the

cerebellum. Indeed, previous neuroimaging studies found that socio-affective tasks drive more
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consistent activations in the left rather than the right cerebellum, with the left cerebellum also

displaying more and stronger effective connections to the right cerebral mentalizing areas, compared

to the right cerebellum*®’. However, whereas findings from several studies converge in suggesting

that lanquage functions are likely to be mediated more by the right than the left cerebellar

hemisphere®®->° (but see Bongaerts et al®®), available evidence on lateralization of emotional and

social processes in the posterior cerebellum is more controversial, with recent meta-analyses of

neuroimaging studies mostly suggesting bilateral activations®™®2, Lateralization of cerebellar

functions, as well as cerebellar inter-hemispheric dynamics, deserve further investigation.

In conclusion, our data are the first to provide insights into the chronometry of social processes
occurring in the posterior paravermal cerebellum and to show that perturbing cerebellar activity
directly affects responses in other nodes of the social brain, such as the pSTS. These findings are
critical for a comprehensive understanding of the mechanisms that govern the mentalizing network
in the human brain. They also highlight the central role of the posterior cerebellum in social cognition,
with important implications for clinical and therapeutic settings.
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Figure legends

Figure 1. Experimental design and localization of the targeted regions. A) Example trial of the
emotion discrimination task used across all the three experiments. Each trial started with a fixation cross (2500
ms), followed by the first face (500 ms), a blank screen (1000 ms), and the probe face (500 ms). Participants
had to indicate whether the two faces expressed the same or a different emotion (by left/right key pressing).
B) Timeline of an experimental session of Experiment 3. Participants received 15 minutes of 1 Hz (offline)
conditioning rTMS over the posterior left paravermal cerebellum and the vertex (in a counterbalanced order
in two experimental sessions performed on separate days). Following conditioning rTMS, participants
performed the facial emotion discrimination task while receiving perturbing (online) rTMS over the pSTS and
the vertex (in a counterbalanced order). C) Coronal, sagittal and axial views (from upper left in clockwise
order) of a representative participant showing the localization of the posterior left paravermal cerebellum (left
panel: TAL; x=-15, y=-82, z=-32), V1/V2 (middle panel: functionally localized using visual phosphenes) and
the right pSTS (right panel: TAL: x=52, y=-48, z=8). D) Representation of the estimated electric field obtained
using SimNIBS%-2° in the posterior left paravermal cerebellum, V1/V2 (control site) and right pSTS induced

by TMS using a Magstim Rapid2 stimulator and a 70-mm figure-of-eight coil.

Figure 2. rTMS over the posterior left paravermal cerebellum disrupts discrimination of facial
emotions when delivered at 120 ms from probe face onset. Mean accuracy rates (%) as a function of TMS
site (Vertex, V1/V2, left paravermal cerebellum) and triple-pulse 20 Hz TMS timing (20ms, 120 ms, 220ms,
320 ms from probe face onset). Error bars indicate £1 SEM. Asterisks indicate significant differences (p<.05,
Bonferroni-Holm corrected; note the difference between TMS over V1/V2 and the cerebellum when the first

pulse was delivered at 20 ms only approached significance, p=.056 uncorrected) across conditions.

Figure 3. Double-pulse TMS over the posterior left paravermal cerebellum and over the pSTS
disrupts discrimination of facial emotions at a similar timing. Mean accuracy rates (%) as a function of
TMS site (Vertex, pSTS, left paravermal cerebellum) and TMS timing (first pulse at 100ms, 130ms, 170ms).
Error bars indicate 1 SEM. Asterisks indicate significant differences (p<.05, Bonferroni-Holm corrected)

across conditions.

Figure 4. Inhibition of the left paravermal cerebellum modulates the effects of perturbing TMS
over the right pSTS during facial emotion discrimination. Mean accuracy rates (%) as a function of
conditioning TMS (vertex, left paravermal cerebellum) and perturbing TMS (vertex, pSTS). Error bars indicate

+1 SEM. Asterisks indicate significant differences (p<.05, Bonferroni-Holm corrected) across conditions.
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Further information and requests for resources and data should be directed to and will be
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Materials availability
This study did not generate new unique reagents.
Data and code availability

The original datasets of this study have been deposited to the Zenodo.org repository and

accession numbers are listed in the key resources table.
This paper does not report original code.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Human participants

Male and female healthy Italian human volunteers participated in this study. Twenty-five (7
males, mean age = 23.9 years, SD = 2.9) participated in Experiment 1, twenty-four (9 males, mean
age = 22.30 years, SD = 2.35) in Experiment 2, and thirty-eight (10 males, mean age = 23.19 years,
SD = 3.08) in Experiment 3. Each participant took part in only one experiment. All participants had
normal or corrected-to-normal vision and none of them had a history of medical, neurological, or
psychiatric disease. Before the experiment, all participants were screened to assess their compatibility
with TMS (translated from Rossi et al®®) and gave written informed consent before taking part in the
study, which had been approved by the Local Ethics Committee in accordance with the Declaration
of Helsinki.

