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Abstract!

According to the embodied cognition perspective, linguistic negation may block the motor
simulations induced by language processing. Transcranial magnetic stimulation (TMS) was
applied to the left primary motor cortex (hand area) of monolingual Italian and German
healthy participants during a rapid serial visual presentation of sentences from their own
language. In these languages, the negative particle is located at the beginning and at the end of
the sentence, respectively. The study investigated whether the interruption of the motor
simulation processes, accounted for by reduced motor evoked potentials (MEPs), takes place
similarly in two languages differing on the position of the negative marker. Different levels of
sentence concreteness were also manipulated to investigate if negation exerts generalized
effects or if it is affected by the semantic features of the sentence. Our findings indicate that
negation acts as a block on motor representations, but independently from the language and

words concreteness level.
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1. Introduction

All human languages can express sentential negation through many different means
that range from morphology to syntax (Dahl, 1979; De Clercq, 2020). In particular, languages
that developed syntactic negation tend to differ in terms of word order, i.¢., the position of the
negative particle with respect to the main verb (Bernini and Ramat, 1996). For example,
Italian has a Negation-Verb structure (e.g., “lo non ascolto”; which in English is “I don’t
hear”’), while German has a Verb-Negation structure (e.g., “Ich hore nich?”, semantically
equivalent to the Italian example). While in Negation-Verb languages negation already
introduces a representational block before the actual verbal semantics arises, the opposite
happens in Verb-Negation ones, where there is a late block on semantic representations. Even
if negation always contains its affirmative counterpart and shares with it its semantic content
(Christensen, 2009; Greene, 1970; Kurrik, 1979), it is still under debate whether different
syntactic means of negation can lead to different semantic understandings of negative
sentences (Moro, 2008).

The study of negation from a psychological point of view is only of recent
development. Much space has been given to its acquisition in development (Bellugi, 1967,
Bloom, 1970; McNeill and McNeill, 1968; Nordmeyer and Frank, 2013; see also Dimroth,
2010), and its specific difficulty of comprehension with respect to affirmative structures
(Fodor and Garrett, 1967; Gough, 1965; Haker et al., 2013; MacDonald and Just, 1989;
Margolin and Abrams, 2009; Wason, 1959; Wason and Jones, 1963). However, none of these
studies succeeded in tracing both a cognitive mapping of negation and a semantic
understanding of how sentence polarity acts on language-derived representations. Some
studies deepening these specific aspects of negation processing were provided only recently,
in the context of Embodied Cognition (Alemanno et al., 2012; Bartoli et al., 2013; Beltran et

al., 2019, 2018; de Vega et al., 2016; Kaup et al., 2007b, 2006, 2005; Liuzza et al., 2011;



Lidtke et al., 2008; Meteyard et al., 2012; Pritchett et al., 2018). According to this view,
sentence comprehension is directly related to neural representations that are coherent with the
action depicted by the main verb (Fischer and Zwaan, 2008). Hence, sentence comprehension
is understood in terms of action simulations (Barsalou, 1999; Gallese, 2008; Glenberg and
Gallese, 2012; Meteyard et al., 2012; Pezzulo et al., 2013; Taylor and Zwaan, 2008; Zwaan,
2016), even if a complete corroboration for simulations in the comprehension of abstract
sentences is still weak (Dove, 2010; Riischemeyer et al., 2007; Tettamanti et al., 2005;
Tomasino and Rumiati, 2013). One line of evidence suggests that the sensorimotor system
responds differently to concrete and abstract linguistic expressions both at the one-word and
at the multi-word (phrase or even sentence) levels (Borghi et al., 2019, 2018, 2017; Jirak et
al., 2010; Sakreida et al., 2013; Vukovic et al., 2017). Differences also emerge when
combining verbs and nouns with different concreteness features, for example, a concrete verb
with an abstract noun. Specifically, Scorolli et al. (2011) showed that sentences containing a
concrete noun were easier to imagine than those containing an abstract noun, both when the
verb preceding the noun was abstract or concrete. For what concerns negation, negative
sentences have been proposed to be understood in two distinct but continuous phases: negated
contents are firstly processed exactly as their affirmative counterparts, while the actual state
of affairs arises only subsequently (i.e., the two-step model hypothesis; Kaup et al., 2007a;
2007b). However, it remains debated when these two steps occur (Liuzza et al., 2011), as well
as the role of the motor cortex in sentence comprehension is unclear (Gallese and Lakoff,
2005; Paternoster, 2010; Willems and Francken, 2012). One line of evidence that bridges
together concreteness and negation effects also suggests that the inhibitory effect found in
negative sentences is specific only to concrete semantics (Liuzza et al., 2011). A recent multi-
variate pattern analysis (MVPA) study investigated sentence polarity with respect to both
concrete and abstract semantics (Ghio et al., 2018). The study identifies several brain regions

common to processing affirmative abstract and concrete sentences when compared to negative
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sentences (e.g., the left anterior and middle cingulate cortex or the precuneus). It also
highlights the role of distributed representational semantic networks subserving syntactic and
cognitive control systems in processing negative sentences (see also Beltran et al., 2019).
However, no direct evidence for inhibitory processes in the motor cortex and their
relationship to content-specific features was provided, as well as no direct comparisons across
semantic categories were performed.

