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Abstract Current research in cerebellar cognitive and lin-
guistic functions makes plausible the idea that the cerebel-
lum is involved in processing temporally contiguous
linguistic input. In order to assess this hypothesis, a lexical
decision task was constructed to study the effects of cere-
bellar transcranial magnetic stimulation on semantic noun-
to-verb priming based on association (e.g. ‘soap–cleaning’)
or similarity (e.g. ‘robbery–stealing’). The results demon-
strated a selective increase in associative priming size after
stimulation of a lateral cerebellar site. The findings are
discussed in the contexts of a cerebellar role in linguistic
expectancy generation and the corticocerebellar ‘prefrontal’
reciprocal loop.
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Abbreviations
ANOVA Analysis of variance
cm Centimetre
mm Millimetre
ms Millisecond(s)
(r)TMS (Repetitive) transcranial magnetic stimulation
SD Standard deviation
SEM Standard error of the mean
BNC British National Corpus

Introduction

While the primary motor cortex is reciprocally connected
with lobules V, VI, VIIb and VIIIa of the cerebellar cortex,
prefrontal cortical areas are reciprocally connected with
neocerebellar compartments, such as the cerebellar cortical
Crus I and II [30, 40]. This modular, reciprocal connectivity
of the cerebellum with a broad range of cortical areas, along
with its cytoarchitectural homogeneity, provides a solid
foundation for the view that the cerebellar cortex applies
its algorithms in a domain-general uniform fashion to all of
its inputs, crucially involving those of higher cognitive
processes (e.g. [54, 58]). In parallel, the cerebellum is in-
deed widely supported to instantiate computations of state
estimation [48] and feedforward control [71]. These compu-
tations are fundamental for acquiring associations between
and generating predictions about temporally contiguous
events for stimuli in sensory, motor, emotional and cognitive
processing (e.g. [5, 8, 63]). The cerebellum has indeed been
established as a fundamental site for classical conditioning
(e.g. [7]) in both comparative (e.g. [37]) and human clinical
studies (e.g. [9]). Such findings have been extended with
reports of cerebellar impairments in learning associations
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between visual cues and motor commands [6, 68] and, more
recently, in nonmotor associative learning [13, 62, 64]. It
has been recently proposed that, in language processing,
multi-level relations between co-occurring linguistic events
can be acquired, stored and adapted in neocerebellar circuit-
ry [1, 3]. The hypothesis was first explored in Argyropoulos
[2], where the cerebellum was shown to selectively affect
phrasal associative priming, i.e. priming that occurs in pro-
cessing words that are temporally contiguous in speech
([61], p. 440; e.g. ‘gift–horse’, ‘skeletons–closet’), while
leaving semantic categorical priming, i.e. priming owed to
the similarity of semantic properties of words that do not co-
occur in speech (e.g. ‘chicken–hen’, ‘storm–weather’) un-
affected. These findings were in line with those yielded by
Leggio and colleagues, where cerebellar damage was dem-
onstrated to impair verbal fluency by affecting phonemic
rule-based word production, yet sparing semantic rule-based
performance [35].

Stronger evidence is currently available for neocerebellar
contributions to lexical semantic associations. Imaging [23,
52] and patient studies [20, 24] have strongly implicated
neocerebellar involvement in non-motor aspects of verb
generation, where subjects are asked to provide a related
verb response (e.g. ‘eat’) for a noun-stimulus (e.g. ‘cake’).
Importantly, responses of cerebellar patients are inappropri-
ate but remain categorically related (e.g. ‘small’, instead of
take or ‘swallow’, in response to ‘pill’), supporting the idea
that cerebellar damage leaves semantic networks intact [21].
Gebhart et al. [24] have demonstrated two suggestive dis-
sociations in patients’ performance, as they performed poor-
ly in generating appropriate verbs for nouns, but selected the
correct verb for a noun from a list of alternative verb
responses. This suggests that the lexical semantic/syntactic
representations of noun–verb associations were preserved in
a conceivably cortex-based memory; however, the online
cerebellar-based ‘internal generation’ of verb responses to
noun stimuli was compromised. The patients were also able
to produce appropriate subordinate term (e.g. ‘apple’)
responses to a superordinate term (‘fruit’) presented to them,
suggesting that ‘[t]he right posterolateral cerebellum may be
more involved in associative semantics than in categorical
semantics’ ([24], p. 332).

However, there is currently no evidence that the same
disruptions may be found in applying semantic associations
in language comprehension. Moreover, there is no TMS
study examining cerebellar involvement in semantic associ-
ations in either production or comprehension. Encouraging-
ly, though, recent TMS evidence suggests cerebellar
involvement in other related semantic aspects of verb pro-
cessing. Oliveri and colleagues [46] examined whether pro-
cessing the tense of a verb is influenced by the space where
response takes place and by the semantics of the verb.
Indeed, responses to past tense were facilitated in the left

space while responses to future tense were facilitated in the
right space. Above all, right cerebellar stimulation selective-
ly decelerated responses to future tense of action verbs,
while stimulation of both cerebellar hemispheres compro-
mised response accuracy to past tense in the left space and to
future tense in the right space for non-verbs and to future
tense in the right space for state verbs. Their results thus
suggested that right cerebellar–left motor networks could be
involved in using past experiences to anticipate events,
while both cerebellar hemispheres could participate in estab-
lishing grammatical rules for verb conjugation [46].