METHOD DETAILS
Experimental task

The same facial emotion discrimination task was used across the three experiments. Stimuli
consisted of images selected from the NimStim database® depicting eight male and eight female

Caucasian faces (each covering approximately 23 x 14 degrees of visual angle) expressing the six

14



basic emotions (happiness, sadness, surprise, fear, disgust, and anger). Stimuli were displayed on a
19" screen and were viewed from a distance of 57 cm. Participants were presented with pairs of
emotional faces (presented sequentially and belonging to two different individuals of different
gender) and had to indicate whether the two faces expressed the same emotion (two-alternative forced
choice task) (see Figure 1A). Each trial began with a fixation cross appearing in the center of the
screen (2500 ms), followed by the presentation of the first face (500 ms), a blank screen (1000 ms),
and the probe face (500 ms). This was followed by a blank screen until participants responded. In
half of the trials, the two faces had the same emotional expression; in the other half, the two faces
expressed different emotions. In each experimental block, the six emotional expressions appeared the
same number of times. Participants were instructed to respond as quickly as possible by pressing the
left or right arrow key with their right hand (response key assignment was counterbalanced across
participants). The experimental blocks were preceded by a short practice block (10 trials) without
TMS. The software E-prime 2.0 (Psychology Software Tools, Pittsburgh, PA) was used for stimulus
presentation, data collection, and TMS delivery. Each session lasted on average 1 hour and 30 min
(including instructions, completion of the TMS questionnaire and informed consent, neuronavigation
to identify the target regions, and debriefing). Note that although we did not employ a control task,

prior studies have already demonstrated that TMS over the posterior left paravermal cerebellum and

the right pSTS selectively affected discrimination of emotional faces, and not processing of non-

emotional face features (e.q., gender and identity? 31).

TMS

In all the three experiments, TMS was applied using a Magstim Rapid? stimulator (Magstim
Co, Ltd, Whitland, UK) connected to a 70-mm butterfly coil.

Recording of the individual motor threshold: Prior to each experiment, single-pulse TMS was
applied over the left motor cortex (M1) at increasing intensities to determine each participant’s resting
motor threshold (rMT). Individual rMT was defined as the minimum intensity of the stimulator output
that produced motor-evoked potentials (the motor response measured by electrodes placed on the
hand muscles) with an amplitude of at least 50 mV in the first dorsal interosseous with a 50%

probability®® (see also Hanajima et al®® for methodological details of this standard procedure).

Localization of targeted sites: To localize the cerebellar and pSTS targets for each individual
we used a stereotaxic navigation system and the magnetic resonance images (MRIs) obtained by a
3D warping procedure that fitted a high-resolution MRI template with the participant’s scalp model
and craniometric points (Softaxic 3.0, EMS, obtained using individual estimated MRI scans®’).

Anatomical Talairach coordinates®® of the targeted posterior left paravermal cerebellum (x=-15, y=-
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82, z=-32) were taken from a previous neuroimaging study of facial emotional processing® and
correspond to the left medial sector of lobule VI/VII (see Figure 1C). In previous studies, we
demonstrated that targeting this region with TMS significantly impairs facial emotional processing®
18,54 Talairach coordinates for the right pSTS (x=52, y=- 48, z=8) were taken from a previous fMRI
study that reported stronger activation of the right pSTS when individuals viewed emotional faces
compared to neutral faces (see also Ferrari et al’* for a TMS study using the same coordinates). The
early visual cortex (V1/V2) was functionally localized in each participant using visual phosphenes’?.
Specifically, the coil was initially positioned 2 cm above the inion and its position was subsequently
adjusted until foveal phosphenes were induced. Phosphenes were searched for each participant after
dark adaptation using a modified binary search algorithm that defines the phosphenes threshold
(PT)”®™. The mean PT was 65.26% (SD = 13.65). For participants who could not perceive
phosphenes (N = 6), the early visual cortex was localized as the point lying 1.5 cm superior to the
inion on the midline connecting the inion to the nasion (e.g., Cattaneo et al”) and further confirmed

by neuronavigation. VV1/\VV2 was also targeted to rule out the possibility that cerebellar TMS effects

may depend on spread of activation to nearby early visual cortex®’. The vertex was localized as the

point halfway between the nasion and the inion on the same midline.

During stimulation, for cerebellar and VV1/V2 stimulation, the coil was placed tangential to the
scalp and held parallel to the midsagittal line with the handle pointing superiorly, consistent with
evidence that this is an effective coil orientation for modulating activity in cerebellar and visual
structures’®’’. For the pSTS stimulation, the coil was held parallel to the midsagittal line. For the
vertex stimulation, the coil was placed tangentially to the scalp and held parallel to the midsagittal
line with the handle pointing backwards.

No participant reported any discomfort or adverse effects during TMS, nor perception of

phosphenes.