A more detailed understanding of negation as a cognitive mechanism was achieved in
neurophysiological experiments, where differences in polarity are the focus of investigation.
Tettamanti et al. (2008) showed that processing negative action-related sentences leads to a
reduction of the hemodynamic response in the frontoparietal network of the left hemisphere,
often thought to be involved in action-related simulation processes (Jeannerod, 2001; Papitto
et al., 2020; Pobric and Hamilton, 2006; Tettamanti et al., 2005). Such a decrease seems to be
directly linked to an inhibitory process that acts on motor representations. Furthermore,
Liuzza et al. (2011), in a paired-pulse transcranial magnetic stimulation (pp-TMS)
experiment, found a significant modulation of motor evoked potentials (MEPs) when
participants processed negative action-related sentences. However, their results do not fit in
the above-described two-step model hypothesis, since this modulation occurred at an early
timing, i.e., already 500 ms after sentence onset. Polarity effects were also studied through
electromyography (EMG) and electroencephalography (EEG). These methodologies led to the
observation that reading negative action-related relevant sentences produces a fast inhibition
of the muscle congruent to the action described (Foroni and Semin, 2013) and a reduction of
mu event-related desynchronization (ERD) over the motor areas (Alemanno et al., 2012). To
note, these studies neither took a typological perspective nor gave a clear explanation of the
time window in which negation acts. One of the studies leading to the definition of negation
processing (i.e., Liidtke et al., 2008) has been conducted on German, and the stimulus

material consisted of sentences with constituent and not sentential negation (Jackendoff,



1969; Sandu, 1994). In short, constituent negation focuses its scope only on a specific element
of the sentence (e.g., “Not even two years ago you could enter without paying”), while
sentential negation affects the semantics of the overall sentence (e.g., “Not even two years ago
could you enter without paying”; see also Haegeman, 1995). Constituent negation has been
adopted experimentally also by Kaup et al. (2005), in which the negated element is a
preposition of spatial relationship. In this study, the particle “not”, having the function of a
negative focus marker (and not of a negative polarity marker), does not deny, but it expresses
a contrast and traces the path for the introduction of correct information, not acting on the
tensed sentence (De Clercq, 2013; Horn, 1989). This is not the case of subsequent studies
(e.g., Liuzza et al., 2011), where, instead, negation has its scope on the whole sentence and
not on just one of its constituents. Furthermore, this difference does not pertain exclusively to
the domains of semantics and context (Liuzza et al., 2011; Willems and Casasanto, 2011) but
it also leads to strong differences in terms of syntactic structures applied (De Clercq, 2013;
Horn, 1989).

The present study aims to improve knowledge on the representation of negation by
addressing three main issues that have been previously overlooked: (I) typological differences
in the position of the negative particle within the sentence; (II) accurate timing of inhibitory
processes; and (I1I) interaction of negation with different sentence semantics. Concerning (1),
we addressed for the first time—adopting a cross-linguistic perspective—what are the
cognitive differences in processing Negation-Verb and Verb-Negation sentences, adopting
languages that employ one of the two possible structures. With respect to (II), it is still unclear
at what stage the motor cortex processes sentential negation. Is the inhibitory effect manifest
already after the negative particle is presented? We addressed this point by employing
sentences where negation had a sentential scope and by looking at its inhibitory activity
within a specific time window. With regards to (II1), we investigated whether only motor-

related sentences are affected by the inhibitory activity of negation or whether this effect can
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be generalized to abstract sentences as well. To focus on this issue, we employed sentences
that range from fully abstract to fully concrete: i.e., they could feature an abstract verb and an
abstract noun (AA), an abstract verb and a concrete noun (AC), or a concrete verb and a
concrete noun (CC).

We designed a single-pulse transcranial magnetic stimulation (TMS) experiment in
which monolingual Italian (i.e., Negation-Verb language) and German (i.e., Verb-Negation
language) participants had their left primary motor cortex (M1) stimulated, while they were
reading sentences. Specifically, sentences were affirmative or negative at the adverb
(sentential negation) and with concrete, abstract or mixed semantics that varied according to
the level of concreteness associated with the verb and the noun (i.e., AA, AC, CC, as
previously specified). The TMS occurred once for each sentence, 250 ms after either the onset
of the verb, the noun, or the adverb (i.e., phrases).

We tested the Embodied Cognition theory for its ability to explain not only cross-
cultural but also cross-linguistic phenomena (Sinha and Lopez, 2001). Here we are
specifically concerned with defining the timing in which negation is processed by the
sensorimotor system. We hypothesized a reduction in the MEP signal, for both Italian and
German sentences, driven by the negative markers that occurred at different sentence-specific
timings (depending on the position of the adverb in each language) but at a common and
word-specific timing (i.e., 250 ms after adverb presentation). This would be in line with
evidence supporting that (I) semantic processing is automatically initiated immediately after
the presentation of a lexical input (see also Hauk, Shtyrov, & Pulvermiiller, 2008; Hinojosa,
Martin-Loeches, Mufioz, Casado, & Pozo, 2004) and that (II) motor-related processes of
discrimination between various semantic types (e.g., meaningful vs. meaningless, as well as
motor vs. abstract lexical items) take place around 250 ms after stimulus onset (De Marco et
al., 2018; Kellenbach et al., 2002; Pulvermiiller et al., 2001; Scorolli et al., 2012). Moreover,

we hypothesized that MEPs related to the processing of concrete sentences should be higher
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than those related to abstract sentences (see also Innocenti, De Stefani, Sestito, & Gentilucci,
2014; Scorolli et al., 2012). In particular, on the one hand, we expected MEPs to increase at
noun position as more concrete information is introduced, thus reflecting access to more
imaginable semantic features (Scorolli et al., 2011). On the other hand, at verb position, the
only observable difference we expected was the one between abstract and concrete verbs,
since at verb position it is not possible for participants to discriminate fully concrete sentences
from sentences with mixed semantics. As such, we delivered TMS stimulations to the
different phrases separately both to check for the inhibitory activity of negation at the adverb
position, and to measure interactions of verbs and nouns with levels of concreteness (e.g.,

nouns of AA sentences vs. nouns of CC sentences).

