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STRUCTURE OF THE THESIS

The present thesis is based on two main projects. The first project was structured on the basis
of the outcomes of a series of works published by our group between 2015 and 2021 that
investigated the neural basis of sentence processing through a neuromodulation approach.
This project has been the main focus of my PhD work, it provides the original data that will
be discussed and it represents the main core of this dissertation. The manuscript of this work
is in preparation. The second project (still ongoing) aimed at comparing two statistical
approaches to data analysis: the standard approach of Analysis of Variance (ANOVA) and the
Linear Mixed Model Effects (LMMs) method. Previously acquired data were re-analysed to
explore differences and similarities of the experimental outcome in the two approaches. The
resulting dissertation consists of three main chapters. The first and the second chapters are
dedicated to the first project and a related pilot study; the third chapter relates to the second
project. The structure of each chapter is the same: a general introduction on the topic and
literature background, a description of the materials and methods, the analysis of the results, a

discussion and some final conclusions and remarks.

Figure legends

All figures (figures, graphs, tables) have been renumbered from 1 within each new chapter.
Fig. = figure

Tab. = table

For graphs and tables:
*=p<0.05

** =p<0.01

**¥ =p <0.001



The word has not been recognized as a virus because it has achieved a state of stable
symbiosis with the host. My basis theory is that the written word was literally a virus that
made the spoken word possible. Language is a virus from outer space

William S. Burroughs

The idea that science is a concentrate of truth is a philosophers’ idea

Paul Feyerabend

While the commonplace can be understood as a reduction of the exceptional, the exceptional
cannot be understood by diluting the commonplace

Edgar Wind



THESIS ABSTRACT

Describing a comprehensive neurofunctional model of sentence comprehension has always
been a complex challenge. On one hand, disentangling the subprocesses that are necessary for
computing the meaning of a sentence and their neural underpinnings is insidious. Each
subprocess is closely interconnected with the others, and isolating only one as if it were
separable can undermine the investigation of the overall process above. On the other hand,
available data on the neural basis of sentence processing are not straightforward. This thesis
explores relevant contributions and attempts to highlight open questions regarding the neural
basis of two key processes in sentence comprehension, namely morphosyntactic processing
and thematic role assignment. It presents and discusses original data resulting from an
experiment that, to our knowledge, represents the first investigation of the neural basis of
these two processes in the same sentential context. Results demonstrate that morphosyntactic
and thematic processing rely on functionally distinct neural correlates in the left hemisphere.
Morphosyntactic aspects are mostly processed in a left prefrontal network including the left
inferior frontal gyrus (IFG) and the middle frontal gyrus (MFG), whereas thematic role
assignment correlates with a left parietal node including the left intraparietal sulcus (IPS).
Moreover, it is argued that results support the view that these regions play a language-related
rather than domain-general role in human cognition. Finally, two statistical approaches to the
analysis of the same TMS language data (ANOVA and Linear Mixed Models — LMMs) are
compared. Their outcomes are discussed and an attempt is made at accounting for similarities
and differences. Results suggest that the two models should not be considered on a sort of
quality hierarchy according to which one has greater or lesser explanatory power than the
other. Rather, they both represent legitimate and reliable approaches to account for data

variability.



CHAPTER 1

Investigating the neural correlates of morphosyntactic and thematic role processing in the left

hemisphere: a TMS study

ABSTRACT

Correctly assigning thematic roles (who does what to whom) and processing morphosyntactic
information (agreement phenomena) are critical for sentence comprehension. Even though
their neural correlates have been investigated in numerous studies, these processes have never
been addressed in identical sentential context and in the same modality. In the literature,
comprehending complex sentences (including subject- and object-relatives) was used to study
thematic role assignment, and producing agreement phenomena in noun or verb phrases to
investigate morphosyntax. Results stressed the role of posterior regions in sentence
processing and questioned that of prefrontal regions in the same endeavor. The present work
investigates the comprehension of thematic and morphosyntactic information in the same
active and passive reversible sentences. Repetitive Transcranial Magnetic Stimulation
(rTMS) was applied to brain regions that, based on previous lesion and neuroimaging reports,
play a putative role in thematic and morphosyntactic processes - the left inferior frontal gyrus
(I-IFG), the left middle frontal gyrus (I-MFG) and the left intraparietal sulcus (I-IPS). Results
support a differential involvement of these regions. The prefrontal regions (I-IFG and I-MFG)
showed selective response when morphosyntactic information was crucial for
comprehension, and the 1-IPS when a correct mapping of thematic roles was required.
Evidence suggests a neurofunctional distinction between morphosyntactic processes and
thematic role assignment and provides new insights on the distinct role of the targeted

regions.

INTRODUCTION

At the heart of sentence comprehension: morphosyntactic processing and thematic role

mapping

The processing of morphosyntactic aspects (agreement phenomena) and the assignment of



thematic roles (who does what to whom) is fundamental to the computation of sentential
meaning. Morphosyntax, as defined by Raettig et al. (2009), encompasses the "syntactic
operations that influence the morphology of one or more elements within a sentence."
Morphosyntactic information involves extracting morphological details from the input and
combining them with syntactic and grammatical rules that govern sentence structure and
proper agreement.

Various types of morphosyntactic violations have been used to explore this aspect of sentence
processing, mostly in behavioral (see for example Mancini et al., 2013, 2014a,b) and
electrophysiological investigations (Coulson et al., 1998; Tanner & van Hell, 2014;
Hasting & Kotz, 2008; Molinaro et al., 2011, 2008; Mancini et al., 2011a,b). To identify
and address these issues, different elements at the juncture of individual word morphology
and the arrangement of words within a structure must be thoroughly analyzed and integrated.
An inability to accurately identify these violations could arise from damage to different
processing stages, ranging from single-word morphology to higher-level factors like syntactic
structure and to their interaction. Accurate morphosyntactic processing leads to a correct
understanding of sentence meaning. For instance, a sentence like "The waiters serve the
customer" defines a specific event involving an action with multiple participants (at least two
waiters - the doers of the action - and one customer - the target of the action), distinct from
sentences like "The waiter serves the customer" or "The waiter serves the customers". Hence,
proficient morphosyntactic processing plays a pivotal role in sentence comprehension.
Another crucial aspect discussed here is the assignment of thematic roles. Thematic roles
have been defined as: “semantic roles that may be played by the subcategorized complements
(or arguments) of a verb” (Tanenhaus and Carlson, 1989). They correspond to labels we
assign to who/what is doing/receiving a specific action denoted by a verb. In a sentence like
The boy eats the apple one has to understand that someone (the boy) is doing the action of
eating something (the apple); these semantic labels are called agent and theme. Several
features influence the correct assignment of thematic roles. First, thematic role mapping is
modulated by word order. In S-V-O languages (such as Italian or English), word order is
‘canonical’ when a sentence is in the active form (agent-verb-theme). In the same languages,
word order is reversed in passive sentences (theme-verb-agent). Non-canonical word order
makes the processing of passive structures more demanding. Second, thematic role
assignment depends on semantic features, such as semantic reversibility. This feature refers to
the property of a linguistic structure or sentence whereby its meaning remains acceptable
when read or processed in both its original and its reverse word order. Word order and
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semantic (ir)reversibility influence the ease with which a sentence can be processed by a
speaker/listener. In an active irreversible sentence like The boy eats the apple, word order and
semantic irreversibility are strong cues for thematic role assignment, since in active sentences
the first noun typically is the grammatical subject and the agent. In the corresponding passive
form The apple is eaten by the boy, word order does not provide useful information, as the
first noun is the grammatical subject but is also the theme, not the agent. However, in this
case semantic irreversibility constrains sentence interpretation, as semantic knowledge about
the real world establishes that only a boy can eat an apple. In contrast, in semantically
reversible sentences (The girl is kissed by the boy) both constituents can potentially be
assigned the role of agent. The verb ‘fo kiss’ requires an animate agent and the sentence has
two animate constituents competing for that role. In such sentences, the assignment of
thematic roles must be driven by syntactic analysis in order to solve the competition between
the constituents. It is thought that semantically reversible passive sentences require a
re-analysis of the first-pass parsing due to the changed syntactic structure and semantic
reversibility (Chomsky 1965, 1981; Pollard and Sag 1994; Bresnan 2000). This process
results in the re-assignment of the previously mapped thematic roles. Due to re-analysis,
reversible passive sentences are associated with higher costs of processing.

To sum up, thematic role assignment can be modulated by both syntactic and semantic
aspects and this makes this process ideal to investigate sentence processing and meaning

interpretation.

The processing of non-linguistic information

In addition to linguistic knowledge, sentence comprehension requires domain-general
cognitive resources. When processing a sentence, many pieces of linguistic information
stored in long-term memory (LTM) (syntactic/grammatical rules, general semantic
knowledge, morphosyntactic information, etc.) must be retrieved and maintained active in
short-term memory (STM). The contribution of STM in sentence processing has largely been
debated. The role of STM and working memory (WM) in linguistic/cognitive tasks was
modeled for the first time by Baddeley and his collaborators (Baddeley et al., 1986;
Baddeley & Hitch, 1994; Gathercole & Baddeley, 1993). On this view, WM is articulated
in three systems: the central executive (main component), the articulatory loop and the
visual-spatial sketchpad (the so-called ‘slave systems’). The central executive system controls
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and regulates cognitive processes. It can be considered as the link between WM and LTM:
information in the WM storage is directed and targeted to the LTM storage. This dynamic
WM system consists of two systems: the visuo-spatial sketchpad and the phonological loop.
These ‘slave systems’ temporarily store verbal and visual information when the central
executive is overloaded. Alternatively, Just and Carpenter (1992) challenge the idea that
WM has a fixed storage system, proposing a more dynamic perspective in which WM
capacity varies among individuals due to differences in attentional control, rather than due to
a fixed storage limit. These differences stem from variations in attentional allocation
strategies. Instead of including modality-specific buffers, in this view WM overlaps only with
the central executive component in Baddeley and Hitch’s model that is related to language
comprehension.
Caplan & Waters’ (2013) proposal did not include the typical verbal WM, as in the model
of Baddeley & Hitch, rather a separate memory store, specific for language. This store is
divided into two components: (i) an “interpretative processing” and (ii) a “post-interpretative
processing”. The first component would be involved in extracting meaning from a linguistic
signal; the second in using that meaning to accomplish more complex tasks such as storing
information in LTM, reasoning, action planning or thematic role assignment. This model is
based on evidence in both healthy volunteers and patients, indicating that the store systems
recruited by language processing are distinct from those measured by standard tests of STM.
Another conceptualization is represented by the multi-store models (Martin et al., 1994;
Howard & Nickels, 2005), which hypothesize the existence of more than one store, each
linked to distinct processes. Some of these models argue that semantic and phonological
stores are separated and only the semantic store would be involved in language processing
(Martin & Romani, 1994; Martin & He, 2004). Other models assume the presence of a
phonological buffer for the input (language comprehension) and a separated phonological
buffer for the output (language production) (Monsell, 1987).
These models were developed on the basis of two lines of research. One line compared the
effects of concurrent presentation of digits or words to examine the related cognitive load.
Underlying this comparison is the idea that if STM and language processing share the same
resources, an STM task that requires them should make syntactic processing more difficult
(Carpenter & Just, 1992). The other line has focused on STM deficits on patients affected
by lesions and on aphasic patients. These patients should exhibit difficulties in language
comprehension due to their STM impairments (for an exhaustive presentation of these
findings see Papagno & Cecchetto, 2019). Although some of the presented models show
12



substantial overlaps, their differences underline the lack of consensus in interpreting existing
evidence and make them converge on a comprehensive model of the link between STM/WM
and language processing.

Another domain-general aspect involved in sentence comprehension is conflict monitoring.
As in other cognitive domains (see Botvinik et al., 2001 and Coles et al., 2001 for the very
first accounts of conflict monitoring in sensory attention), this mechanism intervenes when a
strong expectation is violated by what is perceived in the input; to solve this conflict a
reanalysis is required to re-process the input (for a review of the different models of conflict
monitoring in language perception see Van De Meerendonk et al., 2009). Even though these
models differ in some respects, a common assumption is that conflict monitoring is triggered
by a discrepancy between expected and perceived representation. Consider for instance a
passive, semantically reversible sentence such as: “The boy is kissed by the girl”. To interpret
its meaning, one must identify the passive structure, revise the default parsing to re-assign
thematic roles (in passives the agent is to the right of the verb), and overcome the semantic
ambiguity/conflict that arises from two constituents competing for the role of agent. This
latter step is crucial to the process. It relies on a revising mechanism that allows “solving” the
conflict between two competing constituents that results from the semantic reversibility of the
action. Solving this ambiguity requires both domain-general cognitive resources and

linguistic knowledge (syntactic and semantic).