Furthermore, a limitation of the study in Argyropoulos
[2] was that the two priming types, i.e. phrasal associative
(e.g. ‘pony–tail’) and semantic categorical (e.g. ‘church–
building’) differed in two separate axes, namely the level
of language processing, i.e. phonological vs semantic, and
the alleged mechanism, associative vs categorical. On the
contrary, the study designed here involved two semantic
priming types that differed only in one axis, namely the
alleged mechanism. One stimulus set thus pertained to se-
mantic associative priming, where the denotation of the
noun is associated with a particular action denoted by the
following verb (e.g. ‘chef–cooking’), and the other set in-
volved semantic categorical relations, where the noun
denotes an action that is semantically similar with the action
denoted by the verb (e.g. ‘theft–stealing’). Moreover, the
two cerebellar linguistic TMS studies conducted so far [2, 4]
have involved repeated sessions within subjects, thus un-
avoidably inducing learning effects. Indeed, depending on
the nature of the task, the repetition of trials and stimuli
across repeated sessions for the same participant may in-
volve learning effects that the experimenter may wish to
avoid (e.g. [65]).

The Present Study

A priming paradigm was found appropriate for two basic
reasons. First, there was a need to demonstrate that the
cerebellum is involved in processing semantic associations
in language comprehension apart from its well-documented
involvement in language production. Second, priming para-
digms are of significant methodological value in drawing
inferences on mechanisms of sentence comprehension, since
‘the priming task […] represents a lower bound on the
information available to the comprehender by eliminating
constraints offered by the other nouns in the sentence, case
marking, context and so on. Word–word priming, as a
measure of what is activated in the absence of other con-
straints, thus offers a stringent test for studying these phe-
nomena’ ([38], p. 1176).

Lexical decision tasks are ideal for studying effects of
lexical priming, semantic or phrasal, categorical or
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associative in nature (e.g. [41]). Following a typical lexical
decision task setup, two-letter strings appeared at the centre
of the screen in quick succession in each trial. Participants
were asked to silently read the first letter string (‘the prime’)
and judge whether the second one (‘the target’) was a word
of the English language or not. Prime words could be related
or unrelated to the target word (see below). We thus inves-
tigated whether stimulation of different cerebellar sites had
an impact on associative as opposed to categorical noun-to-
verb priming.

Stimuli

Each session consisted of a total of 500 trials/pairs: 250
filler word–nonword pairs and 250 word–word pairs; the
latter consisted of 200 test pairs (100 related, 100 unrelated)
and 50 unrelated filler word–word pairs. Thus, the related-
ness ratio was kept low (1:5), as in other studies, to mini-
mize the involvement of strategic effects (e.g. [2, 4, 55]).
Related pairs were divided into two sets: one of categori-
cally related pairs and one of associated pairs. In the seman-
tic categorical set, the related pairs included prime nouns
denoting actions that were virtually identical or similar to
those denoted by the target verbs (e.g. ‘robbery–stealing’,
‘applause–clapping’). Thus, facilitation in processing such
related pairs would be a case of semantic categorical prim-
ing, in which the two terms are synonymous, or, at least,
coordinate exemplars within the same category. Semantic
similarity was determined using the ‘Path Length’1 measure
of ‘WordNet: Similarity software’ [49] 2 computed over
‘WordNet’ [14]. Categorically related noun–verb pairs were
by far more semantically similar (priming type: F (1, 198)0
553.5, MSe00.03, p<0.0005; mean00.73, SD 0.25, min
0.5, max 1; Table 1) than associatively related ones
(mean00.12, SD00.06, min 0.05 max 0.33; Table 2). In
addition, it was ensured that the noun–verb pairs did not
immediately co-occur in speech, as assessed in the BNC
(British National Corpus; written part [34]). Co-occurrence
strength was thus kept low and matched for the two sets
(mean 0.07, SD 0.27; priming type: F<0.1), in order to
emphasize the different aspects of semantic priming.

In the ‘semantic associative’ set, related pairs in-
volved nouns that were appropriate thematic (‘θ’) role
slot fillers projected by the corresponding verb. All four

major θ-role-based subtypes were employed here, in-
volving agent- (e.g. ‘butcher–carving’), patient- (e.g.
‘lawn–mowing’), instrument- (e.g. ‘scissors–cutting’)
and location- (e.g. ‘casino–gambling’) based priming.
Since there was no a priori hypothesis about effects
on the particular strengths of different θ-role relations
and given that the experiment examined θ-role priming
in general as opposed to semantic categorical priming,
pairs of the four basic θ-role relations were evenly
distributed across the four lists. Each list contained nine
agent–, five instrument–, four location– and seven pa-
tient–verb pairs. The pairs were taken from the stimulus
sets used in McRae et al. [38] and Ferretti et al. [15,
16, 17]. In addition, as with the semantic categorical
set, it was ensured that the words of the pairs did not
co-occur in an immediate fashion. Whereas McRae and
colleagues [38] attribute such priming effects to phrasal
co-occurrence and/or semantic association, the emphasis
here was given only to the latter, and to that end, only
pairs with low phrasal co-occurrence were selected.
Thus, pairs like ‘wine–tasting’, ‘ballroom–dancing’ that
combine phrasal and semantic associative relations or
pairs such as ‘toy–playing’ that combine phrasal-
associative and semantic categorical relations were ex-
cluded.3 Several more pairs from the sets of McRae and
colleagues were excluded due to extremely frequent/
infrequent words in the BNC (e.g. ‘patrolman–search-
ing’), or due to coincidences of the same phoneme in
the starting position between prime and target word
(e.g. ‘crayon–colouring’), which is avoided in lexical
decision setups [22].

As in McRae et al. [38] and other studies (e.g. [4]),
four lists were generated, across which pairs and partic-
ipants were rotated. The stimuli of the second half of
the first list were the stimuli of the first half of the
second list and vice versa, while each target word in the
two sets appeared with a related prime in one list and
with an unrelated prime in another (Table 3). Both
categorical and associative sets of related and unrelated
pairs were separately balanced across the four lists in
prime/target word length/frequency (list: for categorical
and associative F’s, F<1; Tables 1 and 2).