2. Results

There were no significant main effects of polarity (affirmative, negative), concreteness
(AA, AC, CC), and phrase (verb, noun, adverb; Fs; < 1.158, ps > .32, np? <.032; Fs, <
1.421, ps > .25, np* < .066). The main effect of language (Italian, German) was significant
only in the item analysis (F(1,36) = 1.352, p = .252, np?> = .036; F>(1,20) = 314.515, p < .001,
np’ = .940).

Coherently with our hypothesis concerning a difference between affirmative and
negative adverb processing, a polarity by phrase interaction resulted significant (F;(2, 72) =
4.188, p =.019, np? = .104; F»(2, 40) = 3.755, p = .032, np? = .158). Post-hoc paired sample ¢-
tests revealed that MEP amplitudes at the adverb position were reduced for negative sentences
(mean; =2.93 £ SD .32; mean> = 2.92 + SD .04) with respect to affirmative ones (mean; =
2.95+ SD .34, 1:,(37) =2.618, p = .020; mean> =2.94 £ SD .06, £2(21) = 2.595, p = .026; see
Figure 1). All other comparisons did not reveal significant effects, i.e. when comparing verbs

in negative sentences (mean; = 2.94 £ SD .34; mean> =2.94 = SD .07) to verbs in affirmative



sentences (mean; = 2.94 £ SD .34, ¢;(37) =-.764, p = .675; mean> =2.93 = SD .07, t2(21) = -
702, p = .737), and nouns in negative sentences (mean; = 2.93 £ SD .34; mean, =2.93 + SD
.06) to nouns in affirmative sentences (mean; =2.93 = SD .36, ;(37) = -.733, p = .702; mean:

=2.92 + 8D .06, £2(21) = -1.483, p = .230).
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Figure 1. MEP amplitudes relative to phrase processing for both affirmative and negative sentences.
MEP amplitudes at Adverb in negative sentences show a significant decrease when compared to affirmative

polarity sentences. Vertical bars indicate standard error means.

Concerning our expectations on a differential recruitment of the motor cortex in the
concreteness spectrum, we found: (I) an interaction between polarity and concreteness for
both participant and item analyses (F1(2,72) = 5.371, p = .007, np* = .130; F2(2, 40) = 7.001,
p =.002, np? = .259), and (II) a concreteness by phrase interaction, which resulted significant
only in the participant analysis (F;(4,144) = 2.499, p = .045, np? = .065; F(2, 40) =2.294, p =
066, np? = .103).

Regarding the polarity by concreteness interaction, nine post-hoc paired sample z-tests
were performed: (I) affirmative AC vs. affirmative AA; (II) affirmative CC vs. affirmative
AC; (IIT) affirmative CC vs. affirmative AA; (IV) negative AC vs. negative AA; (V) negative
CC vs. negative AC; (VI) negative CC vs. negative AA; (VII) affirmative AA vs. negative

AA; (VII) affirmative AC vs. negative AC; and (IX) affirmative CC vs. negative CC. MEPs



of AA affirmative sentences (mean; =2.92 £ SD .35; mean> =2.92 + SD .06) were reduced in
amplitude with respect to those of affirmative CC sentences (mean; = 2.95 £ SD .35, #/(37) =
2.944, p = .027; mean2> =2.95 £ SD .06, #2(21) = 3.115, p = .027; see Figure 2). Three further
comparisons were significant but did not survive correction for multiple comparisons (see
data analysis): (I) MEPs of AA affirmative sentences resulted smaller when compared to
those of AC affirmative sentences (mean; = 2.94 = SD .34; ;(37) = 2.405, p = .095; mean> =
2.93 £8SD .07, £2(21) =2.175, p = .185); (II) MEPs of affirmative AA sentences were smaller
than those of negative AA sentences (mean; = 2.94 + SD .34; 1;(37) = -2.043, p = .432; mean:
=294+ SD .05, t2(21) = -3.057, p = .054); and (III) MEPs of affirmative CC sentences were
higher than those of negative CC sentences (mean; =2.93 + SD .33; ¢,(37) =2.032, p = .442;

mean>=2.92 + SD .05, 2(21) = 2.504, p = .19).
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Figure 2. MEP amplitudes of all concreteness levels for both affirmative and negative sentences. MEP

amplitudes are reduced for affirmative abstract-abstract (AA) sentences with respect to affirmative concrete-

concrete (CC) sentences. Vertical bars indicate standard error means.

Concerning the concreteness by phrase interaction, six post-hoc t-tests were
conducted: (I) AC verb vs. AA verb; (II) CC verb vs. AC verb; (IIT) CC verb vs. AA verb;
(IV) AC noun vs. AA noun; (V) CC noun vs. AC noun; and (VI) CC noun vs. AA noun.