The neural basis of sentence processing

The mechanisms underlying the interpretation of sentences in real time have always attracted
the attention of researchers. According to the main neurocognitive models, language is
processed in a left lateralized fronto-temporo-parietal network, but the specific role of the
regions that are part of this network in supporting the different processes of the
form-to-meaning mapping is still debated. Friederici’s model (2011, 2012) proposed a
functional dissociation of the ventral and the dorsal pathways, each divided in two
subpathways. A subpath of the ventral pathway would be related to semantic processing by
virtue of the connections between the IFG and middle and posterior superior (mSTG and
pSTG) and the middle temporal gyri (MTG). Another ventral subpath would be linked to the
initial stages of the syntactic processing through projecting to the left frontal operculum. As
for the dorsal stream, a subpath connecting temporal and premotor regions through the
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inferior parietal cortex would be responsible for mediating sensory and motor function.
Another subpath would play a top-down control role particularly recruited to the processing
of syntactically complex sentences. This path links the inferior frontal regions (Broca’s area)
to temporal areas. Another relevant neurobiological model of language processing has been
proposed by Hagoort (2005). This account stands on the ground that the main functional
components of language are represented by Memory, Unification and Control. The Memory
component refers to the linguistic information stored in LTM and to the retrieval operations.
The Unification component pertains to the integration of the lexically retrieved information in
higher-level structures. The Control component connects language to action. These three
components would be supported by distinct but interconnected regions in the left hemisphere.
The Memory component would be sustained by the left temporal cortex; in particular, the
phonetic and phonological aspects are linked to the posterior superior temporal gyrus (STG)
and to the superior temporal sulcus (STS), while semantic aspects seem to be related to the
left middle and inferior temporal gyri. The Control component is suggested to be sustained by
a network of regions including the anterior cingulate cortex (ACC) and the dorsolateral
prefrontal cortex (DLPFC). Finally, Broca’s area would play a crucial role in the Unification
process. Bornkessel-Schlesewsky & Schlesewsky account (2013) also supported the idea of
a dissociation between a dorsal and a ventral pathway that reflects a functional distinction
between processing of syntactic and lexical and semantic aspects. In this model the anterior
portion of the left temporal gyrus would be involved in the assignment of thematic roles. On
the other hand, syntactic processing would be mediated by temporal and parietal areas in the
dorsal pathway. Matchin and Hickok (2020) proposed a hierarchical model according to
which language comprehension would be supported by an interaction between left inferior
frontal nodes (namely the posterior inferior frontal gyrus (pIFG) and the posterior middle
frontal gyrus (pMFG) and conceptual and semantic systems in the temporal and inferior
parietal lobes. The pMFG is supposed to have a hierarchical lexical-syntactic structure that
interconnects with the semantic area, whereas the pIFG would transform these
representations into morphosyntactic sequences.

While these models differ in their specific neural emphasis, they collectively contribute to the
understanding of the distributed and interconnected nature of neural networks involved in
language processing. The accounts presented were developed on the basis of a large body of
evidence reported in the literature. The next sections will review the most relevant findings,

with a specific focus on morphosyntactic processing and thematic role mapping.
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Neural correlates of morphosyntactic processing

According to the literature, morphosyntactic processing relies on a left-lateralized

frontotemporal network. In general, two types of morphosyntactic processing have been

investigated: nominal and verbal. This distinction is crucial since processing nouns or verbs

has been associated with different brain regions (Perani et al., 1999; Davis et al., 2004;

Tyler et al., 2004). Here, we summarize relevant contributions on the neural bases of this

process; neuropsychological, neuroimaging, neuromodulation and electrophysiological

studies will be considered (see Tab.1).

Author(s)

Nietal

Indefrey et al

Moro et al

Miceli et al

Year

2000

2001

2001

2002

Method

MNeuroimaging

MNeuroimaging

Neuroimaging

Neuroimaging

Material and task Sample (N)

Auditory presentation of non anomalous sentences vs
syntactically anomalous sentences ( Tree can grew) or
semantically anomalous sentences ( Trees can eat)

14

Three syntactic conditions and two non-syntactic 10
conditions: syntactic conditions: visual presentation of

complex (embedded subject-relative and object-relative

clause) pseudosentences in German with case and number

marking errors, Non-syntactic conditions: pseudoword
prenunciation and phonotactical judjgements

Written pseudosentences with anomalies (phonotactic, 11
morphosyntactic, syntactic)

Written nouns. Three judjgements: grammatical feature

task {masculine vs feminine), semantic task (animal vs 8
artifact) and phonological task (discrimination of different
sounds)

Active brain regions

IFG; -MFG; I-STG

I-MFG

bilateral IFG; cerebellar
vermis

I-IFG; -MFG

15



Newman et al

Hernandez et al

Raettig et al

Quinones et al

Carreiras etal

Mancini et al

Shapiro et al

Cappa etal

Cappellei etal

Lo Gerfoetal

2003

2004

2011

2014

2015

2017

2001

2002

2008

2008

Neuroimaging

Neuroimaging

Neuroimaging

Neuroimaging

Neurcimaging

Neuroimaging

NIBS: TMS

NIBS: TMS

NIBS: TMS

NIBS: TMS

Ungrammatical sentences (conjoined active and object
relative): (i) noun-verb disagreement in number (ii)
extraneous verb that cannot be incorporated in the
thematic structure

Gender decision with opaque vs transparent words in

Spanish

Auditorily presented sentences with verh past-tense

anomalies (eg Mike has EA T the apple)

Grammaticality judjgement in visually presentend

sentences. Ungrammatical sentences: defaul disagreement;
unagreement (a phenomenon of disagreement present in

Spanish) and person mismatch

Number disagreement between pronoun and verb
and between article and noun

Real sentences with person and number disagreement

Verbs and nouns production in short sentences:
production of the singular or plural form of presented
regular and nouns and production of the first singular or
third plural person of regular verbs

Verbs and nouns processing during object- and
action-naming task

Production of singular and plural forms of regular and
irregular visually presented nouns; production of
past-tense form of regular and irregular visually presented
verbs

Production of singular or plural form of a visually
presented noun; production of first singular or third
plural form of a visually presented verb

21

32

25

14

20

28

I-IFG

I-IFG

STS

I-IFG

LIFG

I-IFG

I-MFG

l-DLPEC

-IFG; -MFG

I-MFG
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Acheson & Hagoort 2001 NIBS: TMS Ambiguity detection task with sentences containing a 20 HFG; - MFG

temporarily word-class ambiguous word that could either be
resolved asa noun or a
verb depending on the sentence context

- e LIFG
Carreiras et al 2002 NIBS: TM5 Grammaticality judjgement task with visually presented 12

determiner-noun pairs

Three tasks from the Northwestern Assessment of Verbs and 71 e E e
den Ouden etal 2008 VBLSM . SN ——— left inferior FC
Sentences (NAVS): ASPT, SPPT, SCT
. ) Sentence comprehension task: reading sentences and nd ft inferior FC
Kutas & Hillyard 1984 EEG ce compre reading e left inferior FC
: answering questions about their conrents
. . R Semantic memory use in sentence comprehension review ft infetior FC
Kurtas & Federmeier 2000 EEG CMANEIC MEMOTY use In sentence comprenensic left inferior FC
SENTENCE © ensi e eCTing O Fp—— 10 -
Friederici et al 1998 EEG Sentence mm]:rrchn._nmm\ rask: detecting correct or incorrect -IFG
words at the end of a sentence
S ENTENCE ensi - detectd nractic. se ic 24 :
H:!gm.‘rrr eral 2003 FEG Sentence L{)lnpr{:lunmm\ rask: d(:n.ulng syntactic, semantic I-IFG
or syntactic and semantic violations in sentence-internal or
sentence-final noun phrases
v 2 . . ) o 26 I-IFG
Wassenaar & Hagoort 2005 EEG Sentence comprehension task: detecting syntactic violations

Tab.1 Neuropsychological, neuroimaging, neuromodulation and electrophysiological evidence for a left frontal region

involvement in morphosyntactic processing

Processing of nouns and verbs

Several studies have investigated the neural underpinnings of morphosyntactic processing of
nouns and verbs. Moro and colleagues (2001) focused on article-noun disagreement in
pseudo-sentences, comparing grammaticality judgments of correct and incorrect sentences to
lists of phonotactically legal and illegal words. They found greater activation for
pseudo-sentences than for words lists in the bilateral inferior frontal gyrus (IFG) and the
cerebellar vermis. In another study (Ni et al., 2000) morphosyntactic violations such as:
“Flowers can grew” and semantic violations (“Trees can eat’) were investigated. Greater
activation for morphosyntactic violations was found in the left inferior frontal gyrus, whereas
semantic violations increased hemodynamic response in left middle and superior frontal gyri
(BA 44, 45, 46, 47, 6, 8), the bilateral postcentral gyrus, the right supramarginal gyrus and
the head of the right caudate nucleus. Along the same lines, Indefrey et al. (2001) contrasted
violations of verbal finiteness in pseudo-sentences with a phonological processing task; they
reported stronger activity during morphosyntactic processing in the left MFG. Newman et al.
(2003) investigated subject-verb agreement in sentences with a singular subject-plural verb

inflection mismatch (eg “The lady praises the sister and meet the artist in the night”) and in
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sentences with syntactic violations (eg “The coach watched the poet and told the visitor took
in the evening”). They found different activation in the two tasks, revealing a greater activity
in the left pars opercularis of the IFG for the sentences with extra verbs. Greater activation of
the pars triangularis was associated with the noun-verb agreement. Raettig et al. (2011)
investigated morphosyntactic processing in sentences that violated the verb-past tense
agreement (e.g. “Mike has EAT the apple”). They suggested that the left posterior superior
temporal sulcus (STS) is involved when processing these agreement violations. Quifiones et
al. (2014) compared correct and incorrect sentences with subject—verb agreements or
disagreements. They used a peculiar Spanish feature, the ‘unagreement’ phenomenon: a
mismatch in subject—verb agreement that produces a grammatically legal sentence (“Los
pintores trajimos...” [The painters (we) brought]). This construction requires the perceiver to
shift the subject from 3rd-person to 1st-person, thus reinterpreting “The painters” as “We
painters”. They found greater activity in the pars triangularis and opercularsi of the I-IFG for
both “normal” person mismatch and unagreement. Finally, a
Voxel-Based-Lesion-Symptom-Mapping (VBLSM) study by den Ouden and colleagues
(2019) investigated the neural basis of morphosyntactic processing (both at word and
sentence level) in three tasks of the Northwestern Assessment of Verbs and Sentences
(NAVYS), providing evidence for the involvement of the left inferior frontal cortex, together
with the left posterior superior temporal and angular gyrus. More specifically, the inferior
frontal cortex correlated with morphosyntactic aspects, and the posterior temporo-parietal

cortex with the assignment of thematic roles.

Processing gender and number

Noun gender has also been investigated; in a study by Miceli and colleagues (2002) a
stronger response in the left middle and inferior frontal gyrus was found during a gender
judgment task in which participants read written nouns varying for grammatical gender.
Moreover, Hernandez et al. (2004) investigated grammatical gender assignment in opaque
and transparent gender words. They reported decisions for opaque gender words to increase
morphosyntactic processing demands in the 1-IFG, as compared to transparent gender words.
A study by Carreiras et al. (2015) contrasted number disagreement between pronoun and
verb and between article and noun and found that the I-IFG is significantly activated by the

processing of number agreement violations.
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Neuromodulation studies also converge in outlining a role of the I-IFG and the 1-MFG in
aspects of morphosyntactic processing (Shapiro et al., 2001; Lo Gerfo et al., 2008; Cappa
et al., 2002; Acheson & Hagoort, 2010). A contribution of the I-IFG to grammatical gender
processing and number agreement was found in another TMS study by Carreiras et al.
(2010). Along these lines a study using repetitive Transcranial Magnetic Stimulation (rTMS)
(Cappelletti et al., 2008) contrasted the processing of regular and irregular verbs with that of
nouns. Distinct subparts of the left prefrontal cortex (I-MFG vs I-IFG and posterior portion of
the I-MFG) were stimulated in two experiments. When stimulating the anterior 1-MFG,
response times increased for verbs but not for nouns. On the contrary, verb-specific effects

were not found when stimulating the I-IFG and the posterior MTG.

Morphosyntactic processes have been investigated also in research using event-related
potentials (ERPs). Thanks to their remarkable temporal resolution, these studies allow very
accurate investigations on the timing of different morphosyntactic processes and their neural
underpinnings. Therefore, the results of these electrophysiological studies must be considered
notwithstanding the low spatial resolution, which does not allow precise identification of the
neural source of the investigated phenomena.