1 A simple node-counting scheme (path). The relatedness score is
inversely proportional to the number of nodes along the shortest path
between the synsets. The shortest possible path occurs when the two
synsets are the same, in which case the length is 1. Thus, the maximum
relatedness value is 1.
2 As the software cannot assess the semantic relatedness of words of
different grammatical categories (here, nouns and verbs), it was en-
sured that, in each pair, the noun was homonymous with a verb of the
same basic semantic properties, e.g. ‘release’, ‘fear’.

3 Of course, semantic associative relatedness implies that the forms
may co-occur, be it in a non-immediate fashion. However, such loose
co-occurrences could easily be found in the categorically related pairs
as well. For example, in (1) below, the semantic associatively related
pair ‘stripper-entertaining’ (a) can loosely co-occur in speech, like the
semantic categorically related one ‘murder-killing’ (b).

(a)‘[…] being a male stripper isn’t just about taking clothes off,
it’s about entertaining people […]’

(b)‘It would seem that one is guilty of murder through killing
someone by chance […]’ (Google search)
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Task Procedure

Prime and target stimuli were presented in black colours at
the centre of a white screen of a laptop using the ‘DirectRT’
software [28]. Each trial consisted of the following sequence
of three stimuli presented on the same screen location. First
a fixation point (a cross ‘+’) was presented for 250 ms,
immediately followed by presentation of the prime for
150 ms, which was followed immediately by the presenta-
tion of the target word in the same location as the prime. The
targets remained on the screen until participants responded.
No masking mediated the presentation of the prime and the
target word, i.e. the stimulus-onset asynchrony value was
confounded with the one of the prime duration (Fig. 1).
Such short durations of prime presentation were preferred,
as asynchrony values longer than 200–250 ms are generally
considered to involve strategic effects in lexical decisions
(e.g. [51]) and are thus often not preferred in studying
automatic lexical priming. The inter-trial interval lasted
500 ms. Primes and targets were always presented in low-
ercase letters. Participants were instructed to focus on the
fixation point, silently read the first letter string and respond
only to the second one. Stimulus presentation was random-
ized, with a different order for each subject. Subjects were
instructed to press one of two buttons on the keyboard (‘j’
for yes and ‘f’ for no) to indicate whether the target letter
string was an English word or not, as rapidly and accurately
as possible. They used their dominant right-hand index for
the word responses. When the subject responded, the target
disappeared from the screen. In order to encourage fast
lexical decisions, a message appeared on the screen (‘Please

try to respond faster!’) after each trial in which the subject
would respond after 1,500 ms. Each subject received a total
of 20 practice trials prior to the 500 experimental trials.
Participants were tested individually in a silent, brightly lit
room. They received written instructions explaining the
task, as well as compensation for their participation.

TMS Experiment

The TMS experiment was conducted in the Institute of
Cognitive Neuroscience (University College, London).

TMS Apparatus

Upon completion of the first half of the session, TMS was
delivered via a 70-mm figure-of-eight-shaped coil
connected to a Magstim Super Rapid Transcranial Magnetic
Stimulator (Magstim Company, Whitland, UK). The coil
was positioned tangentially to the scalp, with the handle
pointing superiorly. The current in the coil was directed
upward, which induced downward current in the cerebellar
cortex. This coil position was found to be optimal for
suppressing the contralateral motor cortex in single pulse
TMS investigations (e.g. [44]) and to interfere with cogni-
tive processes in 1 Hz rTMS (e.g. [66]) and continuous
theta-burst stimulation paradigms (e.g. [2, 4]).

TMS Coordinates

As in other TMS studies (e.g. [2, 4, 60]), the experiment
involved the stimulation of a (right) medial and a (right)

Table 1 Prime- and target-word length and frequency, semantic relatedness and associative strength for categorically related pairs

Measures Minimum Maximum Mean SD

Prime word frequency (number of occurrences in BNC/100 million) 0.61 234.12 39.89 41.69

Prime word length (number of letters) 3.00 12.00 6.97 2.25

Target word frequency (number of occurrences in BNC/100 million) 0.60 240.57 26.05 37.16

Target word length (number of letters) 6.00 12.00 8.12 1.36

Semantic similarity (‘WordNet::Similarity’ score) 0.5 1.0 0.73 0.25

Phrasal associative strength (number of phrases found in the BNC) 0.00 1.00 0.06 0.24

Table 2 Prime- and target-word length and frequency, semantic relatedness and associative strength for associated pairs

Measures Minimum Maximum Mean SD

Prime word frequency (number of occurrences in BNC/100 million) 0.67 209.64 27.58 39.70

Prime word length (number of letters) 3.00 11.00 6.61 1.92

Target word frequency (number of occurrences in BNC/100 million) 0.66 119.57 19.41 22.81

Target word length (number of letters) 6.00 12.00 8.15 1.51

Semantic similarity (‘WordNet::Similarity’ score) 0.05 0.33 0.12 0.06

Phrasal associative strength (number of phrases found in the BNC) 0.00 0.02 0.00 0.00
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lateral cerebellar site. As in previous studies conducted [2,
4], a disadvantage here was that no neuronavigational soft-
ware was used to individuate the exact site of stimulation for
each participant. The sites were instead defined on the basis
of reliable scalp-based coordinates, as in many other cere-
bellar TMS studies (e.g. [2, 4, 31, 39, 44]). The right medial
site was located 1 cm below and 1 cm laterally to the right
from the inion. This location was selected as it is likely that
the underlying cerebellar compartments would involve the
right posterior superior (i.e. neocerebellar) vermis. Indeed,
previous investigations have demonstrated that cerebellar
stimulation predominantly affects posterior and superior
lobules [26, 69], corresponding to lobules VII and VIII
[33]. Moreover, the neocerebellar vermis is one of the com-
partments closest to the TMS coil [39], while TMS on the
same coordinates has induced behavioural effects with high
spatial precision and has been argued to affect lobules VI
and VII [26, 43] in Larsell and Jansen’s [33] nomenclature.
Cognitive effects induced by neocerebellar vermal stimula-
tion have been shown in studies employing MRI- [11] and
scalp-based coordinates [2, 4]. In order to estimate the depth
of this site, a volunteer was employed whose brain image
was already registered with the Brainsight TMS-MRI co-
registration system (Rogue Research, Montreal, QC, Can-
ada). This site was found to be at a depth of 21 mm from the
scalp surface. The right lateral site was localized on the basis
of non-motor-related activations of the right neocerebellar
Crus I in fMRI studies (Talairach space) of verb generation
([23]; x048 mm, y0−60 mm, z0−30 mm) and stem com-
pletion ([47]; x041 mm, y0−55 mm, z0−18 mm). Both
coordinates were registered and converted into scalp coor-
dinates using the Brainsight™ TMS-MRI co-registration
system (Rogue Research, Montreal, QC, Canada) in one
volunteer and were found to correspond to 10 cm laterally
to the right from the inion. Both sites were marked using
non-permanent colour markers.