However, these tests did not reveal any effect that survived multiple comparisons correction.
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Furthermore, we found a language by phrase interaction, significant only for items as
sources of variance (F;(2,72) = 2.178, p = .121, np? = .057; F2(2,40) = 3.760, p = .032, np*> =
.158). Three post-hoc #-tests were performed: (I) German verb vs. Italian verb; (II) German
noun vs. Italian noun; and (IIT) German adverb vs. Italian adverb. All three comparisons
revealed significant effects: (I) MEPs related to German verbs (meanz = 2.99 + SD .02) were
higher than those related to Italian verbs (mean> =2.87 + SD .02; £2(10) = 19.44, p < .001);
(IT) the same effect was found comparing nouns in German (mean: = 2.98 £ SD .02) and in
Italian (mean> = 2.87 = SD .03; £2(10) = 9.05, p <.001); (III) and it held also for adverbs, in
German (mean> =2.97 = SD .03) and in Italian (mean> = 2.89 = SD .03; £2(10) = 5.61, p <
.001).

No further interactions in both analyses resulted significant (Fs; <2.178, ps > .121,

np? < .058; Fsa < 2.467, ps > .132, np® < .110).

3. Discussion

In this study, we shed some light on negation and its early inhibitory effects, and
provided further evidence for distinguishing abstract and concrete semantic features. By
comparing MEPs related to processing affirmative and negative adverbs, our results suggest
that the negative marker is able to inhibit the motor cortex, independently from the language
under analysis. This effect occurs both when the negative marker is in a post-verbal position
(e.g., “Ich schéle die Orange nicht”; which in English is “I do not peel the orange™) or in a
pre-verbal position (e.g., “lo non sbuccio I’arancia”, semantically equivalent to the German
example). We were able to isolate the effects of motor representations thanks to a rapid serial
visual presentation (RSVP) method and different TMS triggering times. When a TMS
stimulation occurred at the adverbial position, it was 250 ms after the onset of the negative or

temporal adverb. In addition, the effect appeared not to be specific for concrete or abstract
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sentences. Our results point towards a more specific understanding of when negation inhibits
the motor cortex. In Liuzza et al. (2011), stimulus sentences were presented without any
separation between words, and a TMS stimulation was delivered randomly between 500 and
750 ms after the onset of the stimulus sentence. Given that fixation times on single words are
around 300 ms (Sereno et al., 1998), TMS stimulations were delivered already when
participants were involved in the lexical access of the verb. As a final remark, in Liuzza et al.
(2011), MEP amplitudes related to negative Italian sentences are higher than affirmative
polarity ones; thus, the effect is the opposite of what we observed. We believe that this
difference can be mostly attributed to the different TMS protocols applied (see, for example,
Oliveri et al., 2004). Our results also differ from those observed in a further TMS experiment
on negation processing (Papeo et al., 2016). Here the authors investigated MEPs differences
between affirmative and negative two-word sentences in Italian, but they were unable to
detect any difference at adverb position. As a main explanation for such a discrepancy, we
noted that Papeo et al. (2016) visually presented the adverb only for 250 ms and delivered the
TMS stimulation 200 ms after its onset. Thus, such a stimulation time might be too early even
for eliciting immediate semantic effects (Martin-Loeches et al., 2004).

Moreover, our results provide some evidence that could limit the scope of the two-step
simulation hypothesis in the context of sentential negation. The observed effect of negation
occurred independently from the language used and immediately after the adverb, being this
before or after the verb. Hence, results provide some indication that negation acts locally
since its inhibitory activity did not show any influence on other sentential phrases. According
to the two-step simulation hypothesis, instead, we would have expected an effect of negation
exclusively for German, where a first affirmative step could be thought as occurring before
the adverb, and the second negative step occurring only at the end of the sentence, when the
adverb semantics was taken into account. However, since we found an effect of negation also

involving Italian, we can assume that at least in this language, the two simulations did not
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occur at the time of the TMS pulse, since the adverb was presented before the verb, that is,
before anything could be simulated. It might also be argued that more phases are involved in
processing negative sentences and what was observed in our study would only be a sub-step
of a larger two-step process. Early effects (e.g., in Liuzza et al., 2011) could be dealing with
negative markers as independent units, while late effects (e.g., in Liidtke et al., 2008) might
reflect processes of reanalysis where the marker is applied to the whole sentence. The absence
of both the interactions language by polarity by phrase, and language by polarity by
concreteness might indeed suggest that negation at this stage is not integrated into the overall
sentence semantics, but it is processed as an independent element whose effects on other
phrases and their concreteness level is observable only at later stages. This is a hypothesis that
requires further testing and a different experimental protocol from the one used in this
context. However, limiting the comparability of the two effects, many of the studies in
support of the two-step simulation hypothesis employed “alternatives” (Cooper and Ginzburg,
2012). For example, in Kaup et al. (2005), participants were provided with sentences of the
type “The X is (not) above/below the Y’ and two images, one below the other. The task was
to read a sentence and check if its content was true or not. This task is to be considered more
complex not only because involving additional visual material—as stated by Bartoli et al.
(2013)—but also for two further reasons. Comprehending a sentence like “The chicken is not
above the egg”, given the image of a chicken above an egg, could require two separate
processes, exemplified as: (I) “No, the chicken is not below the egg”; (II) “The opposite is
true: the chicken is above the egg”. Hence, difficulty (reflected in longer reaction times; RTs)
could be due to a corrective process and not to negation processing. A similar process might
be required also when the negated sentence is true, that is when the same sentence is given but
with the image of a chicken below the egg. Here the two processes would be: (I) “The egg is
above the chicken”; (II) “Then it must be true that the chicken is not above the egg”. Hence,