Morphosyntactic agreement has been related to two main effects: the left anterior negativity
(LAN) and the P600. The LAN component represents an early ERP effect, reported normally
in the same time window as the N400 (i.e., 300-450 ms) (Kutas and Hillyard, 1984; Kutas
and Federmeier, 2009), whereas the P600 has a later onset (the P600 component is divided
in two subparts, an early onset-P600 (500-750 ms) and a late onset-P600 (750-1000 ms)).
More than the temporal dynamics of these components, we are interested here in their
topographical distribution (see Fig. 1, showing the cortical topography of the main ERP
components that result from morphosyntactic violations. The greatest overlap between
electrophysiological ERP evidence and neuroimaging studies on morphosyntactic processing
is represented by the LAN, which is associated with left anterior frontal regions (Molinaro et
al., 2011; 2015; Mancini et al.,, 2011a,b). This evidence is further supported by
electrophysiological studies on patients with aphasia. For example, Friederici et al (1998)
showed that patients affected by Broca’s aphasia (typically resulting from damage to the left
frontal lobe) did not exhibit the LAN when syntactic elements were manipulated, despite
showing a preserved N400 for semantic manipulation. On the other hand, patients with
Wernicke’s aphasia (frequently resulting from temporo-parietal damage) showed the reverse
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profile. Thus, the LAN could be related to the anterior portion of the left frontal lobe, and the
N400 component to the superior temporal lobe. A left anterior frontal topographical
distribution of the LAN has been shown in several studies investigating different types of
agreement in different languages (for a comprehensive review see Molinaro et al., 2011).
Some studies also suggest a left frontal involvement in the P600 component. Hagoort (2003)
and Wassenaar et al (2004) show that Broca’s aphasics did not show a P600 in response to
agreement violations, even though the effect correlated with the severity of syntactic
comprehension impairment: patients with good syntactic comprehension showed a P600
effect, while patients with poor syntactic comprehension did not.

To summarize, ERP findings on the neural underpinnings of morphosyntactic processing

converge in suggesting a left anterior frontal contribution, reflected by a LAN component.

early P600

late P600
N400

Fig. 1 Main ERP components affected by agreement manipulations and their topographical distribution on the cortex (taken
from Molinaro et al., 2011)

Neural correlates of thematic role assignment

The literature suggests that the assignment of thematic roles relies on a left temporal and
parietal network (see Tab. 2). Early anecdotal evidence comes from lesion studies in the
nineties. Martin & Blossom-Stach (1986) and Caramazza & Miceli (1991) reported on two
aphasic patients with a left parietal lesion, who were unable to comprehend and produce

active and (even more) passive reversible sentences due to the inability to map syntactic roles
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onto thematic roles and vice versa. Thothathiri et al (2012) investigated the neural basis of
sentence processing through voxel-based-lesion-symptom-mapping (VLSM) (Bates et al.,
2003). They found a correlation between a left temporo-parietal damage and poor
comprehension of reversible sentences, mostly when including thematic role inversions.
These results are in line with other VLSM studies (see Dronkers et al., 2004 or Bates et al.,
2003).0Other studies on aphasic patients found a correlation between temporo-parietal damage
and the comprehension of sentences of varying syntactic complexity (Caplan et al., 2007;
Caplan et al., 2015). Evidence from these studies suggests that temporo-parietal areas are
involved in the comprehension of reversible sentences. Additional results were provided by a
VLSM study (Rogalsky et al., 2018) of the comprehension of canonical and non-canonical
reversible sentences in patients with chronic focal cerebral damage. Results showed that the
left posterior superior temporal and inferior parietal regions overlapped with the worst
performance on passive reversible sentences. . Another VLSM study (Magnusdottir et al.,
2013) provided similar evidence of a left temporo-parieto-occipital contribution to thematic
role mapping in a sentence-picture matching task with sentences of varying syntactic
complexity. An involvement of the left posterior parietal cortex in the assignment of thematic
roles was also shown by den Ouden et al. (2019).

A link between thematic role mapping and left temporo-parietal areas has been shown also by
neuroimaging studies. An fMRI project by Keller et al. (2001) investigated sentence
comprehension through a task that required participants to read a sentence and answer a
probe question on its content. Results showed greater activation in left temporal and left
inferior parietal regions. Richardson et al. (2010) explored the relationship between
semantic reversibility and sentence processing over a range of syntactic structures. When
contrasting reversible and irreversible sentences, they found greater activation in a lateral
portion of the left posterior-superior temporal gyrus and in an inferior parietal region. Wang
et al. (2016) used machine-learning classifiers trained on fMRI data acquired while
participants watched short videos showing agent-verb-theme propositions. Classifiers were
able to identify thematic roles from the activation patterns in several areas, including the left
inferior parietal sulcus. Moreover, in a neuromodulation study (Finocchiaro et al., 2015) the
posterior portion of the left intraparietal sulcus (I-IPS) responded to rTMS during a
sentence-picture matching task on reversible passive sentences. These findings were
replicated in two additional neuromodulation studies (Finocchiaro et al., 2021; Vercesi et

al., 2020).
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Author(s) Year Method Material and task Sample (N) Active brain regions

Martin & Blossom-Stach 1986 Neuropsychological study Sentence production (spontaneous speech) and 1 I-IPS;
comprehension leftinferior parietal
Caramazza & Miceli 1991 Neurapsychological study Comprehension and production of active and passive 1 1-IPS;
reversible sentences left inferior parietal
. | hologt Auditory sentence comprehension—enactment and 46 .
Caplan eta 2007 Neuropsychological study sentence—picture matching—and grammaricality left temporo-parictal

judgment. Sentences included actives and passives, subject
and object extracted relarive clauses, and reflexive
].)[DI]DUHS

Sentence comprehension task with varying syntactic 71

Capl | 2015 N hological stud
apuan et curopsyenologlcalstucy complexity and structure

left temporo-parietal

-IPS: -ITG
Keller et al 2001 Neuroimaging Sentence comprehension task (conjoined active and

abject-relative) with a probe question to test meaning
comprehension

30

o Mapping thematic relations in short animated videos 5 -IPS
Wang et al 2016 Neuroimaging showing simple actions

. . Auditory vs written sentence comprehension mera-analysis left temporo-parietal
Walenski ec al 2019 Neuroimaging f F ’ porep

NIBS: TMS Sentence-picture marching task with active and passive 12 LIPS

Finocchiaro eral 2015 i
reversible sentences

Vercesi et al 2020 NIBS: TMS Agent decision task with active and passive reversible and 14 LIPS
irreversible sentences

1S
Finocchiaro eral 2021 NIBS: TMS Sentence-picture matching task with: active and passive 16 s

reversible real sentences vs active and passive reversible
pseudosentences

Tab.2 Summary of studies providing evidence for the correlation between lefi temporo-parietal regions and the assignment

of thematic roles
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Neural correlates of nonlinguistic aspects of sentence processing

In addition to specifically linguistic processes and representations, sentence comprehension is
supported by domain-general processes. Many lesion studies suggest that the visuospatial
sketchpad of WM is represented in a ventral path that connects the occipital and the temporal
cortex, responsible for object recognition, and a dorsal path linking occipital and parietal
cortices, responsible for the computation of spatial relations (Muller & Knight, 2006). As
for the phonological loop, a distinction between a phonological short-term store (associated
with the inferior parietal cortex) and an articulatory rehearsal component (relying on Broca’s
area and the supplementary motor association area (SMA)) has been proposed (Vallar &
Papagno, 2002). Relevant insights came from the investigations of the case of patient PV
reported by Papagno and Vallar’s works (Vallar & Papagno, 1986; Baddeley et al., 1998;
Papagno & Vallar, 1992; Papagno & Cecchetto, 2019 and many others). This patient
suffered from bilateral damage to the parietal lobes, leading to severe deficit in verbal STM.
Despite having intact LTM and general cognitive abilities, patient PV showed significant
impairments in retaining and recalling verbal information over short intervals. The
performance notably declined with increasing verbal load, suggesting a specific deficit in
STM capacity. This case suggested a critical role of the parietal lobes in supporting verbal
STM processes, reinforcing the view that these regions play a crucial role in the temporary
storage and manipulation of verbal information. Additionally, while some studies suggest that
the prefrontal cortex (PFC) has a role in supporting cognitive control, integrating
across-domain information, selecting stimuli and information monitoring (Miller, 2000;
Baldo & Shimamura, 2002), others suggest that WM is supported by the ventral and dorsal
lateral prefrontal cortex (see Muller & Knight, 2006).

The neurofunctional correlates of verbal WM processes were also investigated in
neuroimaging studies. It has been hypothesized that Broca’s area constitutes the neural
substrate of WM processes involved in highly demanding sentence processing (Caplan &
Waters, 1999; Just and Carpenter, 1992). In this regard, Rogalsky, Matchin & Hickok
(2008) propose that the contribution of Broca’s area to sentence processing stems from its
link to verbal WM. In their study on sentence comprehension, the issue was investigated by
varying the degree of syntactic complexity in three conditions: (i) during a baseline (no

secondary task), (ii) during concurrent speech articulation and (iii) during a concurrent
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finger-tapping task. Results were in line with the hypothesis that Broca’s area is involved in
the articulatory rehearsal mechanism of verbal WM, as a complexity effect was present in all
the conditions.

Finally, neurostimulation evidence provided useful insights. Romero Lauro et al. (2010)
administered 1 Hz rTMS over the pars opercularis of the I-IFG (BA44) -which is supposed to
be the neural correlate of the process of rehearsal- and over the BA40 in the parietal lobe (the
neural correlate of the short-term store) while participants were engaged in a sentence
comprehension task with different STM demands. A greater number of errors was found in
syntactically complex sentences when stimulating the 1-IFG. Reduced accuracy was found on
longer but syntactically easier sentences when the BA40 was stimulated. Based on these
findings, Giustolisi et al. (2018) applied anodal transcranial direct current stimulation
(atDCS) over the 1-IFG while executing an auditory comprehension task and found
significant improvements in performance accuracy, regardless of load on STM. The same
task was used in another complementary study (Vergallito et al., 2020) in which the target of
atDCS was the left inferior parietal cortex. As a result of stimulation, a decrease in
performance accuracy was reported, showing a critical involvement of both the 1-IFG and the
left inferior parietal cortex in language comprehension, despite the opposite direction of the

effect found in the two connected studies.

Summary and open issues

Available evidence suggests that key aspects of sentence comprehension (including
morphosyntactic and thematic role processing) are sustained by a large left
fronto-temporo-parietal network. The assignment of thematic roles seems to be related to a
temporo-parietal region (including the I-IPS), whereas the processing of morphosyntactic
information would correlate to a prefrontal region that includes the 1-IFG and the I-MFG.
However, this picture is not as straightforward as it might seem. In the first place, findings
come from studies that investigated the two processes separately, meaning that there is no
systematic investigation of both processes via the same task. Moreover, morphosyntactic
processing has been investigated mostly through tasks requiring anomaly detection in simple

syntactic contexts (see for example Coulson et al., 1998; Hasting & Kotz, 2008; Molinaro
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et al., 2011; Molinaro et al., 2008), whereas thematic role assignment has been studied
mostly in the context of sentence comprehension tasks including structurally more complex,
reversible sentences, both on patients (Caramazza and Zurif 1976; Caplan and Futter
1986; Grodzinsky 2000; Love et al. 2008; Thompson and Choy 2009) and on unimpaired
participants (for reviews see Meyer and Friederici 2015; Rodd et al. 2015; Martin et al.
2015; Walenski et al. 2019). Given that in sentence comprehension the assignment of
thematic roles presupposes the processing of morphosyntactic information, the relationships
between the two sets of processes and their neural substrates remain unclear. Experimental
tasks that test thematic role assignment entail the computation of morphosyntactic aspects to
be performed correctly. Disentangling between the two processes when exploring their neural
correlates requires an experimental manipulation such that the relationship between each
single process and its neural underpinnings can be explored separately.

In addition, the complex anatomical organization of the targeted prefrontal regions makes it
challenging to posit a specific contribution to language processing for each area. The
development of probabilistic cytoarchitectonic maps has raised some important issues on the
structure-function correspondence (Amunts and Zilles, 2001, Zilles et al., 2002). This
approach has significantly contributed to the understanding of the structural and functional
organization of Broca’s area. Amunts and Zilles (1999; 2001) challenged the view that this
region has a homogeneous structure. Rather, Broca’s area would be heterogeneously
organized and it would comprise different subfields with distinct cellular compositions and
connectivity patterns. The authors provided evidence that the size of Broca’s area (BA44 and
45) and its macroanatomical landmarks and surrounding areas significantly differ among the
cytoarchitectonic maps. These interindividual differences in the cytoarchitecture were greater
than cytoarchitectonic variability between these regions in individual brains. These findings
make it difficult to investigate the functional role of this region in sentence processing.
Furthermore, several issues about the anatomy and structural organization of the MFG (for a
detailed description of the anatomy of this region see Petrides & Pandya, 2012) have
garnered attention in neuroscientific research. Anatomically, the MFG is part of the prefrontal
cortex. However, specific delineation of functional subdivisions within the MFG remains a
topic of debate, with some studies suggesting functional heterogeneity across its
anterior-posterior axis (Badre & D'Esposito, 2009). Moreover, individual differences in
MFG morphology and its association with cognitive abilities have been explored (Burgaleta
et al.,, 2014), raising questions about the region's structural variability and its impact on
cognitive processing. These issues underscore the complexity in understanding the precise
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anatomical and organizational features of the left middle frontal gyrus and its functional
implications in cognitive processes. These issues make it particularly difficult to identify a
precise target in this region. So far, this has not been addressed, even in studies that could
benefit from a rigorous anatomical localization (such as TMS studies, in which spatial
accuracy is fundamental).

In addition, neuroimaging findings are often interpreted as compatible with the view that the
left fronto-temporo-parietal network is a cluster of multiple-demand regions differentially
activated as a function of either language-specific or domain-general aspects (see Santi &
Grodzinski, 2007). For these reasons, a systematic investigation of the language-related
contribution of this network, with a focus on the neural basis of thematic role mapping and
morphosyntactic processing would help update neurofunctional hypotheses on the role of the

left hemisphere in sentence comprehension.