Experiment 1. Participants performed three blocks of the emotion discrimination task, one
for each TMS site (the left paravermal cerebellum, V1/V2, and the vertex), in a counterbalanced
order. Each block consisted of 72 trials (18 for each TMS interval). We delivered triple-pulse 20 Hz

TMS (i.e., one pulse every 50 ms, for a total duration of 100 ms) at four different latencies after the

onset of the second probe face: 20 ms, 120 ms, 220 ms, and 320 ms. These timings were meant to

cover approximately the first 500 ms of emotional face processing, since previous studies observed

brain responses to emotional faces up to 500 ms from face onset’®"°. The first pulse was given 20 ms

after onset as in Pitcher®’. Stimulation intensity was set for all stimulation sites at 100% of

participants’ rMT, as in previous TMS studies®. Note that recent meta-analytic evidence indicates
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that rMT and phosphene threshold (PT) are correlated and that both indexes may be used as global

measures of cortical excitability®; with the PT being though usually higher than the rMT. The average

stimulation intensity was 49.80% of the maximum stimulator output (SD=2.58). .

Experiment 2. As in Experiment 1, participants performed three blocks of the emotion
discrimination task, one for each TMS site (the left paravermal cerebellum, the pSTS, and the vertex),
in a counterbalanced order. We focused on the relevant time-window identified in Experiment 1, and
we delivered double-pule TMS at narrower timings as in prior TMS work?> 3!, Specifically, we

delivered double-pulse TMS (with 40 ms between pulses, resulting into a TMS frequency of 25 Hz)

over the left paravermal cerebellum, the vertex, and pSTS at three different latencies after the onset
of the second probe face: 100 ms, 130 ms, and 170 ms. The stimulation intensity was set at 100% of
rMT (mean rMT was 49.30%, SD = 2.95) and it was kept constant for the stimulation of all the target

sites.

Experiment 3. Participants completed two experimental sessions on separate days (session
duration was kept constant for each participant; mean interval between sessions = 8 days; minimum
interval = 5 days). Participant’s rMT was determined at the beginning of each session. Mean rMT
was 49.6% (SD = 2.9) and 49.5% (SD = 2.6) for the first and second sessions, respectively. A paired-
sample t-test revealed no difference in rMT between the two sessions (t(35)<1, p=.52). Participants
were administered 15 minutes of conditioning (offline) 1 Hz TMS over the posterior left paravermal
cerebellum or the vertex (control conditioning condition) and then performed two blocks of the
emotion discrimination task while receiving online TMS over the right pSTS or the vertex (control
perturbation condition) (see Figure 1B). Specifically, the conditioning rTMS consisted of 900 pulses
at 1 Hz delivered offline (i.e., before the task) at 100% of participants’ rtMT. 1 Hz rTMS is thought
to reduce the neural excitability of the targeted region and to subsequently disrupt its associated
functions for at least half of the stimulation duration’®. Following conditioning TMS, participants
performed two blocks of the emotion discrimination task (each composed of 40 trials), one for each
TMS site (pSTS and vertex). During the task, at the onset of the probe face, participants received
trains of five 10 Hz TMS pulses (i.e., one pulse every 100 ms, for a total duration of 500 ms) at 120%

of rMT. These stimulation parameters were chosen to maximize the disruptive effect of TMS,
consistent with previous studies targeting pSTS®Y 3" 82 Each block lasted approximately 3.5 min
ensuring that the task was performed within a time window in which offline TMS is effective®-8,
The order of stimulation sites for both conditioning and perturbing TMS was counterbalanced across

subjects.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Sample size calculation. Sample size of Experiments 1 and 2 was calculated using an a priori
power analysis (conducted using G-Power 3.1 software®®) indicating that a sample size of at least 18
subjects was required to achieve 80% of power at a significance threshold alpha of 0.05, with an
expected large effect size (f(U) = 0.33, #p2=0.10) based on our previous data?®. For Experiment 3, the
a priori power analysis indicated that 38 individuals were necessary to achieve 80% of power at a
significance threshold alpha of 0.05, with an expected large effect size of f(U) = 0.48 (5p? = 0.19)

based on previous data®’.

Statistical analyses. Mean accuracy rates and mean correct reaction times (RTs, recorded from
the onset of the probe face) were computed for each participant in each experimental condition and
were analyzed separately. A significance threshold of p=0.05 is set for all analyses; Bonferroni-Holm
correction for multiple comparisons is reported. In Experiment 1, accuracy scores and RTs were
analyzed using a repeated measures ANOVA, with TMS site (vertex, V1/V2, left paravermal
cerebellum) and TMS timing (20, 120, 220, 320ms from the onset of the probe face) as within-
subjects variables. The same dependent variables were analyzed using repeated measures ANOVA:s,
with TMS site (vertex, left paravermal cerebellum, pSTS) and TMS timing (100, 130, 170 ms from
the onset of the probe face) as within-subject variables in Experiment 2. In Experiment 3, repeated
measures ANOVAs were conducted with conditioning TMS (left paravermal cerebellum and vertex)

and perturbing TMS (pSTS and vertex) as within-subject variables.
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