participants focus not on the negative particle but on the spatial relationship of the items and
13



its interaction with negation. Analogous negative constructions were used in other
experiments investigating the same issue, which coherently led to an identification of
response inhibition mechanisms (e.g., Clark and Chase, 1972; MacDonald and Just, 1989;
Orenes et al., 2014). Similar inhibitory mechanisms were also attested in event-related
potentials (ERP) studies when using negation processing in Stop-Signal (e.g., Beltran et al.,
2018) and Go/NoGo paradigms (e.g., de Vega et al., 2016). Furthermore, given the presence
of two alternatives above/below, it might be argued that the negative marker “not” here does
not stand for sentential negation. Indeed, we suggest that this kind of negative sentence
represents a case of constituent negation. Since marked features of language tend to be more
difficult to process than non-marked ones (Just and Carpenter, 1971), Kaup, Yaxley et al.
(2007) observations could reflect this complexity. Conversely, in our experimental design we
employed sentences where no direct alternatives were provided to the participants, thus
looking directly at negation as the only process taking place. In sum, our results are not final
evidence for dismissing the two-step simulation hypothesis but they question: (I) the presence
of only two simulation steps, the negative one occurring exclusively after the affirmative one;
and (IT) the adequacy of the stimuli used for supporting this hypothesis.

The second aim of the study was to test whether the sensorimotor system reacts
differently to different concreteness levels. Our stimulus material was composed of Abstract —
Abstract, Abstract — Concrete, and Concrete — Concrete sentences (where the first element
always refers to the verb and the second one to the noun). As expected, AA sentences showed
reduced MEP amplitudes when compared to CC sentences, at the sentence level, but only for
affirmative sentences. This confirms previous accounts and results showing a greater
involvement of the sensorimotor system for concrete words, phrases, and sentences (Jirak et
al., 2010; Klepp et al., 2019; Pérez-Gay Juarez et al., 2019; Vukovic et al., 2017). It is
believed that abstract words elicit representations composed of linguistic and social

information as well as emotional features, in direct contrast with words eliciting concrete
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representations (Borghi and Cimatti, 2009; Jirak et al., 2010). In order to account for an
embodiment of abstract concepts as well, recent proposals suggest that abstract concepts are
also processed similarly by the sensorimotor system (Borghi et al., 2019). However, rather
than engaging the hand area of the primary motor cortex, abstract words might lead to the
involvement of mouth-related areas (Borghi et al., 2011). This would account for the fact that
abstract words are acquired mainly verbally through language use and social interactions
(Borghi et al., 2011; Scorolli et al., 2012). Accordingly, by stimulating the hand area of the
motor cortex, we found the area to be responsive to CC and not AA sentences. However, we
were not able to replicate a similar result when comparing affirmative AA and AC sentences,
which is abstract sentences involving concrete nouns. Given that words should be able to
elicit sensorimotor representations specific to their category, we hypothesized that concrete
nouns, even if in an abstract context, would elicit motor representations stronger than those of
AA sentences and weaker than those of CC ones. Contrasting AA and AC sentences, an effect
was observed, but it did not survive correction. It is possible that further studies directly
investigating the issue might still be able to detect a difference across these levels of the
concreteness continuum, but no further claims can be made in this context. Similarly, our data
on the concreteness by phrase interaction are not strong enough to trace any reliable
conclusion on the issue (Colquhoun, 2014). Furthermore, the distinction between AA and CC
was only attested when the sentence was affirmative. No significant effects were found in the
negative context. Such discrimination cannot be explained at this stage: either polarity does
not interact with concreteness levels, as previously shown, or it does, as this distinction in the
concreteness effect seems to suggest. Again, it is worth thinking that studies only looking at
this specific distinction will lead us to a better understanding of the relationship between
concreteness and polarity. Additionally, no reliable effect was observed when comparing
affirmative and negative sentences across concreteness levels. This might be due to different

factors. To give one speculative example, since the effect of negation is time-locked to the
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adverb, it is possible that MEPs related to noun and adverb processing are averaging out its
inhibitory activity. This would have been cleared out by a polarity by concreteness by phrase
interaction, which possibly we did not have enough power to capture. Finally, it is possible
that employing a different TMS protocol could result more effective in observing small
differences in the concreteness spectrum, as shown in investigating noun and verb retrieval
with a pp-TMS stimulation protocol and a long interstimulus interval (ISI; Oliveri et al.,
2004).

One final point to discuss concerns the discrepancy between the analysis performed
with participants or items as sources of variance. For the latter, we found that independently
from the phrase under analysis, MEPs related to German items were significantly greater than
those of Italian items pertaining to the same syntactic class. Since we were not expecting this
result, what we provide here is limited to post-hoc interpretations of the data. One reason that
could lead to such a language-driven difference between items is that of the order in which the
words were presented. Given the stimuli of the current experiment, German could be said to
have its focus on semantic aspects of the sentence, being the Verb-Noun relationship the one
that is first presented. Conversely, Italian has its focus on syntactic features of the sentence,
being polarity, the first feature being processed, at the adverbial position. This difference of
focus could lead to differences in the motor system’s involvement in language comprehension
(for a similar discussion on word-order differences, see Scorolli et al., 2011). However, the
results here observed can also be linked to the possible confound for which the two groups

involved in the task were entirely different (e.g., acting in different linguistic contexts).