The project

The present work investigates the role of prefrontal (IFG and MFG) and posterior parietal
(I-IPS) regions, that have emerged in the literature as possibly critical for the elaboration of
morphosyntax and thematic roles. TMS was selectively administered on these regions in
association with a sentence-picture matching task. This allowed both processes to be included
in the same experiment to highlight and disentangle the role of the target regions. The
objectives of the study can be thus summarized:

1. Demonstrating that the stimulated sites play a causal role in thematic role assignment and
in morphosyntactic processing

2. Establishing if the stimulated regions play the same or a distinct role in the two processes

MATERIAL AND METHODS

Participants
23 healthy volunteers (13 F, 10 M) were recruited for the experiment. They were all students
or researchers at the University of Trento. The inclusion and exclusion criteria were the

following:

Inclusion criteria:
- right-handedness assessed with the Edinburgh inventory (Oldfield, 1971)
- Italian as the native language of the participant
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- unimpaired or corrected-to-normal vision

Exclusion criteria:
- incapacity to express an informed consent to the experimental procedures
- counterindications to rTMS including:
- prior history of neurological conditions, seizures, or psychiatric symptoms
- ongoing treatment with psychoactive or other seizure threshold-lowering drugs (as in
Rossi et al., 2021)
- all other data collected by the TMS safety questionnaire

Three participants could not be included for safety concerns (their resting motor thresholds
were too high to allow safe administration of TMS on the frontal region). Two participants
started the experiment but eventually were excluded because they responded at chance level.

The final sample included 18 participants (12 F, 6 M) (mean age=24.8 SD=2.57).

Experimental task

Participants sat in front of a computer screen, at an approximately 1 meter distance. They
completed a sentence-picture matching task in which they had to decide by button press
whether a written sentence and a picture matched. The timeline of the task is shown in Fig.2.
Immediately after a fixation cross, the trial appeared on the screen and remained for 900 ms.
This time window was established after a pilot study designed to test different parameters (for
a description of the pilot study and its results see Chapter 2). As soon as the trial disappeared
from the screen participants were allowed to respond by pressing with the index finger one of
two different buttons. The index finger of the left hand was used for the key associated with
matching trials and that of the right hand for the key corresponding to mismatching trials.
This configuration was kept fixed for all participants in all sessions. Response times (RT) and
performance accuracy (ACC) were recorded starting from the appearance of the response
screen. The experimental task consisted of four blocks of 32 stimuli each. Within each block
stimuli were randomized so that no more than two consecutive trials of the same type could
occur. Block order was randomized within each session and between sessions. Before starting
the experiment, a practice session was administered to allow participants to familiarize with
the task. It consisted of a short version of the task with trials like those used in the
experimental task. Overall, the practice session included 40 trials divided into two blocks of
20 trials each.
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RESPONSE

250 ms 900 ms Till key press

.............................................................................. [

response time
0 tl

Fig.2 Timeline of the experimental task

Experimental stimuli: the sentences

The dataset included 128 reversible sentences (64 actives and 64 passives). Within both
active and passive sentences, 32 were assigned to the morphosyntactic condition (MS) and 32
to the thematic role condition (TR). Within the MS condition, half of the sentences contained
morphosyntactic alternatives on the agent and half on the theme. See Tab.3 for examples of
each type of sentence.

Given the presence of the auxiliary verb and of the by-phrase, passive sentences were
systematically 2 or 3 syllables longer than active ones (mean length (in syllables) of active
sentences = 12.4; mean length of passive sentences = 14.7). Both feminine and masculine

nouns were used. In all the sentences, the two constituents could be both male or both female.

CONDITION EXAMPLE

ACTIVE TR 1 (Sg) 1l pugile ascolta lo sciatore (The boxer listens to
the skier)

ACTIVE TR 2 (PI) Le bariste baciano le chitarriste (The

[BArTENDERS] Kiss the [GuitarisTs])

ACTIVE_MS 1 (P]) Le direttrici guardano la musicista (The

[piRECTORS ] Watch the [Musician])
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ACTIVE_MS 2 (P]) 1 ballerini applaudono il tennista (The dancers
applaud the tennis player)

PASSIVE TR 1 (Sg) 11 pittore e fotografato dal barista (The painter
is photographed by the bartender)

PASSIVE TR 2 (P]) Le cantanti salutano le cameriere (The [SINGERS]

greet the [WAITRESSES])

PASSIVE MS 1 (P]) 1l vigile é indicato dai falegnami (The traffic

policeman is pointed to by the the carpenters)

PASSIVE MS 2 (P]) I pirati sono toccati dal cavaliere (The pirates
are touched by the knight)

Tab.3 Examples of the sentences for each condition. Legend: Sg=singular; Pl=plural. Words in [] correspond to the

feminine

Experimental stimuli: the pictures

The dataset included 128 black-and-white pictures, drawn by a professional illustrator.

Experimental stimuli: the trials

A trial consisted of a picture and a sentence that appeared on the screen at the same time. In
half of the trials the meaning of the sentence matched the content of the picture (matching
trials), whereas in the other half there was a sentence-picture mismatch (mismatching trials).
Mismatching trials contained either a morphosyntactic mismatch or a reversal of thematic
roles. Morphosyntactic mismatches could occur on the agent or on the theme. In the stimuli
that tapped thematic role reversal, agent and theme were both singular or both plural. Half of
the mismatching trials in the TR condition contained singular agent and theme and the other

half contained plural agent and theme.

29



Lo sciatore sgrida il cuoco 4

I pianisti sono ascoltati dai cantanti 3

Fig.3 Examples of matching and mismatching trials for each condition (1=mismatching (MS); 2=matching (MS);
3=mismatching (TR); 4=matching (TR))

Structure of the experiment

The experiment was divided in two sessions, spaced by one week. Every session took
approximately two hours. In each session one or two target regions were stimulated. A
no-stimulation control condition (sham) was also included in each session. Several elements
were counterbalanced across participants: (i) the number of regions stimulated in each session
(either one region in the first session and two regions in the second session or the reverse),
(i1) the order in which target regions were stimulated and (iii) the time window during which
the sham stimulation was administered in each session (before stimulating the first region or
after stimulating the first or the second region). Six options were created to determine how
many regions and in which order to stimulate. Within each session one or two regions could
be stimulated. For example, session 1 could include the stimulation of the IPS and in session
2 the IFG and the MFG could be stimulated. The order of stimulation could vary as shown in
Tab.4
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SESS 1 SESS 2

Option 1 IFG, IPS MFG
Option 2 MFG, IFG IPS
Option 3 IPS, MFG IFG
Option 4 IPS IFG, MFG
Option 5 MFG IPS, IFG
Option 6 IFG MFG, IPS

Tab.4 Counterbalanced conditions for the target regions and the order of stimulation for the sessions

A second counterbalancing procedure determined when the sham stimulation was

administered in each session. Tab.5 shows the counterbalancing options:

Option 1 Option 2 Option 3
Sess 1 real, sham real, sham real, sham
Sess 2 sham, real, real real, sham, real real, real, sham

Option 1 Option 2 Option 3
Sess 1 sham, real sham, real sham, real
Sess 2 sham, real, real real, real, sham real, sham, real

Tab.5 Counterbalancing of the order of administration of real-TMS and sham-TMS between and within sessions

Participants were randomly assigned to each counterbalanced condition, so that each option

was applied to three participants.
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Experimental design and statistical analysis

Experimental design

Our experimental design is a 2x2x2x4 within-participants design. It includes four
within-participants factors:

- DIATHESIS (active vs passive)

- TRIAL (matching vs mismatching)

- CONDITION (MS vs TR)

- REGION (IFG vs IPS vs MFG vs sham)

The main analyses only considered the factors REGION and CONDITION. The focus of the
analyses was put on TMS- and condition-related effects. The relevant expected effects were
those depending on the stimulation targets and on the linguistic processes. The effects and
interactions between the other factors were not relevant for the experimental hypotheses.
Other analyses included the factor DIATHESIS and the factor MS MISMATCH (7 vs 2). This
factor pertains only to the mismatching trials in the MS condition, that could contain
morphosyntactic mismatches on the first (1) or on the second (2) constituent.

In the main analyses the effect of TMS as compared to the sham condition was explored for
each stimulation site in the two levels of CONDITION. First, we compared the effect of TMS
vs sham on all the stimulation sites in all (matching and mismatching) trials for the MS and
the TR condition. Second, we explored the effect of TMS on all the stimulated regions only
on mismatching trials for the MS and the TR condition. Finally, we analyzed effects of
stimulation on all the target regions for the MS and the TR condition separately. This analysis
was motivated by the a priori hypothesis that stimulation over the prefrontal targets (IFG and
MFG) would have affected performance on MS, while stimulating the IPS would have
influenced performance on TR. A control analysis has been done to see whether the order of
the stimulated targets influenced the TMS-related effects. This was done to exclude any
possible carry over effects of TMS over the first stimulated regions on the subsequent
stimulation of another region. This analysis considered the factor TMS ORDER (opt I vs opt
2 vs opt 3 vs opt 4 vs opt 5 vs opt 6), which had 6 levels, one for each sequence option
randomly assigned to participants.

Additional analyses investigated: (i) the effect of real-TMS vs sham for each stimulation site
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in the two levels of CONDITION and of DIATHESIS and (ii) the effect of stimulation on
mismatching trials in the MS condition, depending on whether the mismatch occurred on the

first or on the second constituent.

Statistical analysis

Statistical analyses were performed using Linear Mixed Effects Model (LMMs) (for a
complete guide to these models see Raudenbush & Bryk, 2002 or Singer & Willett, 2003).
Analyses were performed using the General analyses for linear models (GAMLj) jamovi

(https://www.jamovi.org/) module (Gallucci M., 2019; retrieved from

https://gamlj.github.io/). Response times were analyzed through the “mixed effects” module
of the GAML,j, whereas performance accuracy was analyzed using a mixed logistic model of
the same module (“generalized mixed model”). This model is basically a logistic regression
that estimates the probability of the distribution of a dichotomous variable in relation to a set
of predictors (see Wright, 1995 for an exhaustive overview). Both models had participants as

the clustering variable and the intercept across subjects as random-effect.

TMS settings

Stimulation protocol

An offline stimulation protocol was adopted. TMS was delivered before the experimental
task. Low-frequency rTMS (LF-TMS) was administered at 1Hz. The LF-TMS consisted of a
train of 600 stimuli at the rate of 1 stimulus per second (1Hz) (10 minutes). Stimulation
intensity corresponded to 90% of the individual visible resting motor threshold (RMT). The
RMT was calculated as the lowest stimulation intensity applied over the primary motor
cortex which produces more than fifty percent of motor evoked potentials (MEPs) of
amplitude > 50 microvolts out of ten stimuli in the right 1DI muscle. The mean intensity
corresponded to 35% (SD=3.58). The most recent international guidelines (Rossi et al.,
2021) report LF-TMS to be non-invasive and safe.

Each participant received real stimulation and sham stimulation for each target region. Real
stimulation was provided via a MC-B70 figure-of-eight coil and a MagPro X100 stimulator
(MagVenture). Sham stimulation was administered by placing the coil perpendicular to the

scalp.
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Target regions

Three target regions were identified based on the relevant literature: a site on the I-IFG

corresponding to the pars triangularis, a site on the I-MFG and the posterior portion of the

I-IPS (see Fig. 4).

Fig. 4 Localization and direction of the current of the stimulation targets on MNI space (template: spml52). Legenda:
blue=MFG; red=pars opercularis [NOTE: pars opercuoaris was only used as an anatomical reference to identify the

MFG and not used as a stimulation target|; green=pars triangularis ; yellow=IPS).

MRI reconstruction and neuronavigation

Structural MRI was available for each participant. All the structural images (T1-weighted
sequences) were acquired through a Bruker 4T scanner. The MRI images of each individual
were used as a basis for a 3D reconstruction of that individual’s brain. Each stimulation target
was identified on these 3D reconstructions based on macroanatomical landmarks. The IFG
spot was placed in the middle of the pars triangularis of the IFG. The MFG spot was
identified as a spot equidistant from pars opercularis and pars triangularis, 1 cm dorsal to the
IFS. The IPS spot was localized as the point between the middle and the posterior third of the
length of the IPS (as in Finocchiaro et al., 2015; Vercesi et al., 2020; Finocchiaro et al.,
2021).

Before stimulating each target, the TMS coil, the participants’ head and the 3D reconstruction
were co-registered in space via the Softaxic Neuronavigation System using a Polaris Spectra
camera. This allows spatially accurate administration of TMS and online checking of the coil

position during stimulation.
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RESULTS

Data treatment

Trials corresponding to response times below 300 ms and above 4 s were eliminated. We
considered these trials as unreliable responses for being either too fast or too slow. The

excluded trials amounted to 8% of the entire dataset.