TMS Protocol

The rTMS protocol used was continuous theta-burst stimu-
lation [27], employing a brief burst of three low-intensity,
high-frequency (50 Hz) TMS pulses delivered at a 5-Hz
rhythm. This protocol provides a rapid and reliable stimula-
tion method increasingly used in current TMS research (e.g.
[56]). Encouragingly, theta-burst stimulation of the cerebel-
lar vermis has recently been proven safe and well-tolerated,
offering the potential to modulate cognition and affect in
schizophrenia [11]. Similarly, theta-burst stimulation has
been recently applied on right posterolateral cerebellar loci,
inducing changes in the excitability of the contralateral
primary motor cortex in healthy subjects [31] and Parkinso-
nian patients [32]. The experiment employed the offline
continuous theta-burst stimulation procedure, which is usedT
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to suppress cortical activity in cognitive studies (e.g. [70]):
After completion of the first half of each session, 40 s (600
pulses) of continuous cerebellar theta-burst stimulation was
applied on the cerebellum. Before cerebellar TMS, all sub-
jects were first administered a 3-s continuous theta-burst
stimulation. All subjects but one tolerated theta-burst stim-
ulation well, reporting but mild discomfort due to muscle
twitching in the right-side neck and face muscles. The
subject that did not find the 3-s test stimulation tolerable
was excused from the rest of the session. The session lasted
approximately 35 min.

TMS Intensity

As in other studies (e.g. [2, 4]), stimulus intensity was kept
constant across participants to 45 % of maximum machine
output. A fixed stimulation level was employed, as it has
proven successful and replicable in a wide range of studies
and tasks (e.g. [36] and references therein). While many
studies of cerebellar stimulation define the intensity on the
basis of individual subjects’ motor thresholds, these are not
particularly appropriate, since motor cortical excitability is
not a good index of TMS thresholds in other cortical areas—
for instance, there is no systematic relationship between the
threshold needed to evoke a motor-evoked potential and the
threshold needed to evoke phosphenes in visual cortical
TMS [12, 59]. A fortiori for a subcortical and even more
distant locus like the cerebellum, motor thresholds were
seen as even less significant, and thus, a fixed stimulus
intensity was employed across participants, also economiz-
ing on the duration of each session. Indeed, the applicability
of motor threshold-based definitions of stimulation ampli-
tude to the cerebellum remains debatable and needs to be
treated by further research (see also [10, 11]). The 45 % of
maximum machine output here represented a strong inten-
sity level for continuous theta-burst stimulation, as com-
pared with the 40 % commonly used in studies employing
fixed intensities (e.g. [29, 36] and references therein).

Subjects

Fifty subjects were initially recruited, all being right-handed
native speakers of English, with normal or corrected-to-
normal vision and no known reading, attention or motoric
deficits. They were divided into four groups: two groups
that received cerebellar stimulation after completing the first

phase of the session (henceforth, ‘TMS groups’) and two
groups that received no TMS (henceforth, ‘no TMS
groups’). Twenty-four subjects were initially recruited for
the TMS groups. Twelve participated in the stimulation of
the lateral cerebellum (henceforth, ‘lateral TMS group’) and
12 in the stimulation of the medial cerebellum (henceforth,
‘medial TMS group’). From the medial TMS group, one
participant was excluded as she could not tolerate the inten-
sity of stimulation in either site and was thus excused from
further participation. From the no TMS groups (n026), one
group (n013) completed the session with no mediating
break between the first and second phase (henceforth, ‘no
TMS group 1’), while group 2 (n013) were asked to com-
plete the session with a 7-min’ break mediating between the
first and the second half of the session (the equivalent time
for the preparation and the application of TMS for the other
two groups). Two subjects were excluded from the first no
TMS group and one subject from the second one, as they
were found to have completed earlier versions of the same
task before this experiment.4 The groups did not differ in
age (lateral TMS group: mean 25.58 years, SD 7.79; medial
TMS group: mean 22.00 years, SD 4.22; no TMS group 1:
mean 21.67 years, SD 2.57; no TMS group 2: mean
21.73 years, SD 7.17; group 4: p>0.3; post hoc comparisons
employing Tukey’s honestly significant difference (HSD):
all p’s, p>0.35). Ethical approval was granted by the local
ethics committee.

Design and Statistical Analysis

A 4×2×2×2 mixed design was employed, with the follow-
ing independent variables: ‘Group’ (four; lateral TMS, me-
dial TMS, no TMS 1, no TMS 2), ‘Priming Type’ (two;
associative, categorical), ‘Phase’ (two; pre-/post-TMS) and
‘Relatedness’ (two; unrelated, related). After the end of the
first half of the session, subjects were stimulated either in
the medial (‘medial TMS’ group) or in the lateral cerebellar
site (‘lateral TMS’ group), or they received no TMS at all,
with no break time mediating between the two phases (‘no
TMS group 1’), or with a 7-min break time mediating (‘no

4 Indeed, the priming sizes of the three participants that had participat-
ed in earlier versions of this task were significantly larger overall than
those of the rest of the no TMS subjects (Relatedness×Experience with
task: F (1, 43)05.09, MSe0342.85, p<0.03; a large priming effect for
the Experienced group: Relatedness: F (1, 1)019,063.58, MSe00.20,
p<0.005).