3.1 Limitations
Additional considerations and limitations of this study should be discussed, especially
concerning the experimental design and how it could be improved to further investigate

negation processing in the brain. One important advancement would be to directly test
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whether interfering with the motor cortex would cause any observable effect in
comprehending negative sentences. Our study did not include behavioral measures because of
limits imposed by comparing the languages. Therefore, our results do not allow us to
discriminate between two possible interpretations of the motor cortex’s role in negative
sentence processing. Indeed, further work is required to define if the concept of negation is
represented in the brain as motor inhibition (strong interpretation), or if motor inhibition is
only an epiphenomenon to negation processing (weak interpretation; see also Ghio &
Tettamanti, 2016).

Concerning the concreteness-related effect, we were not able to further discriminate
AC sentences from either AA or CC ones. This could also be related to shortcomings in the
experimental design. As a matter of fact, our paradigm might not be sensitive enough to
capture such distinctions in the concreteness continuum. It is possible that only focusing
exclusively on this aspect—Ileaving other experimental manipulations out of the frame—we
could learn more about how the brain shapes the boundary between sentences with both
abstract and concrete elements and sentences involving only one of the two extremes of the

continuum.

4. Conclusion

Our study indicates that the negative adverb blocks sensorimotor representations
irrespectively from the language under analysis and at a specific time-point after negation.
This effect is local and it occurs already 250 ms after the onset of the negative marker.
Furthermore, sentences differing in levels of concreteness recruit the motor cortex differently.
Affirmative CC sentences show greater MEP amplitudes when compared to fully abstract
sentences, in line with previous literature on the topic. Concerning negation, our results do not

support the general view of the two-step simulation hypothesis. Instead, results suggest that
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negation—as soon as a lexical item introduces it in the sentential and semantic context—
inhibits phrase-specific motor representations. In the context of Embodied Cognition, this
entails that, to some degree, negation is processed by the sensorimotor system. The extent to
which this motor contribution is crucial for negation processing as a whole is still a matter of
debate. Following the evidence we provide, future research should focus on: (I) characterizing
negative semantic representations in the brain, using sentences with sentential negation and
including detailed behavioral measures; and (II) defining how the brain sets boundaries within
the concreteness continuum and how these boundaries shape semantic processing. Addressing
these two aspects separately would enhance—at a later stage—our understanding of how

syntax and semantics can establish meaningful relationships of structure and content.

5. Experimental procedure

5.1 Participants

The study was approved by the ethics committee of the Medical Faculty of the RWTH
Aachen University (EK 280/17). Prior to the experiment, we obtained written informed
consent from 42 participants who were provided with detailed explanations about the
procedure, contraindications, and risks (Rossi et al., 2009; Wassermann, 1998). We chose the
number of participants taking into consideration previous TMS studies with between-
participant designs (Buccino et al., 2005; Puglisi et al., 2018; Stupacher et al., 2013). Four
participants were excluded from the analysis: two for technical problems with the
neuronavigation system, two for difficulties in recording reliable MEPs. Of the remaining 38
participants, 19 of them were Italian native speakers (14 female, age range 2034 years, mean
age 23.1 &+ 3.5 years), and 19 were German native speakers (12 female, age range 18-37
years, mean age 25 + 4.4 years). Both Italian and German participants were recruited through

flyers and outreach to RWTH Aachen University. They had neither neurological nor
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psychiatric diseases nor contraindications related to the single-pulse TMS procedure.
Moreover, they were all right-handed, according to the Edinburgh Handedness Inventory

(Oldfield, 1971), and had normal or corrected-to-normal visual acuity.

5.2 Materials

The stimulus material consisted of sentences, differing in terms of polarity and
concreteness. For each language (German and Italian), 78 verbs were combined with 78 nouns
to build 117 affirmative and 117 negative sentences. Sentences were split into three semantic
groups, each one composed of 78 sentences (39 affirmatives, 39 negatives), to form a
concreteness continuum: (I) Concrete verb — Concrete noun (CC), (IT) Abstract verb —
Concrete noun (AC), (IIT) Abstract verb — Abstract noun (AA; for a complete list of the
stimuli, see Table S1 available at https://osf.io/gtjxp/). Of these, 18 affirmative and 18
negative sentences were selected to be used in the training session only. Examples of negative
sentences were: (I) “Io non sventolo la bandiera” and “Ich schwinge die Fahne nicht” (CC; in
English “I don’t wave the flag”); (II) “Io non trovo la bandiera” and “Ich finde die Fahne
nicht” (AC; in English “I don’t find the flag™); and (III) “Io non trovo la soluzione” and “Ich
finde die Losung nicht” (AA; in English “I don’t find the solution”). The same nouns were
used in CC and AC sentences, as well as the same verbs in AC and AA sentences. Italian and
German sentences were matched for semantic and lexical content. In CC sentences, all verbs
depicted exclusively object-directed, hand-related actions, usually performed only with the
dominant hand.