Analyses

As mentioned above, the experimental task was designed to investigate the neural
underpinnings of two linguistic processes in the same sentential context, on the assumption
that each process can be associated with its neural correlates based on the response to
stimulation. For example, if IFG is implicated in morphosyntactic processes, TMS on the IFG
should affect responses in the MS condition and not (or to a lesser extent) in the TR
condition. Conversely, the reverse picture should emerge if IPS is implicated in TR. In
mismatching trials of the MS condition, correct responses require the subject to recognize the
number contrast between one of the characters represented in the pictured stimulus and the
corresponding noun in the written sentence. In mismatching trials of the TR condition, on the
other hand, the participant must understand that the agent and theme role represented in the
picture are the reverse to those represented in the written sentence. For this reason, we
decided to analyze the mismatching trials separately when investigating the link between the
condition and the stimulated regions.

The model includes the factors REGION and CONDITION.

Statistics

Results showed a significant main effect of REGION (F(1,3)=13.50 , p < 0.001) and
CONDITION (F(1,1)=13.04 , p < 0.001). No interaction effect was found (¥(1,1)=1.39,p =
0.243). Bonferroni’s Post Hoc Comparisons were run to further explore the effects.
Significant differences between TMS and sham were observed on the IFG (#(1, 5101)=
-3.084, p = 0.012) and on the MFG (#(1, 5101)= -3.809, p < 0.001), whereas the difference
fell just short of significance on the IPS (#(1, 5102)=2.612, p = 0.054). As seen in Graph 1,
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stimulation on the IFG and the MFG significantly reduced RT compared to the sham

condition. Descriptives are shown in Tab.6.

*
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IFG real MFG real IPS real sham

Graph 1 Bar plot of the mean RT performance in the frontal targets (IFG real and MFG real) and the parietal target (IPS

real) and in the sham condition for mismatching trials. Asterisks denote significant differences

IFG real MFG real IPS real sham
RT mean 1210.72 1191.16 1336.96 1286.67
std 637 663 794 704
ACC mean 73.39 71.29 70.92 67.71
std 4.2 53 5.4 6.8

Tab.6 Descriptive statistics (mean RT and ACC and standard deviation) for each stimulated target and the sham
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To analyze the effect of TMS on performance accuracy a logistic model was adopted with the
same factors as above. Results show a main effect of REGION (X?(1)=7.82, p = 0.005) and of
CONDITION (X?(3)=12.18, p = 0.007) and no interaction effect (X’(3)=3.27, p = 0.351).
Bonferroni’s Post Hoc Comparisons showed significant differences only on the IFG (z=3.270,
p = 0.006), but not on the MFG (z=2.018, p = 0.262) and on the IPS (z=1.829, p = 0.404).
TMS significantly enhanced performance accuracy only on the IFG, while leaving

performance on the other regions unaffected (Graph 2)

100

*%

ACC

IFG real MFG real IPS real sham

Graph 2 Bar plot of the mean ACC performance in the frontal targets (IFG real and MFG real) and the parietal target (IPS

real) and in the sham condition for mismatching trials

To analyze any potential after-effect of administering TMS on more than one target per
session, a control analysis was performed including the factors REGION, CONDITION and
TMS ORDER as fixed-effects and the intercepts across participants and TMS ORDER as
random-effects. Both on ACC and RTs, the model did not show any relevant effect related to

the order of stimulation (see Tab. 7):
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CONDITION REGION TIMS COND*REG COND*ORD COND*REG*ORD

ORDER
RT F(1,3)=12.85, F(1,3)=203, F(1,5=4.36, F(1,3)=1.84, F(1,5=1.75,  F(1,15)=0.53,
»<0.001 p<0.001 p=0.095 p=0.137 p=0.122 p=0.921
ACC  X(1)=8.82, X(3)=118, X(5)=3.78, X¥(1)=2.32, X(5)=3.91, X(15)=1.09,
p=0.002 p=0.001 p=0.067 p=0245 p=0.301 p=0.765

Tab. 7 Summary of effects of the models for RT and ACC

These results showed that there was no significant interaction between the behavioral effects
of stimulation administered on two different regions in the time window of the same
experimental session, independently of which specific regions were stimulated and in which

order.

To explore the effect of TMS on each stimulation target we analyzed the two conditions (MS

and TR) separately. The model included the factor REGION.

MS condition

Results showed a main effect of REGION (F(1,3)=5.26, p = 0.001) that was further
investigated by means of Bonferroni’s Post Hoc Comparisons. The TMS vs sham contrast
reached significance only on the MFG (1, 2547)= -3.087, p = 0.012), on which TMS
decreased RT (see Graph 3). No significant effect was seen on the IFG (#(1, 2548)= - 2.420),
p = 0.094) and on the IPS (#(1, 2548)=0.483, p = 1.000).
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Graph 3 Barplot of the mean RT performance in all the stimulated regions and the sham only on MS

The effect of TMS on performance accuracy was also explored. Results showed a significant
effect of REGION (X?(3)=12.3, p = 0.006). Bonferroni’s Post Hoc Comparisons showed that
TMS significantly improved accuracy only on the IFG (z=3.115, p = 0.011), (Graph 4). No
significant differences in accuracy were found on the MFG (z=0.147, p = 0.590) and on the
IPS (z=2.425, p = 0.092).

100

75

ACC

50
IFG real MFG real IPS real sham

Graph 4 Bar plot of the mean ACC performance in all the stimulated regions and the sham on MS condition

Tab.8 shows descriptives:
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MS IFG real MFG real IPS real sham

RT mean 1182.84 116446 127222  1268.17
std 630 668 762 678

ACC mean 75.72 72.37 74.15 68.3
std 42 4.4 43 4.6

Tab.8 Descriptive statistics (mean RT and ACC and standard deviation) for each stimulated target and the sham in the MS

condition

TR condition

The same analyses were performed on the TR condition. Results showed a main effect of
REGION only for RT (F(1,3)=9.56, p < 0.001) and not for ACC (X’(3)=1.13, p = 0.334).
Post hoc comparisons showed that TMS yielded a significant RT increase only on the IPS
(#(1,2539)=3.175, p = 0.009) (Graph 5)
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Graph 5 Bar plot of the mean RT performance on all the stimulated regions and the sham on the TR condition only

Descriptives are shown in Tab.9:
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TR IFG real

RT mean 1238.6
std 643

ACC mean 71.06
std 4.5

MFG real
1217.79
658

70.21
4.5

IPS real
1402.34
821

67.67
4.6

sham
1305.3
728

67.12
4.7

Tab.9 Descriptive statistics (mean RT and ACC and standard deviation) for each stimulated target and the sham in the TR

condition

Effects of diathesis and ms mismatch (MS condition)

We also analyzed the effect of diathesis (active vs passive) and position (first vs second noun)

of the morphosyntactic mismatches as a function of the stimulated region. The aim of this

analysis was to see whether stimulation of the prefrontal spots had a differential effect on

performance depending on diathesis, mismatch position and their possible interactions.

The model includes the factors DIATHESIS (active vs passive), MS MISMATCH (1 vs 2)

and REGION.

Descriptives are shown in Tab.10:

ms mismatch 1 active
RT mean 1200.07
std 674
ACC mean 84.1
std 3.6
ms mismatch 2 active
RT mean 1180
std 648
ACC mean 66.1
std 4.7

passive
1210.22
666

69.1
4.6

passive
1330
735

65.1
4.7
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Tab.10 Descriptive statistics (mean and standard deviation) for RT and ACC in active vs passive sentences with ms

mismatch on the first (1) and on the second (2) constituent

Results showed similar outcomes for RT and ACC. Significant main effects of all the factors
and a MS MISMATCH x DIATHESIS interaction effect were found. No TMS-specific effect
was found. Post hoc comparisons revealed that:
- active sentences were associated with faster RT and higher ACC than passive
sentences;
- sentences with the MS mismatch on the first constituent were associated with faster
RT and higher ACC than sentences with the MS mismatch on the second constituent;
- performance on sentences with the MS mismatch on the first constituent were faster
and more accurate on active diathesis than on passive diathesis

(see Tab.11 and Graph 6).

DIATHESIS MS MISMATCH REGION MS MISM x DIATH

LMM RT F(1,1)=11262,p<0.001 F(1,1)=5.594,p=0.018 F(1,3)=5.486,p<0.001 F(1,1)=6.410, p = 0.011

ACC  XA(1)=22.532,p<0.001  X(1)=22.532,p<0.001  X2(3)=12.839, p=0.005 X*(1)=20.762, p < 0.001

P-H RT t=-3.36, p <0.001 =-2.37,p=0.018 act 2 vs pass 2 contrast
t=-4.085 p<0.001

ACC z=4.75,<0.001 z=6.20, p <0.001 act 1 vs pass 1 contrast
z=6.211, p <0.001

Tab.11 Report of the results (main analyses (LMM) and Posthoc tests (P-H))
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Graph 6 On top: significant mean RT differences between active and passive voice on sentences with ms mismatch on the
first constituent (1). On bottom: significant mean ACC differences between active and passive voice on sentences with

mismatch on the second constituent (2)

Effect of diathesis (TR condition)

These analyses aimed at exploring whether diathesis (active vs passive) influenced

performance on the TR condition when each TMS site was stimulated. These analyses were
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carried out to see whether previous findings on the role of the I-IPS in the comprehension of
reversible passive sentences would replicate.

The model had the factors DIATHESIS and REGION and explored the effect of TMS vs
sham on all the stimulation targets with active vs passive sentences.

Descriptives are shown in Tab.12:

active IFG real MEFG real IPS real sham
RT mean 1203.44 1174.86 1349.16 1273.11
std 640 627 794 701
ACC mean 74.03 70.92 70.11 68.73
std 43 4.5 4.5 4.6
passive IFG real MFG real IPS real sham
RT mean 1282.16 1269.1 1465.58 1344.29
std 646 691 850 758
ACC mean 67.39 69.36 64.75 65.16
std 4.7 4.6 4.7 4.7

Tab.12 RT and ACC descriptives (mean and standard deviation) for active and passive sentences on each stimulation target

Analyses of RT indicated a strong main effect of DIATHESIS (F(1,1)=11.65, p < 0.001) and
of REGION (F(1,3)=9.55, p < 0.001) and no interaction effect (F(1,3)=0.208, p = 0.891).
Bonferroni’s Posthoc Comparisons reached significance only on the IPS (#(1, 2535)=3.213, p
< 0.001) and not on the IFG (#(1, 2534)= -1.942, p = 0.313) and on the MFG (#(1, 2535)=
-2.296, p = 0.131). As shown in Graph 7, TMS significantly increased RT on the IPS on
passive sentences.

On ACC results showed a significant main effect of DIATHESIS (X?(1,1)=5.23 p = 0.022)
and not of REGION (X*(1,3)=3.33 p = 0.343) and no interaction effect (X?(1,3)=0.97 p =
0.808). Bonferroni’s Posthoc Comparisons on DIATHESIS showed that active sentences were

significantly associated with a lower amount of error than passive sentences.

44



2000

* &k
1500 1
[
b 1000
500
0
IPS real sham

Graph 7 Bar plot of the significant real vs sham difference on the IPS for passive sentences

Summary of the results

Prefrontal regions (IFG and MFG) were selectively involved in morphosyntactic processing
and not in thematic role mapping, while the parietal region (IPS) showed the opposite pattern.
On the prefrontal regions, performance on MS trials was enhanced by TMS, resulting in
faster RT and increased ACC. In contrast, TMS on the parietal site affected performance on
TR trials negatively, resulting in comparable ACC but longer RT.

Passive diathesis and the position of the MS mismatches, even though they did not interact
with stimulation, influenced both RT and ACC. Sentences in the passive voice with MS
mismatch on the second constituent were systematically associated with slower and less
accurate performance. Passive sentences were also significantly affected by stimulation on
the IPS, in line with previous findings on the link between this region and thematic

reanalysis.
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DISCUSSION

This study investigated the neural correlates of morphosyntactic and thematic role processes
in the same sentential context. Since in the critical experimental trials a picture and a sentence
contrasted in specific morphosyntactic or thematic features, the study allowed exploring the
role played by two prefrontal regions (IFG and MFQG) and a parietal region (IPS) in these two
fundamental aspects of sentence comprehension.

Results: (i) confirm previous findings on the role of these left hemisphere regions in sentence
processing; (i1) suggest a selective role of the IFG and the MFG in morphosyntactic
processing; (iii) confirm a selective role of the IPS in thematic role assignment and (iii)
demonstrate a functional distinction between left prefrontal and parietal networks in sentence
processing.

TMS on the frontal regions (IFG and MFG) influenced the processing of morphosyntactic
information and did not affect thematic role assignment. Conversely, TMS on the parietal
region (IPS) affected thematic role mapping and not morphosyntactic processing. This
suggests that morphosyntactic and thematic processing rely on at least partially distinct neural
correlates. The prefrontal region (including IFG and MFG) correlates with morphosyntax and
the parietal region (IPS) with argument labeling. Stimulation of the IPS affected particularly
performance reversible passive sentences, thus confirming previous TMS studies

(Finocchiaro, 2015; 2021 and Vercesi, 2020).