Fig. 1 Schematic illustration of
a trial in the lexical decision
task employed
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TMS group 2’). They encountered either associatively
(‘gun–shooting’, ‘chef–cooking’) or categorically (‘rob-
bery–stealing’, ‘applause–clapping’) related pairs or their
corresponding unrelated versions (e.g. associative set:
‘chef–shooting’, ‘gun–cooking’; categorical set: ‘robbery–
clapping’, ‘applause–stealing’), and the priming sizes were
assessed before and after the half-time break (phase: pre-/
post-TMS; Table 4).

In a subsequent analysis (“Analysis of Thematic Roles”
section), the associative priming set was subdivided into
four subsets according to the θ roles that the nouns would
be assigned by the verb (“Stimuli” section) in the related
condition, yielding a 4×2×2×4 design (Association Type,
Phase, Relatedness, Group). This was done in order to

examine whether any changes induced by cerebellar TMS
on associative priming sizes was selective for Association
Type or not (Table 5).

The primary dependent measure was lexical decision
latencies, but accuracy rates were also analysed. Reaction
times were trimmed by condition, excluding any trials re-
ceiving latencies exceeding 3 SDs above the mean. In all
cases, this trimming excluded trials receiving latencies lon-
ger than 1,200 ms, which are taken to reflect the subject’s
low familiarity with the stimulus or distraction, rather than
lexical access [50]. No subject exceeded 3 SDs above the
mean for the percentage of excluded trials for latencies (min
0 %; max 3 %; mean 1.10 %; SD 0.80 %) or for mistakes
(min 0 %; max 8.50 %; SD 2.20; mean 4.30 %). Two pairs/

Table 4 Experimental conditions generated by crossing Group (four), Priming Type (two), Phase (two) and Relatedness (two)

Group (4) n1 Priming Type (2) n2 Phase (2) n2 Relatedness (2) n2

Lateral TMS (n1012) Associative (n20100) Pre-TMS (n2050) Unrelated (n2025)

Related (n2025)

Post-TMS (n2050) Unrelated (n2025)

Related (n2025)

Categorical (n20100) Pre-TMS (n2050) Unrelated (n2025)

Related (n2025)

Post-TMS (n2050) Unrelated (n2025)

Related (n2025)

Medial TMS (n1011) Associative (n20100) Pre-TMS (n2050) Unrelated (n2025)

Related (n2025)

Post-TMS (n2050) Unrelated (n2025)

Related (n2025)

Categorical (n20100) Pre-TMS (n2050) Unrelated (n2025)

Related (n2025)

Post-TMS (n2050) Unrelated (n2025)

Related (n2025)

No TMS 1 (n1012) Associative (n20100) Pre-TMS (n2050) Unrelated (n2025)

Related (n2025)

Post-TMS (n2050) Unrelated (n2025)

Related (n2025)

Categorical (n20100) Pre-TMS (n2050) Unrelated (n2025)

Related (n2025)

Post-TMS (n2050) Unrelated (n2025)

Related (n2025)

No TMS 2 (n1011) Associative (n20100) Pre-TMS (n2050) Unrelated (n2025)

Related (n2025)

Post-TMS (n2050) Unrelated (n2025)

Related (n2025)

Categorical (n20100) Pre-TMS (n2050) Unrelated (n2025)

Related (n2025)

Post-TMS (n2050) Unrelated (n2025)

Related (n2025)

n1 number of subjects per group, n2 number of noun–verb pairs per condition(s)
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trials were also deleted from the categorical priming set, an
unrelated and a related pair version with ‘ousting’ as a target
verb, since over 50 % of the participants erred on this
particular lexical decision. In an alternative analysis, the
List the subjects were assigned to (A–D) was also included
as a between-subjects dummy variable, in order to also
assess whether this interacted with any of independent var-
iables [53]. This was important, since, due to availability
constraints for participants, their complete rotation across
the four lists was not possible.5 In another analysis, latencies
were also log-transformed without applying the 3 SD cutoff
point. The results yielded did not compromise the signifi-
cance of those reported below. Accuracy rates were submit-
ted to a separate analysis. Finally, the same results could be
demonstrated by employing the ratio/difference between the
latencies and/or accuracy rates of the unrelated pairs with
those of the related ones as a dependent measure, as often
practiced in neuropsychological research (e.g. [2, 42, 55]).

Results

Automatic and Strategic Priming Effects

We first investigated the priming effects observed across
groups. While there was a significant main effect of prim-
ing, with related pairs receiving shorter latencies than unre-
lated ones, there was also a selective occurrence of
associative priming only in the second phase of the session.
Categorical priming, on the other hand, occurred across
phases (Fig. 2; Table 6).

Effects of Lateral Cerebellar TMS on Semantic Associative
Priming

Above all, however, the four-way ANOVA above yielded a
stronger Priming Type×Phase×Relatedness×Group interac-
tion. As demonstrated by Table 7 and Fig. 2, this was owed to
the size of associative priming after lateral TMS. Indeed, a
series of three-way ANOVAs conducted separately for each
group showed that the Priming Type×Phase×Relatedness
interaction reached significance only for the lateral TMS

Table 5 Experimental conditions within the associative priming set

Group (4) n1 Association Type (4) n2 Phase (2) n2 Relatedness (2) n2

Lateral TMS (n1012) Agent–action (n036) Pre-TMS (n018) Unrelated (n09)

Related (n09)

Post-TMS (n018) Unrelated (n09)

Related (n09)

Instrument–action (n020) Pre-TMS (n010) Unrelated (n05)

Related (n05)

Post-TMS (n010) Unrelated (n05)