All verbs and nouns were extracted from the online resource of WaCky — The Web-
As-Corpus Kool Yinitiative (Baroni, Bernardini, Ferraresi, & Zanchetta, 2009; available at
https://wacky.sslmit.unibo.it/doku.php?id=corpora). This family of corpora contains an Italian
corpus (itWac) and a German one (deWac), respectively of 1,278,177,539 and 1,585,620,279

tokens (October 2017). WaCky corpora were used not to introduce biases across languages
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related to different computational methodologies (Ferraresi et al., 2008). Both itWac and
deWac are built applying the same web crawling procedures. To avoid any possible difference
between CC, AC and AA sentences, we controlled for frequency and length of verbs and
nouns between conditions. Furthermore, to avoid any kind of discrepancy between affirmative
and negative sentences, in the affirmative ones, a temporal adverb was placed in the same
position as the negative adverb (Papeo et al., 2016). For example, “lo ora sventolo la
bandiera” and “Ich schwinge die Fahne jezz¢t” (in English, “I wave the flag now”).

Univariate Analyses of Variance (ANOVA) were performed separately for verbs and
nouns with word frequency (expressed in occurrences per million) and word length
(expressed in number of letters) as dependent variables. Thus, four analyses were performed;
all with language (Italian vs. German) and concreteness (abstract vs. concrete) as independent
variables. The main effect of /anguage was non-significant for noun length (#(1,128) = 1.410,
p =.24) as well as for verb length (F(1,128) = 1.103, p = .30). The main effect of concreteness
was also not significant neither for nouns (#(1,128) = 1.193, p = .28) nor for verbs (F(1,128)
=3.187, p = .08), as well as it was not significant the interaction between language and
concreteness for noun length (F(1,128) =.002, p =.96) and verb length (F#(1,128)=1.103, p
=.30). Similar results were obtained with regards to frequency. We found no significant main
effect of language in both nouns (F(1,128) =.037, p = .85) and verbs (F(1,128)=.170, p =
.68). Also concreteness resulted not significant for nouns (F(1,128) =.894, p = .35) and verbs
(F(1,128) =.195, p = .66). Again, the interaction of the two variables did not show any
significance for both nouns (F(1,128) =.073, p =.79) and verbs (F(1,128) =.059, p = .81; see
Table 1 for the means). Finally, we checked whether AA, AC and CC sentences differed for
both overall length and frequency measures. We ran two additional ANOV As on frequency
and length for nouns and verbs, with concreteness as independent variable. We observed no
main effect of concreteness for both sentence length (F(2,195) =2.064, p = .130) and

frequency (F(2,195) =.350, p = .705).
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Table 1

Frequency Length
Noun Verb Noun Verb

Italian
Abstract 43.41448.35  65.32+67.54 10.55+1.67 6.85+1.67
Concrete 30.76£59.24  53.98+119.95 10.18+1.47 6.64+1.48
Abstract and 37.08+54.03  59.65+96.75 10.36£1.66 6.74+1.56
concrete

German
Abstract 42.594+58.39  54.47+61.79 10.9+1.98 7.46+1.7
Concrete 35.574£70.88  51.16£116.21 10.58+1.74 6.64+1.78
Abstract and 39.08+64.53  52.82+92.37 10.74+1.98 7.05+1.78
concrete

Italian and German

Abstract 42.99453.19  59.90+64.46 10.72+1.91 7.15£1.69
Concrete 33.16+64.86 52.57£117.19 10.38+1.74 6.36+1.62

Table 1. Mean values + standard deviations for stimulus material. Means are reported for

[talian and German nouns (abstract and concrete) and verbs (abstract and concrete) for both length

(numbers of letters) and frequency (occurrences per million).

5.3 Design and procedure

High-resolution three-dimensional T1-weighted images were first acquired on a 3

Tesla Siemens Prisma Magnetic Resonance Imaging (MRI) scanner (Erlangen, Germany). In

the experimental session, muscle hot-spot was identified through neuronavigation with a

frameless stereotactic system (LOCALITE Biomedical Visualization Systems GmbH, Sankt

Augustin, Germany). Magnetic stimulations were delivered through a MagPro X100

stimulator equipped with an eight-shaped C-B60 coil (MagVenture A/S, Farum, Denmark)

placed on the participants’ head with the handle positioned in a medio-lateral direction. Visual
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identification of the hand area in the precentral gyrus was first performed (Yousry et al.,
1997). Then, explorative stimulations were delivered to identify the exact spot of the hand
area: for each stimulation, a corresponding MEP was investigated from electrodes placed on
the first dorsal interosseous (FDI) muscle of the participants’ right hand. For each participant,
the individual resting motor threshold (rMT) was established, which is defined as the
minimum intensity required to elicit MEPs with an amplitude of at least 50mV (peak-to-peak)
in the FDI muscle in 5/10 consecutive trials (Rossini et al., 2015). Stimulation intensity was
finally set at 120% of the participants’ rMT. Participants were comfortably seated on a fully
adjustable armchair (MagVenture), in front of a computer screen, at a viewing distance of 120
cm. Participants’ head movements were minimized by using a headrest and a vacuum pillow.
They were instructed to keep their hands and head still, and to be as relaxed as possible. The
software E-Prime 2.0 (Psychology Software Tools Inc., Pittsburgh, USA) was used to present
the stimuli, trigger TMS stimulations, and collect responses to control questions.