The left fronto-temporo-parietal network in sentence processing

The role of the IFG and the MFG

In our study TMS on both the IFG and the MFG selectively influenced performance on MS
trials. Even though our data do not provide sufficient information to support a selective role

for one or the other region, they allow some insights. In all the analyses that showed an effect

of TMS on these two regions, performance was enhanced. The stimulation on the MFG
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systematically speeded execution, while that on the IFG reduced error rate. The interpretation
of this outcome is not straightforward; however, these results suggest that both the regions are
involved in processing morphosyntactic features (number processing in particular).

Our results are in line with the main neurocognitive models of language comprehension that
connect language processing to a left lateralized fronto-temporo-parietal network (Friederici,
2011, 2012; Matchin & Hickok, 2020; Bornkessel-Schlesewsky & Schlesewsky, 2013).
Whether the involvement of left frontal regions in sentence processing is specifically
linguistic is still a matter of debate. In literature two main views on the functional role of
Broca’s area have been put forward: a language-selective hypothesis and a domain-general
hypothesis. On the first account, Broca’s region would be involved in syntactic processing
either in language (Caramazza & Zurif, 1976; Friederici, 2018) or across multiple domains
(Thompson-Schill et al., 1997; Tettamanti & Weniger, 2006). On the second account, this
region is involved in executive functions such as working memory (WM) or cognitive control
(Thompson-Schill et al., 1997; Novick et al., 2005). Other neurofunctional studies have
suggested that these regions function as a 'multiple-demand‘ system, presenting a shared
activation pattern in response to different cognitive demands (MD) (Duncan & Owen 2000).

Findings in the neuroimaging literature are often interpreted as being compatible with the
view that the left fronto-temporo-parietal network is a cluster of multiple-demand regions
differentially activated as a function of either language-specific or domain-general aspects
(see Santi & Grodzinski, 2007). This view is also supported by a recent exploratory review
by Fedorenko and Blank (2020). They argued that the distinction between neural substrates
devoted to language-specific and to domain-general mechanisms should not be approached as
antinomic, and integrate the two alternatives in a comprehensive model postulating that
Broca’s area, by virtue of its dense anatomical and functional connections, is involved both in
language-specific and in domain-general MD processes. Fedorenko & Blank claim that, since
Broca’s area is structurally and functionally heterogeneous, it is divided in sub-regions with
distinct neural patterns that correspond to a language-selective frontotemporal network and a
domain-general multiple-demand frontoparietal network, respectively (for a detailed

description of this account see Fedorenko & Blank, 2020).

Although referring to our results as supporting one or the other hypothesis is beyond the
scope of this work, results are compatible with the view that the involvement of the targeted
regions in sentence processing is triggered by linguistic aspects, such as morphosyntax and
thematic role mapping. On one hand, detecting a morphosyntactic mismatch requires
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recognizing morphological elements and their link with the syntactic structure (e.g.,
processing the auxiliary verb and inflected arguments in passive sentences). On the other
hand, identifying a thematic role reversal relies on a combination of syntactic and semantic
features, particularly in passive reversible sentences. Moreover, our results suggest that the
two processes rely on at least partially distinct neural correlates. This finding could support
the language-specific account. If the involvement of the targeted regions in sentence
comprehension were not related to the specificity of the material to be processed, but by the
general multi-demand resources required by the task, it would not explain why each site was
associated with one process and not the other. On a domain-general view, both regions should
have responded to TMS regardless of the thematic or morphosyntactic condition. Selective
involvement in MS and TR processes supports the language-specific role of these regions in

sentence processing.

The role of the I-IPS

The IPS responded to stimulation particularly on reversible passive sentences. This finding
confirms previous TMS studies investigating the role of the 1-IPS in thematic role
assignment, in passive reversible sentences (Finocchiaro et al., 2015; 2021 and Vercesi et
al., 2020). These sentences are supposed to require a thematic reanalysis of the first-pass
encoding of thematic roles due to co-occurrence of non-canonical syntactic structure and
semantic reversibility, that makes them harder to process. In our investigation, the IPS did not
respond to stimulation during MS trials. Even though these trials require the detection of the
MS mismatch, they still require a correct mapping of thematic roles. The selective
involvement of the IPS on TR trials reinforces the hypothesis of its specific role in thematic
role assignment.

These data are consistent with the view that the 1-IPS responds to language-specific
dimensions. It has been associated with language comprehension, and in particular with
thematic reanalysis (Finocchiaro et al., 2015; 2021; Vercesi et al., 2020; and the present
study), needed when the first-pass parsing of thematic roles must be revised based on the
changed syntactic structure and semantic reversibility. However, the specific nature of the
I-IPS involvement in sentence processing is yet unclear. On one hand, it could support
language comprehension by activating specific linguistic knowledge stored in LTM to make

it available in WM. On the other hand, it could be associated with a domain-general function,
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providing the neural substrate for highly demanding tasks such as revising the initial thematic
role assignment. In other words, it could function as a language-selective or domain-general
region. Even though some studies suggest a role of the I-IPS in language comprehension,
other investigations postulate a domain-general function of this region in human cognition. A
review by Lambon-Ralph et al. (2017) suggests that the 1-IPS is part of a network that
underlies semantic control. This network: “is thought to support working memory and
executive representations that encode information about the temporal, situational and task
context relevant to the current behaviour”. In support of this view, the authors present data
from patients with temporo-parietal lesions, who showed problems in actively manipulating
knowledge; these patients were first described with the term ‘semantic aphasia’ (SA) by
Luria (1964). SA has been shown to differ from semantic dementia (SD) in both verbal and
non-verbal domains (Corbett et al., 2009; Noonan et al., 2010). In particular, deficits
associated with SD seem to be connected to a damage to the semantic representation network,
whereas SA affects performance in tasks related to the semantic control network. Patients
suffering from SA typically show poorest performance in highly demanding tasks and tasks
that require ambiguity and conflict monitoring (for a study on SA patients that shows a link
between semantic control deficits and temporo-parietal damage see Noonan et al., 2010). In
further support, neuromodulation studies show that rTMS on the temporo-parietal cortex
(including the IPS) significantly influences performance on semantic functioning, especially
when cognitive control is needed (Hoffman et al., 2011; Whitney et al., 2011b; Whitney et
al., 2012).

Overall, our data support the view that the IFG, the MFG and the IPS are involved in
language comprehension and play selective roles in processing different linguistic aspects.
The functional distinction between the frontal and the parietal regions clearly demonstrates
role selectivity and suggests that the contribution of these sites is language-specific rather
than domain-general. The domain-general account assumes that these regions are part of a
multiple-demand network, activated by tasks of different nature that share cognitive
demands. If this were the case, we should have observed a generic TMS response of all three
stimulated regions for both investigated processes, which was not the case. In contrast, the
different response to stimulation according to the process primarily required by the
mismatching trials shows that the selective response depends at least in part on the linguistic

features of the trial. Although not yet sufficient to demonstrate the selectivity for language of
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these regions, our data add further evidence of their involvement in critical aspects of

language processing.

CONCLUSIONS

This study provides insights on the causal role of the IFG, MFG and IPS in morphosyntactic
and thematic role processing. It sought to establish if each region provided a selective
contribution to processing different sentential features in the context of the same task. The
task was designed to explore the specific role of each target by requiring the processing of
either MS or TR aspects in order to recognize MS or TR mismatches between sentences and
pictures. Data show that the two processes rely on functionally distinct neural correlates: the
prefrontal regions (I-IFG and 1-MFG) are related to the processing of morphosyntactic
features and are not involved in thematic role assignment, while the parietal region (I-IPS)
shows the opposite behavior. Our results replicate and reinforce previous findings correlating
the 1-IPS to the assignment of thematic roles in reversible sentences with non-canonical word
order, that require a re-analysis of the first-pass encoding of thematic roles. Even though they
do not allow detailed conclusions on the nature of the role played by the brain regions
targeted in our experiment, results strongly suggest that the IFG, the MFG and the IPS are

involved in morphosyntactic and thematic processing.

LIMITATIONS

Even though this experiment yielded clear results, it has limitations. In the first place, it does
provide evidence that IFG and MFG (but not IPS) are involved in morphosyntactic
processing, but the experimental paradigm only probed one morphosyntactic feature, namely
number. Future research should explore the contribution of the key nodes of the left
prefrontal network to additional aspects of MS processing.

The experiment also has methodological limitations. Even though the order of target
stimulation within and between sessions was counterbalanced and randomized, more than one
target region was stimulated, and both sham and TMS conditions were delivered during the
same session. Real/Sham TMS of only one region per session would improve the
investigation of each region’s role by canceling out the potential aftereffects of the
stimulation of a region on the stimulation of another. Time constraints did not allow this

approach. Another limitation is represented by the fact that the differential effects of TMS on
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RTs found on MS and TR depending on the stimulation site did not emerge from an
interaction between condition and site of stimulation. Rather, these effects were found when
looking at the influence of TMS on the different targets in the two linguistic conditions
separately. This was done to test the a priori hypothesis that the prefrontal regions are

involved in MS processing and the inferior parietal region plays a role in mapping TR.

CHAPTER 2

A pilot study for behavioral validation of the linguistic task used in the TMS experiment

To finalize the experimental paradigm and the materials to be used for the just-reported rTMS
experiment, a behavioral pilot study was conducted. This study aimed to determine the most
adequate time window for stimuli presentation in the TMS experiment. The selected time
window had to be sufficiently short as to prevent ceiling effects, but at the same time
sufficiently long as to prevent random responses due to insufficient time to respond. In
addition, even though performed on an underpowered sample, several preliminary analyses
were done to provide a qualitative observation of the effects of the factors to be included in

the TMS experiment.

Participants

10 participants (5 female, 5 male; mean age=28.5 (+-2.87 SD)) with unimpaired or
corrected-to-normal vision, no prior history of neurological conditions, seizures, or
psychiatric symptoms took part in the pilot. All were recruited at the University of Trento and

participated on a voluntary basis.

Task
The task was the same as that described in Chapter 1. Response time and accuracy were
collected. Before starting the experimental procedure, participants completed a practice run to

get acquainted with the task. They were presented with 16 trials, divided in two blocks of 8
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trials each. After the training phase, requests for clarification were invited. Subsequently, the
experiment was started. The experiment included 128 trials, divided in 4 blocks of 32 trials

each. After each block participants were allowed a short break.

Experimental paradigm

To test the experimental material, participants’ performance was analyzed and the effect of all
the factors included in the protocol was evaluated, even those of dimensions expected to be
outcome-neutral or less explanatory. The factors correspond to: DIATHESIS, TRIAL and
CONDITION. Four different trial presentation times were used: 875, 900, 925 and 950 ms.
The reason for this manipulation resides in the wish to identify a trial presentation window
that allowed task execution with an accuracy between 70 and 80% - that is, a time window
that would make the task neither too easy nor too hard, thus preventing floor and ceiling
effects.

Times were counterbalanced and randomly assigned to the trials so that each block had the
same number of trials of the same condition assigned to each presentation time.

The pilot had a 2x2x2x4 design, with four factors: DIATHESIS (active vs passive), TRIAL
(matching vs mismatching), CONDITION (7R vs MS) and TIMING (875 vs 900 vs 925 vs
950).

Statistical analyses
As mentioned above, this was a pilot study designed to test some elements to include in the
TMS experiment. Given the small sample size, all the analyses that will be presented could

only provide exploratory results to be interpreted as preliminary considerations.

TIMING

We first analyzed performance accuracy based on the four levels of TIMING. We wished to
establish the trial presentation time that resulted in performance accuracy between 70 and
80%. Overall, mean performance accuracy for the four levels of TIMING was 68.4%
(SD=10.8) for 875 ms, 69.1 % (SD= 9.48) for 900 ms, 72.8% (SD=14.4) for 925 ms and
64.6% (SD=10.4) for 950 ms. Graph 1 and 2 shows mean performance accuracy for each

stimulus presentation time:
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Graph 1 X axis: Mean accuracy scores of all the participants in each stimulus presentation time (875, 900, 925, 950 ms); Y

axis: performance accuracy (%)
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Data were analyzed through a one-way repeated-measures ANOVA with the
within-participants factor TIMING on four levels (875 vs 900 vs 925 vs 950). No significant
effect of TIMING on performance accuracy was shown (F(3, 27)=2.16, p=0.116), meaning
that there were no significant differences between scores on the four trial presentation times.
Statistically, thus, there was no specific reason to choose a particular timing. However,
looking at the performance of all subjects (Graphs 1 and 2), greater uniformity and

consistency of distribution is observed in the 900 ms window.

In addition, we looked at the interaction between the factor TIMING and the other factors
DIATHESIS, TRIAL and CONDITION.

TIMING x CONDITION

First, the interaction between the factors TIMING and CONDITION was explored. Mean
performance accuracy of participants in each time window for both TR and MS conditions is

reported in Tab.1:

Descriptives

875_MS 875.-TR 900_.MS 900 TR 925 MS 925 TR 950_.MS 950_TR

Mean 64.7 718 67.7 70.7 76.7 69.4 67.1 62.0
Standard deviation 13.7 12.7 14.8 11.4 16.1 15.6 12.5 11.8

Tab.1 Descriptives of mean accuracy performance for each condition (MS and TR) in each time window (875, 900, 925, 950

ms)

Graph 3 shows performance at each time window for the TR and MS condition:
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Graph 3 X axis: Mean accuracy scores of all the participants in each stimulus presentation time (875, 900, 925, 950 ms) for

MS and TR conditions; Y axis: performance accuracy (%)

Statistical analyses were conducted via a two-way repeated measures ANOVA. Results
showed no significant main effect of either TIMING (F(3, 27)=2.42, p=0.087) or
CONDITION (£(1, 9)=0.03, p=0.857) and no interaction effect TIMING x CONDITION
(F(3, 27)=2.63, p=0.070). Performance accuracy was not influenced by the two experimental
conditions (TR and MS) in any time window. Even though some slight differences can be

observed, TR and MS do not differ substantially at a behavioral level.