Related (n05)

Location–action (n016) Pre-TMS (n08) Unrelated (n04)

Related (n04)

Post-TMS (n08) Unrelated (n04)

Related (n04)

Patient–action (n028) Pre-TMS (n014) Unrelated (n07)

Related (n07)

Post-TMS (n014) Unrelated (n07)

Related (n07)

Medial TMS (n1011) … … … … … …

… … … … … … … …

No TMS 1 (n1012) … … … … … …

… … … … … … … …

No TMS 2 (n1011) … … … … … …

Four different types of semantic noun–verb associations were used here: agent–action pairs (e.g. ‘chef–cooking’), instrument–action (e.g. ‘spoon–
eating’), location–action pairs (‘bar–drinking’) and patient–action pairs (‘bill–paying’). The design thus used for this additional analysis was of the
form Group (4)×Association Type (4)×Phase (2)×Relatedness (2)

n1 number of subjects per group, n2 number of items per condition(s)

5 Distribution of subjects across lists: list A: n012; list B: n013; list C:
n011; list D: n010; lateral group: A 3; B 3; C 3; D 3; medial group: A
3; B 4; C 2; D 2; no TMS group 1: A 3; B 3; C 3; D 3; no TMS group 2:
A 3; B 3; C 3; D 2.
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group. Furthermore, a three-way ANOVA on associative
priming sizes demonstrated that, while priming only occurred
post-TMS, the sizes observed for the lateral TMS group were
significantly larger. On the contrary, there was no change in

categorical priming sizes. Moreover, a Priming Type×Relat-
edness×Group interaction was only observed post-TMS, and
not pre-TMS, suggesting that the four-way interaction was
owed to TMS effects and not to differences in baseline

Fig. 2 Mean lexical decision latencies (milliseconds) for unrelated and
related pairs of the associative and categorical priming sets pre- and
post-TMS for the four subject groups (lateral TMS, medial TMS, no
TMS 1, no TMS 2). Categorical priming is observed across groups and
phases, while associative priming reaches significance across groups

only in the second phase. Crucially, the increase in associative priming
is significantly stronger after lateral cerebellar TMS; REL related pairs,
UNR unrelated pairs; *p<0.05; **p<0.01; ***p<0.005; *****p<
0.000005; NS: F<1 or p>0.07; see Table 7 for the rest of the effects
and interactions

Table 6 Effects and interactions for categorical and associative priming sizes in the first and second half of the session across groups

Analysis Conditions Effect, interaction F p

4-way ANOVA All Relatedness 9.80 <0.005

Priming Type×Phase×Relatedness 4.97 <0.05

3-way ANOVA Associative priming Relatedness NS (<1)

3-way ANOVA Phase×Relatedness 5.50 <0.05

3-way ANOVA Categorical priming Relatedness 11.54 <0.005

3-way ANOVA Phase×Relatedness NS >0.1

3-way ANOVA Pre-TMS Relatedness NS >0.1

3-way ANOVA Priming Type×Relatedness 7.02 <0.05

3-way ANOVA Post-TMS Relatedness 8.14 <0.01

3-way ANOVA Priming Type×Relatedness NS (<1)

2-way ANOVA Associative priming post-TMS Relatedness 4.89 <0.05

2-way ANOVA Associative priming pre-TMS Relatedness NS (<1)

Associative priming is observed selectively in the second phase of the session, while categorical priming is observed across phases; NS: F<1 or p>
0.07
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conditions. A series of two-way ANOVAs demonstrated that
lateral TMS selectively enhanced associative priming, since
only the lateral TMS group showed a selective increase in
associative priming. Indeed, the lateral TMS group showed
significantly larger associative priming post-TMS than the
medial TMS group, the no TMS group 1 and the no TMS
group 2. Comparisons of the other groups in pairs showed no
other significant difference in associative priming. Finally,
only the lateral TMS group showed significant associative
priming in the second phase, while the other groups showed
but non-significant trends.

A similar analysis on accuracy rates (Table 8) did not
replicate any such findings. Notably, however, the no TMS
group 2 showed significant associative priming in the sec-
ond phase (higher accuracy rates for related than for unre-
lated pairs) and so did the lateral TMS group for categorical
priming post-TMS. The latter finding thus demonstrated that
categorical priming was still preserved after lateral cerebel-
lar TMS. However, neither of these effects was selective.
Finally, the results above could only be captured as effects
of lateral TMS on the difference between unrelated and
related pairs of the associative priming set, and not selec-
tively on unrelated or related pairs of that set. Comparing
the latencies and the accuracy rates of the four groups per
condition showed no significant differences (for all p’s, p>
0.14; for all post hoc comparisons Tukey’s HSD: p>0.12).

Analysis of Thematic Roles

As described above, we also examined whether the increase
in associative priming size after lateral TMS pertained se-
lectively to one of the four different association types
employed for the construction of the associative priming
set (“Stimuli” and “Design and Statistical Analysis” sec-
tions). An analysis of latencies across conditions only dem-
onstrated the increase in associative priming sizes after
stimulation of the lateral cerebellar site. This increase was
not selective or stronger for one of the four subtypes (Ta-
ble 9). A similar analysis of accuracy rates across conditions
showed no effect of TMS on priming sizes.