In each trial, a fixation cross appeared at the center of the screen for 1000 ms followed
by a blank screen, shown for 250 ms. Then, a sentence was presented as split into four
segments (i.e., adverb (Adv), noun (N), subject (Subj), and verb (V)). These segments were
arranged according to the specific grammar of each language (i.e., “Subj-Adv-V-N”, for
Italian; “Subj-V-N-Adv”, for German). Each segment was shown for 300 ms and immediately
substituted by the following one within a RSVP paradigm. RSVP and single-segment duration
were adopted to accommodate natural reading speed rates (Cocklin et al., 1984; Garcia et al.,
2015; Gunter et al., 2003; Martin-Loeches et al., 2004; Martin and Altarriba, 2016; Rubin and
Turano, 1992; Sereno et al., 1998; Sereno and Rayner, 2003; Spence and Witkowski, 2013).
Finally, after the sentence was entirely presented, a blank screen was displayed for 4000 ms
(Figure 3). Each sentence was presented twice during the course of the experiment. Short
breaks were provided every 10 trials to allow the experimenter to save the collected MEPs

and the participants to rest. Overall, for each language group, 198 affirmative and 198
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negative sentences were randomly displayed. One third was CC, one third AC, and one third

AA.

Figure 3. Timeline of stimulus presentation during the experimental procedure. The same rapid serial visual

presentation (RSVP) method was used both for Italian and German sentences. First a fixation cross was displayed

German Italian
1000 ms 1000 ms

+

300 ms
250 ms after
stimulus onset

250 ms after

stimulus onset
300 ms .

. OR
300 ms ..
Time f OR
die Orange " ERIF . 300ms .
/ 4
4000 ms 4000 ms

(1000 ms), followed by a blank screen (250 ms). Then, each linguistic stimulus was presented one at the time (300

ms each). The presentation always ended with a blank screen (4000 ms). Stimulation was delivered once for each

sentence randomly at 250 ms after noun, verb or adverb onset.

Participants were instructed to silently read the stimulus sentences. A single-pulse
TMS was pseudo-randomly delivered on the hand area of left M1 250 ms after (I) verb onset,
(IT) noun onset, or (III) adverb onset, with the only constraint being that an equal number of
stimulations was assigned to the three different onsets. To avoid possible carry-over
interference effects between TMS pulses, we decided to stimulate only one phrase per
sentence, and we provided enough inter-trial interval (ITI) with the introduction of the latest
slide in the RSVP, as previously described (Robertson et al., 2003; Rothwell et al., 1999).
With the exclusion of the stimuli used for the training, 22 stimulations were assigned to each
phrase for each concreteness level and each polarity condition. The motor cortex was

stimulated in the left hemisphere given the fact that language and higher motor functions are
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both preliminarily processed in the left hemisphere (Aziz-Zadeh et al., 2004; Hodgson et al.,
2016; Meister et al., 2006; Trettenbrein et al., 2020; van der Burght et al., 2019; Vukovic et
al., 2017). The timing of the stimulation was decided on the basis of studies that revealed an
early difference in the processing of concrete versus abstract words. According to this
literature, action-related words are semantically processed already 220 ms after word onset
(Hauk et al., 2012, 2008; Kellenbach et al., 2002; Moseley et al., 2013; Papeo et al., 2016;
Scorolli et al., 2012). Furthermore, early effects of negativity in EEG studies were also
attested 250 ms after onset, for non-action-related lexical items as well (Kutas and
Federmeier, 2000). To check for a complete comprehension of the stimulus material, control
questions were displayed at random intervals at the end of approximately 13% of the trials.
Three types of questions were shown to verify that participants paid attention to the polarity
of the sentence, understood the action carried out by the subject, and paid attention to the
object of the action. Two possible answers were displayed on the right and the left of the
screen until the participants’ response was given. Participants had to respond by pressing one
of two pedal buttons (7 cm x 5 cm) placed on a footboard with their right or left foot. A
feedback message was displayed in case of a wrong response (for some examples of control

questions and answers, see Table S2 available at https://osf.io/vtw8m/).

5.4 Data Analysis

All participants performed above chance in answering the control questions. The peak-
to-peak amplitude (mV) of each MEP was normalized by means of a log10 logarithmic
transformation (Poole et al., 2018). As a standard procedure (Candidi et al., 2010; Wilkinson
et al., 2015), we discarded MEPs followed by incorrect responses to control questions (.29%),
below 50mV (2.51%), and outside the range of +/- 3 SDs from the mean MEPs of each
experimental condition (2.72%; for the number of trials analyzed for each experimental

condition, see Table S3 available at https://osf.i0/Sbw7m/). Transformed amplitudes were
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entered in a repeated-measures ANOV A with polarity (affirmative, negative), concreteness
(AA, AC, CC) and phrase (verb, noun, adverb) as within-participants factors. Language
(Italian, German) was entered as a between-participants factor. Both participants and items
were tested as sources of variance (Clark et al., 1973; Coleman, 1964); F (participant
analysis) and F> (item analysis) statistics were reported. In line with previous research, effects
were considered reliable only when significant in both analyses (Frigo and McDonald, 1998).
When necessary, paired samples ¢-tests were performed as post-hoc comparisons.
Accordingly, when describing post-hoc tests, #; and mean; refer to statistics on the participant
analysis, while ¢, and mean: to statistics on the item analysis. All p values obtained in the #-
tests have been Bonferroni-corrected (see Bland and Altman, 1995), multiplying original
values by the number of planned comparisons. Thus, only resulting values smaller than the
.05 threshold were considered as significant. Where licensed by our hypotheses, we applied
one-tailed #-tests, that is to compare (I) affirmative vs. negative phrases; and (II) AA vs. AC,
AC vs. CC and AA vs. CC sentences, both affirmative and negative. In all the other cases we
applied a two-tailed correction. All statistical tests were performed with the software SPSS for

Windows (version 24; SPSS Inc., Chicago, IL).
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