TIMING x DIATHESIS

The interaction between TIMING and DIATHESIS was also explored. Mean accuracy of
participants for both active and passive sentences in all the time windows are shown in

Tab.2:

Descriptives

875att 875 pass 900att 900pass 925att 925 pass 950att 950 pass
Mean 70.6 65.7 76.6 64.5 70.0 76.0 66.2 62.9
Standard deviation 11.7 15.0 12.9 10.7 13.7 17.8 9.60 16.1
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Tab.2 Descriptives of mean accuracy performance for active and passive sentences in each time window (875,

900, 925, 950 ms)

See Graph 4 for a description of performance in this comparison:
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@ acive @ pussive * e

NS R

active vs passive (925 ms) 22 active vs passive (950 ms) 23

ALY A

Graph 4 X axis: Mean accuracy scores of all the participants in each stimulus presentation time (875, 900, 925, 950 ms) for

active and passive sentences, Y axis: performance accuracy (%)

Statistical analyses were conducted through a two-way repeated measures ANOVA. No
significant main effect of either TIMING (F(3, 27)=2.60, p=0.073) or DIATHESIS (F(1,
9)=3.84, p=0.082) emerged, and no interaction effect TIMING x DIATHESIS (F(3, 27)=2.44,
p=0.086). No significant differences were found between active and passive trials in all time
windows. At an observational qualitative level, some difference between active and passive
sentences can be seen, with passive sentences being generally associated with lower accuracy.
However, these differences are in line with the expectations and with the literature and they

reasonably should not reflect unexpected effects in the TMS experiment.

Another factor to be considered is TRIAL. As for TIMING, the interactions between TRIAL

and the other factors were explored.
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TRIAL x TIMING

Mean performance accuracy of the participants on both matching (m) and mismatching (mm)

trials for all the time windows is shown in Tab.3:

Descriptives

875m 875mm 900m 900mm 925m 925mm 950m 950 mm

Mean 85.7 84.7 83.9 754 51.3 553 58.6 52.7
Standard deviation 4.21 13.7 10.9 7.76 214 16.7 21.8 17.6

Tab.3 Mean and standard deviation for mean ACC performance for matching (m) and mismatching (mm) trials

Analyses were carried out as in previous contrasts. There was a significant main effect of
TIMING (F(3, 27)=18.95, p <0.001), but no significant main effect of TRIAL (£(1, 9)=1.55,
p=0.244) and no TRIAL x TIMING interaction (F(3, 27)=2.27, p=0.104).

TRIAL x CONDITION

TRIAL and CONDITION interaction was explored as in the other contrasts. Tab.4 shows
mean accuracy of the participants in MS vs TR conditions for matching and mismatching

trials.

Descriptives

TRm TRmm MSm MSmm

Mean 83.3 81.2 53.6 55.2
Standard deviation 6.75 8.89 21.5 19.1

Tab.4 Mean and standard deviation for mean ACC performance for matching (m) and mismatching (mm) trials in MS and

TR conditions

ANOVA results showed a significant main effect of CONDITION ( (F(1, 9)=26.81, p <
0.001) and no significant main effect of TRIAL (F(1, 9)=0.006, p =0.935) and no TRIAL x
CONDITION (£(1, 9)=0.19, p = 0.669). The main effect of CONDITION was further
explored through two paired t-tests that contrasted the two conditions (MS and TR) within the
same type of trial (matching vs mismatching). Results showed that performance in the TR vs

MS contrast significantly varied in both matching (#9)=4.43, p=0.002) and mismatching
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trials (#(9)=3.74, p=0.003). Performance accuracy was significantly lower on MS trials in

both matching and mismatching trials (Graph 5).
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Graph 5 Statistical comparison between mean ACC performance matching (m) and mismatching (mm) trials for TR and MS

conditions

We interpreted these differences as task-dependent random effects, whose effect on

performance should not be alarming.
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TRIAL x DIATHESIS
Finally, TRIAL x DIATHESIS interaction was explored. Tab.5 below shows performance on

active vs passive trials for both matching and mismatching trials:

Descriptives

TRm TRmm MSm MSmm

Mean 833 81.2 53.6 55.2
Standard deviation 6.75 8.89 215 19.1

Tab.5 Mean and standard deviation of ACC performance for TR and MS matching (m) and mismatching (mm) trials

ANOVA showed a marginally significant main effect of DIATHESIS ((F(1, 9)=5.63,
p=0.046) and a significant main effect of TRIAL ((F(1, 9)=27.03, p < 0.001). The
DIATHESIS x TRIAL interaction was not significant (F(1, 9)=0.941, p=0.357). The main
effect of TRIAL was explored as in the previous analysis. The paired t-tests that reached
significance were those contrasting matching vs mismatching trials within the same diathesis.
Accuracy in both active and passive trials was significantly lower for mismatching than

matching trials (=5.14,p<0.001) and in the passive trials (+=4.83, p < 0.001) as shown in
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Graph 6:
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Graph 6 Statistical comparison between mean ACC performance for active and passive sentences in matching and

mismatching trials

Since DIATHESIS did not represent a substantial source of variability in the dataset (i.e.
active vs passive trials were not significantly different), this result was not interpreted as

relevant for the TMS experiment.
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DIATHESIS x CONDITION
The last comparison was between DIATHESIS and CONDITION (Tab.6):

Descriptives
act TR pass TR act M5 pass M3
Iean 70.0 70.6 078 Bo.5
Median 08.8 097 £5.0 677
Standard deviation 27 0.4 11.5 1.5

Tab.6 Mean and standard deviation for active and passive sentences in MS and TR conditions

ANOVA showed no significant main effects of DIATHESIS (F(1, 9)=0.01, p=0.903) and
CONDITION (F(1, 9)=2.82, p=0.12) and no DIATHESIS x CONDITION interaction (F(1,

9)=0.03, p=0.595).

Summary and conclusions

The goal of the pilot study was to test and finalize the task and to preliminary explore all
experimental variables in order to obtain useful information in view of the forthcoming TMS
experiment.

The task proved to be effective in comparing thematic role assignment and morphosyntactic
processing, with the two conditions showing no significant differences in terms of accuracy.
The other variables were also explored, alone and in interactions with each other. No
statistically significant differences were found in any comparisons, except for task-dependent
effects of a random and unimportant nature.

Another goal of the pilot was to determine the stimulus presentation window that allowed
response accuracy between 70-80%. Since the most suitable time window appears to be 900
ms, it was chosen for the TMS experiment. In this time window mean performance accuracy
was globally in the expected range and the distribution of the scores was more consistent and

uniform.
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LIMITATIONS

The reported study was a pilot experiment designed to test some elements to finalize the task
to be used in the TMS experiment. Given the small sample size (N=10), it was not possible to
draw any certain conclusion from statistical analyses. As a consequence, all the reported
results should be treated as preliminary. This strongly limited the impact that the information
it provided on the effects of the experimental factors could have on formulating expectations

for the TMS study.

CHAPTER 3

Are Linear Mixed Models (LMM) systematically better than Analysis of Variance (ANOVA) in
investigating data variability in TMS studies of language?

ABSTRACT

Analysis of variance (ANOVA) and Linear Mixed Models (LMMs) are used to explore
variability in the data. Even though both statistical approaches investigate variance, there are
important differences to be considered. While ANOVA is a fixed-effects model, able to
explore the variability of the predictor variables, LMMs include both fixed- and
random-effects, thus managing to account for multiple sources of random variability that
ANOVA cannot include. For this reason, LMMs are increasingly used in the pipelines of data
analysis. However, the two models should not be treated as being alternative and neither is
intrinsically more explanatory, hence preferable in general. Rather, they should be considered
as providing different levels of information content, depending on the type and the nature of
the data. This work addresses this issue by comparing the use of both ANOVA and LMMs on
the same dataset. Two language and neurostimulation experiments previously published have

been re-analyzed through a pipeline that included both models and their outcomes have been
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compared. Results confirm that ANOVA and LMMs do not differ in their outcomes, but in

the information about variability they allow to obtain.

INTRODUCTION

The link between the pipeline and the outcomes

The relationship between the pipelines used in data analysis and the conclusions drawn on
their basis is a well-known issue. It has been suggested that analytical flexibility plays a
crucial role in causing inflated rates of false positive results (Ioannidis, 2005; see also Carp,
2012 for an inquiry on the link between analytical flexibility and experimental outcomes). As
analysis procedures have become more complex, analytical flexibility has increased. Several
studies highlighted the problem of the impact of choosing a specific pipeline for data analysis
on outcomes. The debate has been ongoing especially in the neuroimaging domain. For
example, Weissenbacher et al., 2009 and Carp, 2011 investigated the link between
outcomes and the order of analytical steps. Other investigations addressed the issues raised by
selecting a specific software for data analysis (Smith et al., 2005; Poline et al., 2006). Yet
other studies explored the conjoined impact of these dimensions (Churchill et al., 2012).
This trend may have nontrivial consequences. A recent study (Botvinik-Nezer, 2020)
underlined the importance of questioning the relationship between analysis pipeline and
results. The same neuroimaging dataset was given to 70 teams of researchers, who were
asked to analyze the dataset and test nine a priori hypotheses. Each team was instructed to
use the procedures customarily used in their laboratory. As it happened, no team used the
same analysis pipeline, and the results of hypothesis testing showed detectable variation, even
in teams whose statistical maps showed a high correlation at intermediate stages of the
analyses. The authors underline the importance of contrasting such pipeline-dependent effects
with proper approaches, and encourage groups to share data, codes and materials in order to
increase reproducibility. Even though conducted on fMRI data, the study addresses an issue
that can be extended to any kind of dataset. In the present study the problem is addressed in
the context of behavioral and neurostimulation data.

Two neurostimulation experiments conducted and published by our group (Finocchiaro et
al., 2015 and 2021) will be taken as study cases to explore any potential pipeline-dependent

effects in the analyses. Experiments used Non-Invasive Brain Stimulation (NIBS) and
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Transcranial Magnetic Stimulation (TMS) to investigate the neural basis of sentence
processing. The resulting datasets were analyzed via both ANOVA and LMMs. The results of

each experiment were compared and discussed.

Despite investigating and exploring the same parameter (i.e. the variance in the data), the two
models differ importantly in their theoretical assumptions and in the level of information they
can provide. In the literature it is frequently claimed that LMMs should replace the more
traditional ANOVA approach, as they can include and explain sources of variability in the
data that ANOVA cannot take into account (see Krueger et al., 2004; Boisgontier &
Cheval, 2016; de Melo et al., 2022). The present methodological study is informed by this
crucial question: should ANOVA be abandoned? If the answer were to be affirmative, we
would be authorized/forced not only to eliminate ANOVA as a pipeline, but also to
reconsider or challenge conclusions drawn on ANOVA-based experiments. The present study
will compare the two models to address this issue.

As in other domains, in the field of neurostimulation the study of the link between basic
sensorimotor skills and their neural correlates is simpler than for higher-level processes, such
as language. For example, the study of object grasping is facilitated by the behavioral
outcomes that directly reflect the process (the sequences of organized hand movements
performed to grasp the object). In contrast, studying sentence comprehension is not as
straightforward and behavioral outcomes must be measured indirectly (reaction times and
errors in pressing a response key following the presentation of a stimulus in a forced-choice
context). As the complexity of the process increases, so does the number of variables to be
factored in the experimental paradigm to examine and measure the phenomena under
investigation. A larger number of parameters inevitably affects the interpretability of the
observed statistical results. Furthermore, the link between statistical significance and
reliability of inference is not always linear. In the case of low-level processes, high
significance generally corresponds to a greater reliability of results. Studying complex
processes characterized by many variables may originate results that are statistically less
powerful in terms of significance. Increased complexity may make data interpretation less
straightforward and result in weaker inferences. However, the implications of these
differences should be treated cautiously. The link between levels of significance and quality
and/or reliability of the inference is not linear; models that allow multiple levels of
informativeness, that improve the quality of the inference, are often associated with less
significant outcomes, and vice versa. The present work aims at investigating the relationship
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between the adopted pipelines and their outcomes, with a specific focus on their

interpretation.

The models: ANOVA

ANOVA is used to explore mean differences between experimental groups, and in particular
the relationship between a continuous dependent variable (DV) and one or more categorical
independent variables (IVs) across multiple experimental groups (for an introductory
overview see Sawyer, 2013). Since its very beginning, ANOVA has represented a
cornerstone in the exploration of variance in different kinds of data. It is the approach
adopted most frequently to account for differences in the dataset. However, it is constrained
by specific assumptions that are often taken for granted or even ignored. These assumptions
clarify the limitations and pitfalls of ANOVA and should be considered as important caveats
for data interpretation.