Discussion

The results above demonstrate that lateral cerebellar TMS
selectively enhanced semantic associative noun-to-verb
priming. While an increase in associative priming sizes
was also observed across groups, those found for the lateral
cerebellar TMS group were significantly stronger. This pat-
tern could not be explained in terms of changes in the speed/
accuracy trade-off, as no selective effects were observed for
a similar analysis in accuracy rates. Moreover, categorical
priming was still significant in the post-TMS phase for the

Table 7 Effects and interactions for categorical and associative priming sizes for the four different groups in the first (pre-TMS) or second (post-
TMS) phase of the session

Analysis Conditions Effect, interaction F, t p

4-way ANOVA All Priming Type×Phase×Relatedness 4.97 <0.05

Priming Type×Phase×Relatedness×Group 5.25 <0.005

3-way ANOVAs Lateral TMS Priming Type×Phase×Relatedness 25.29 <0.0005

Medial TMS, no TMS 1, no TMS 2 Group Priming Type×Phase×Relatedness NS ≥0.9

Post-TMS Priming Type×Relatedness×Group 4.28 <0.05

Pre-TMS NS >0.2

Associative Priming Phase×Relatedness×Group 3.08 <0.05

Categorical Priming Phase×Relatedness×Group NS >0.08

2-way ANOVAs Associative Priming for Lateral TMS Phase×Relatedness 12.05 <0.01

Medial TMS, no TMS 1, no TMS 2 group Phase×Relatedness NS ≥0.07

Associative post-TMS Relatedness×Group 4.98 <0.005

Categorical Priming pre-TMS, Categorical
Priming post-TMS, Associative Priming pre-TMS

Relatedness×Group NS ≥0.08

Lateral vs Medial TMS post-TMS associative Relatedness×Group 18.67 <0.0005

Lateral vs no TMS 1 post-TMS associative Relatedness×Group 6.49 <0.05

Lateral vs no TMS 2 post-TMS associative Relatedness×Group 13.76 <0.005

Medial TMS vs TMS 1 vs TMS 2, post-TMS Relatedness×Group NS >0.25

t-test, 2-tailed Lateral TMS group Associative Priming post-TMS Relatedness 10.20 <0.000001

Medial TMS/no TMS 1/no TMS 2 group Associative
priming post-TMS

Relatedness NS >0.4

After lateral TMS, there is a selective increase in associative priming, much larger than that observed across the other three groups. Categorical
priming remained unchanged across groups in the second phase; NS: F<1 or p>0.07
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lateral TMS group in the form of accuracy rates. The fact
that the effect of lateral cerebellar TMS was selective for
semantic associative and not for semantic categorical prim-
ing is in line with the findings in Gebhart et al. [24], where
cerebellar patients showed spared performance in generating
appropriate subordinate terms for given superordinate ones
(e.g. stimulus: ‘fruit’; response: ‘apple’) but were able to
select the appropriate verb for a given noun from a list,
despite their deficits in verb generation.

The selective nature of this effect for TMS group, phase
and priming type demonstrates that this pattern cannot be
attributed to effects of cerebellar stimulation on reading or
processing the semantic properties of noun primes or verb
targets. Importantly, the fact that the priming enhancement
could not be attributed to selective accelerations on process-
ing related pairs or to decelerations on processing the unre-
lated pairs of the associative priming set would suggest that
cognitive disruptions are at least as plausible as cognitive
enhancements. In other words, the selective boost in asso-
ciative priming may not necessarily result from a cognitive
enhancement in processing semantic associates (e.g. ‘chef–
cooking’) but from disruptions in processing the semantics
of a non-associated event (e.g. cooking′) instead of an
associated one (e.g. shooting′) on the basis of predictions
generated upon processing the semantics of the prime word
(e.g. pistol′).

Moreover, the fact that associative priming was only
observed in the second phase of the experimental session
across groups might suggest that the large increase in asso-
ciative priming size for the lateral TMS group may also be
strategic in nature. Thus, instead of a direct enhancement of
non-attentional semantic associative priming, lateral cere-
bellar TMS might have arguably disrupted automatic access

to associative memory. In so doing, it might have prompted
heavier involvement of the strategic component, which may
arguably be at work here. In order to validate this interpre-
tation, tasks showing priming independently of phase
should be used instead. Indeed, in a recent cerebellar TMS
study [67], cerebellar stimulation resulted in selective facil-
itation of contralateral M1 excitability during procedural
learning. While the effects were manifested when motor
learning was obtained by actual execution of the task or by
observation, they disappeared if learning had already been
acquired by preceding observation. It would be thus tempt-
ing to examine whether the effects of lateral cerebellar TMS
observed here were more related with such procedural learn-
ing aspects rather than associative priming per se.

An important question would be whether the behavioural
disruptions induced are owed to an indirect effect on pre-
frontal cortical loci with which the cerebellum is connected
in a reciprocal long distance fashion (see “Introduction” for
references) or whether these changes are exclusively owed
to disruptions in cerebellar function. In support of the for-
mer, cerebellar TMS has indeed been shown to indirectly
modulate the excitability of the contralateral primary motor
cortex ([19, 31, 44]; also [45] for references and discussion).
A highly plausible mechanism may thus be the transient
depression of the excitability of Purkinje cells of the right
lateral cerebellar cortex, which may release from inhibition
the excitatory output of the ventral, ‘neodentate’ nucleus to
its contralateral (left, especially prefrontal, here) cerebro-
cortical output loci via dentatothalamic pathways. However,
as in other cerebellar TMS studies (e.g. [39]), the experi-
mental design here does not suffice to address these ques-
tions, and the addition of more conditions (e.g. prefrontal
cortical TMS sites) would be necessary to establish any

Table 8 Effects and interactions for accuracy rates in lexical decisions

Analysis Conditions Effect, interaction F, t p

t-tests, 2-tailed No TMS group 2 post-TMS associative Relatedness −2.61 <0.05

Lateral TMS group post-TMS categorical priming −3.19 <0.01

Rest of comparisons Relatedness NS >0.25

2-way ANOVA Post-TMS Relatedness×Group NS >0.25

No selective effect of TMS was observed. Importantly, though, the no TMS group 2 showed associative priming and the lateral TMS group showed
categorical priming in the second phase of the session; neither group showed such priming in lexical decision latencies

Table 9 Effects and interactions for lexical decision latencies on related and unrelated noun-verb pairs of the four different association types of the
associative priming set

Analysis Conditions Effect, interaction F p

4-way ANOVA (3, 42) All Phase×Relatedness×Group 3.29 <0.05

Association Type×Phase×Relatedness×Group NS (<1)

Lateral cerebellar TMS affected associative priming across the different association types
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dissociations. Characteristically, though, in the cerebellar
transcranial direct current stimulation study of Ferrucci et
al. [18], contrastive stimulation of the prefrontal cortex
induced an immediate change in task performance, while
sparing the practice-related proficiency changes in the work-
ing memory task used, which were selectively affected after
cerebellar stimulation. Observing such a pattern here would
further corroborate hypotheses on distinct contributions of
cerebellar computations to those of the ‘prefrontal’ cortico-
cerebellar circuit [54], as also studied in language process-
ing [1, 2]. It thus remains to be clarified whether these
associative computations are performed exclusively by the
cerebellum or whether they are performed in a broader
fashion by corticocerebellar circuits, with the cerebellum
being just one of conceivably more loci undertaking such
operations. A related question that should be addressed as
well would be whether the left prefrontal/parietal cerebro-
cortical outputs of the cerebellar areas of interest here are
inhibitory or excitatory. For instance, cerebellar projections
to the motor cortex terminate on both excitatory and inhib-
itory interneurons and cerebellar TMS results in changes to
both inhibitory and excitatory neurons in the contralateral
motor cortex (see [45] for references and discussion). An-
swering this question would be of fundamental significance
for explaining the directionality of the cerebellar TMS
effects observed. With respect to the present findings,
though, while the possibility of the disinhibition of prefron-
tal cortical outputs following cerebellar continuous TBS
cannot be excluded as the underlying neurofunctional ex-
planation of enhanced associative priming, cerebral lan-
guage pathology has yet to establish disruptions of
associative priming as outcomes of damage to a particular
cerebrocortical locus. For instance, patients with Alz-
heimer’s disease and semantic dementia show preserved
associative priming but impaired semantic categorical prim-
ing (e.g. [55]), while Broca’s or Wernicke’s aphasics also
show no evidence for disrupted lexical semantic or associa-
tive priming (e.g. [25]).

Another issue is the lack of any non-sensorimotor-related
effects after medial cerebellar TMS.While a previous study on
phrasal associative priming demonstrated selective enhance-
ments after right medial cerebellar TMS [2], there were no
changes in priming sizes observed here. A plausible explana-
tion would be that, while the previous study had investigated
phrasal associative priming between immediately co-occurring
nouns (e.g. ‘gift–horse’), the study here investigated semantic
associative priming between non-immediately co-occurring
nouns and verbs (e.g. ‘gift–accepting’). However, the medial
TMS group also failed to demonstrate categorical priming after
stimulation, and thus, a sensorimotor disruption should rather
be promoted as an explanation, in terms of a disruption in
perceiving the prime word. Vermal pathology is indeed strong-
ly associated with occulomotor deficits that may compromise

reading (see Argyropoulos [2, 4]) for references). In fact, the
study here used visual settings significantly different from
those in Argyropoulos [2]: Both prime and target words here
appeared in lowercase black letters at the centre of a white
screen, and participants were sat in a brightly lit room. On the
contrary, the visual settings of the Argyropoulos [2] study did
not impose such heavy perceptual demands: Prime words
appeared in lowercase, while target words appeared in upper-
case letters; stimuli appeared in green fonts against a black
background and were perceived in a dimly lit room; thus,
perceptual disruptions accompanying medial cerebellar TMS
might have been alleviated to a considerable extent. Hence, it
remains an open question whether medial cerebellar TMS in
contexts of lower perceptual demands would induce cognitive
effects in the same direction as those of lateral cerebellar TMS.
Admittedly, selecting this medial locus as a second (‘control’)
site was a methodological weakness of the experiment, since
there is evidence for the involvement of posterior superior
vermal compartments in both occulomotor and cognitive
aspects of linguistic task performance (see Argyropoulos [2,
4]) for references). In this study, then, reliable control condi-
tions were generated by the related or unrelated pairs of the
categorical priming set. A fortiori, given the evidence on the
participation of both cerebellar hemispheres in at least certain
aspects of cognitive/language processes (e.g. [46]; see [45] for
discussion and references), the availability of a larger subject
pool would also allow us to investigate whether stimulation of
left cerebellar cortical loci may result in qualitatively different
changes in performance or not.

Finally, compared with scalp landmark-based coordinates,
the fMRI-guided neuronavigation approach in positioning the
TMS coil is well-established to require much fewer subjects for
yielding significant effects, as well as to yield effect sizes
significantly stronger than those of scalp-based coordinates
[57]. Conceivably, then, adopting a more accurate coil posi-
tioning approach may have allowed to clarify whether the
increase in semantic associative priming after lateral cerebellar
stimulation is owed to faster lexical decisions on related pairs
or to slower lexical decisions on unrelated pairs of the semantic
associative priming stimulus set. A fortiori, between-subjects
designs, which are necessary for avoiding learning effects
unavoidably occurring between sessions (e.g. [65]), involve
smaller statistical power than within-subjects designs. Above
all, though, the change in priming sizes observed here selec-
tively after lateral cerebellar TMS for the associative priming
type corroborates the idea promoted elsewhere [1, 3] that the
neocerebellum is involved in linguistic associative processes.

Conclusion

The present study assessed semantic categorical and seman-
tic associative noun-to-verb priming before and after TMS
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of different cerebellar compartments and before and after no
TMS at all. Stimulation of a lateral right cerebellar site was
shown to selectively enhance semantic associative priming
to a significantly larger extent than that observed in all the
other groups, while semantic categorical priming was main-
tained. The present study thus provided some first TMS
evidence for the selective involvement of neocerebellar loci
in semantic associative computations. While further work is
required to clarify the exact nature of the TMS effect ob-
served, the results yielded corroborate the findings on the
involvement of neocerebellar associative computations in
language processing.
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