Firstly, ANOVA assumes that the population from which the dataset is obtained has a normal
distribution (assumption of normality). The shape of data distribution can be checked through
statistical normality tests, of which the Kolmogorov-Smirnof or the Shapiro-Wilk are the
most frequently used. For non-normally distributed data, a non-parametric version of
ANOVA is available (Kruskal-Wallis for one-way ANOVA and Feldman for
repeated-measures ANOVA). However, there is some evidence based on simulations of data
from a wide variety of non-normal distributions that show that the incidence of false positives
is not as high when the assumption of normality is violated (Glass et al. 1972, Harwell et al.
1992, Lix et al. 1996). In addition, non parametric tests may not lead to better results than the
parametric equivalent if the shape of the distribution of the different groups varies greatly
(e.g. one is skewed to the right and one to the left). Consequently, ANOVA can fit many
datasets with non-normal distributions. Hence, the assumption of normality does not
represent a full constraint to the use of ANOVA.

Secondly, ANOVA presupposes that the measures observed in the samples are independent of
each other (assumption of independence). This assumption is particularly important in
repeated measures designs, in which multiple measures are taken for each participant at
different points in time, as it implies that the repeated observations on the same data unit
must not be correlated. A correlation between repeated measures signals that the measures are
dependent, violating the independence assumption.
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Finally, the most critical assumption of ANOVA is represented by the homogeneity of
variance, according to which the variance across groups should be approximately equal. This
assumption implies that the size of the effect of the experimental treatment is similar across
participants. This is tantamount to saying that the amount of variance resulting from the
differences in ‘responding’ to the treatment cannot be estimated by ANOVA, which a priori
takes it as being equal. For example, consider an experiment designed to test the relationship
between a given brain region and a given cognitive function through TMS. The function
under study is evaluated through a cognitive task that is administered both during TMS and in
a control condition in the absence of stimulation (placebo or sham). TMS is administered
over a given brain region that is supposedly related to the cognitive function under
investigation. TMS represents the experimental treatment (the IV), while the DV is
represented by the performance in the task. To demonstrate that the cognitive function is
causally associated with the targeted brain region, performance in the cognitive task during
stimulation should differ from performance in the absence of stimulation. Suppose the two
conditions (real and placebo stimulation) show significant differences. The assumption of
homogeneity of variance implies that the observed mean differences are equal across
participants. The treatment effect is then calculated as the average of the treatment response
of all participants. This means that each participant is supposed to have on average an equal
response to treatment. Since it is highly likely that a treatment influences each participant
differently -albeit slightly-, including the mean response to the treatment could result in
losing information on individual variability. The difference in each participant’s response
represents a source of random variability that could be of interest when exploring the overall
variance in the data. Similarly, other sources of random variability can be present in the data
and missed by ANOVA-based analyses.

Note that, while implications and limitations of ANOVA must be kept in mind, the statistical
reliability of legitimate inferences is not affected by ANOVA’s failure to estimate all sources
of variability. On the other hand, the ANOVA does not allow to estimate the multiple sources
of random variability, except by 'dissolving' them into the average variability of all

participants. When these sources of variability must be estimated, LMMs can be used.

66



The models: LMMs

LMMs is a statistical tool that can incorporate both fixed and random effects (for a broad and
complete theoretical view on LMM see Jiang & Nguyen, 2007; see also Raudenbush &
Bryk, 2001 or Singer & Willett, 2003). They represent a particularly useful approach for
repeated measures designs, in which multiple measures are made on the same data unit.
Moreover, LMMs are specifically suited for the analysis of non-independent data and allow
one to deal with missing values. For these reasons, they are often preferred to the standard

ANOVA approach.

As other fixed-effects models, ANOVA can only estimate one source of random variability,
that comes from the random sampling to measure the variables. The across-subject variability
is called “residual” and corresponds to the variance that is not explained by the predictors of
the model (i.e., the fixed effects). Conversely, mixed models’ effects can account for more
than one source of random variability in the data by including random effects in the model. A
mixed model thus includes both fixed and random effects. While on one hand fixed effects
are expected to affect the DV, random effects can be considered as grouping factors to be
controlled (see Clark & Linzer, 2015 for a scrutiny of uses of fixed- and random-effects
models and differences between them). For example, one could consider each participant as a
cluster and use the variable ‘participants’ as a grouping factor. This would allow one to
estimate the random variance coming from each participant to better explore the effect of the
fixed effects on the response variable. This can be done with other categorical variables that

putatively contribute to an account of random variability in the data.

The purposes of the study

Exploring multiple sources of random variability in the data can be crucial in complex
designs, in which several uncontrolled variables are expected to influence the amount of
variance in the sample. Nevertheless, cautiousness is critical in assigning LMMs an absolute
dominance over standard models of analysis of variance. What LMMs can offer, in fact,

should be intended as a refinement and specification of ANOVA, rather than a replacement.
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When approaching data analysis, it remains crucial to question the nature and type of the data
and whether a more in-depth modeling of individual behavior is more informative than what
ANOVA alone can provide. Starting from these considerations, the present work aims at
comparing the two approaches from premises to outcomes and exploring differences and
similarities between them (for a similar approach see Koerner & Zhang, 2017; Yu et al.,
2021). Since both ANOVA and LMMs are fully legitimate models, this comparison does not
intend to attribute greater or lesser explanatory power to one or the other, nor to suggest that
one is inherently better than the other. Rather, the two methods are compared based on the

information they can provide on data variability.

MATERIAL AND METHODS: THE DATASET

Experiment 1 (Finocchiaro et al., 20135)

Overview

The main goal of this experiment was to provide causal evidence for the relationship between
the 1-IPS and thematic role mapping. To this aim, repetitive TMS (rTMS) was applied over
three sites along the I-IPS: an anterior, a middle and a posterior site (P1, P2 and P3 as in Fig.
1) while participants were engaged in a sentence-picture matching task (Fig. 2) that included
truncated active and passive reversible sentences (Fig. 3). Participants had to decide by key
press if the event represented in a picture matched the meaning of a written sentence.
Stimulation was administered at the frequency of 5 Hz starting from stimulus onset. The
stimulation session (TMS) was compared to a baseline control condition in which stimulation
was not administered. Both response times (RTs) and performance accuracy (ACC) were

collected as behavioral measures.
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Fig. 1 On the left: localization of the three stimulation sites (anterior, middle, posterior) on the native space of and

individual estimated MRI (taken from Finocchiaro et al., 2015)
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Fig.2 Timeline of the experimental task
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Sentences Pictures

Table 1
Examples of trials for each sentence type.

Sentence type Example

Active Baciano le figlie
{They) kiss the daughters
{Subject, Agent) Verb Object, Theme
(They) kiss the daughters’

Passive Sono baciate dalle mamme
{They) are kissed by the mothers
{Subject, Theme) Verb By-Phrase, Agent

(They) are kissed by the
mothers'
Thematic foil Sono baciate dalle figlie
(Passive) {They) are kissed by the daughters
{Subject, Theme) Verb By-Phrase, Agent
Y They) are kissed by the
daughters’
Morphological Bacia le figlie
foil (Active) (She) kisses the daughters
{Subject, Agent) Verb Object, Theme
‘(She) kisses the daughters’

Fig.3 Examples of sentences and pictures included in the task (adapted from Finocchiaro et al., 2015)

Material

Each stimulus consisted of a black-and-white drawing and an active or passive reversible
sentence. The sentence could correspond to the picture (matching stimuli), or to a thematic or
morphological foil (mismatching stimuli). Foils were structurally identical to the
experimental stimuli but were not included in the analyses. Overall, 128 stimuli (picture +
sentence) were considered for the analyses, divided in four experimental blocks of 32 stimuli

each.

Design

The experiment followed a 2x2x3 design with three factors: DIATHESIS (active vs passive),
CORRESPONDENCE (matching vs mismatching) and STIMULATION SITE (P! vs P2 vs
P3).

TMS protocol

Three consecutive pulses were administered at a frequency of 5 Hz starting from stimuli
onset. Stimulation targets were localized on individual MRI-based 3D reconstructions to

drive neuronavigated administration of TMS.
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Summary of results

TMS influenced performance only when applied over the posterior parietal site (P3).
Accuracy on passive sentences was significantly increased by stimulation; conversely,

accuracy on active sentences was significantly decreased by stimulation. RTs were not

affected by TMS.

Experiment 2 (Finocchiaro et al., 2021)

Overview

This experiment aimed at investigating the role of verb semantics in the assignment of
thematic roles. rTMS was applied over the posterior third of the I-IPS (P3 in Experiment 1)
while participants were undergoing a sentence comprehension task that included both real
sentences and pseudo-sentences. The real and pseudo-sentences were followed by two
alternatives, one corresponding to the agent and one to the theme. The task required to
identify either the agent or the theme by pressing two different keys, one for the alternative
on top and one for the alternative on bottom. The position of the alternative that matched with
the agent or the theme was counterbalanced and randomized. Stimulation was administered in
two temporal windows: T1 (between 200 and 400 ms) and T2 (between 600 and 800 ms)
(Fig.4). Real-TMS was compared to sham-TMS. Both reaction times and performance

accuracy were collected as behavioral measures.
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Fig.4 Timeline of the experimental task (taken from Finocchiaro et al., 2021)
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Material

The dataset included 120 active and passive reversible real and pseudo-sentences divided in 3

blocks of 40 stimuli. All the stimuli were included in the analyses.

Design

The experiment was based on a 2x2x2x2 repeated-measures design with 4 factors:
DIATHESIS (active vs passive), SEMANTICS (real sentences vs pseudo-sentences), TMS
(real vs sham) and TIME (T1 vs T2).

TMS protocol

Repetitive double pulse TMS was administered on the I-IPS during task execution at two
temporal windows (T1 and T2). The stimulation target was determined using the 10-20 EEG
system coordinates on the scalp and based on coordinates resulting from probabilistic atlases

(Fig.5) and TMS administration was driven by neuronavigation.

x=-20 y=-70 z=55

Fig.5 Localization of the stimulation target on the 10-20 system (A) and based on statistical maps retrieved from

probabilistic atlases (B) (taken from Finocchiaro et al., 2021)

Summary of results

TMS improved performance accuracy only on passive diathesis within both real and
pseudo-sentences, independently of the timing of stimulation. Analyses on RTs did not show

any significant effects.

Fig. 6 summarizes the main parameters of the two experiments:
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Experiment Sample Design Task TMS protocol Summary of results
Exp. 1 N=30 ({12 for 2x2x3 Sentence-picture Online rTMS TMS on P3 increased
(Finocchiaro et the TMS DIATHESIS {active vs passive) matching task (active 5 Hz from onset aceuracy on reversible
al., 2015) condition; |8 and passive reversible TMS vs baseline passive and decreased
for the CORRESPONDENCE sentences) three targets over the accuracy on reversible
baseline) (matching vs mismatching) I-IPS (anterior, middle, aclive
posterior
STIMULATION SITE MNavigated administration
(Pl vs P2 vs P3) (based on individual MRI
images)
Exp. 2 N=16 2x2x2x2 Agent decision task Online rTMS ™S i"“'::'\m accuracy
(Finocchiaro et DIATHESIS (active vs passive) (reversible real and T2 pu.lscs after 200 and on "’N\?‘r"' “T"‘_l:'"“‘
al., 2021) pseudosentences) 400 ms from the onset (both sentences and

SEMANTICS

(sentences vs pseudoseniences)

STIMULATION TYPE
(real-TMS vs sham-TMS)

TIME
(T1vs T2)

Fig. 6 Summary of the two experiments parameters

STATISTICAL ANALYSES: OVERVIEW

Assuming that in each of the two experiments the data were originally analyzed either only
with ANOVA (Experiment 1) or only with LMMs (Experiment 2), our choice was to analyze
the data with the model that had not been used in the original analyses and to re-analyze the

data with the same model that was originally used. In order to do this, two conditions had to

be met:

T2: 2 pulses after 600 and
200 ms from the onset

TMS vs sham
one target (posterior
I-1PS)

EEG-based localization of
the target on standard
MRIT}

pseudosentences)

1. The dataset to be analyzed had to be completely identical to the original dataset,

without any changes in data treatment whatsoever
2. The software used had to be the same for both models, both those new to the original

work and those already used in the original work

The choice to re-analyze the data with the same model as originally used followed the

principle of reproducibility: if starting from the same data and using the same analytical and

statistical approach yields the same results, it means that those results are reproducible and

replicable. In addition, redoing the analyses with the same software used to perform LMMs

allowed us to reduce the risk of confounds related to the type of analysis software.



The choice of software (jamovi) was due to several factors: (i) it is an open source program
freely downloadable and usable, (ii) it is a GUI-based software that is very intuitive and easy
to use, and (iii) it offers the possibility of installing a package specifically developed for
LMMs, an option not available in other GUI-based software such as JASP or SPSS.

For LMMs, several models of decreasing complexity were run, but a single model was
chosen and reported. This was the best fitting model that best explained the variability in the
data. In all the analyses, the final model had all the fixed factors as fixed-effects and the fixed
factors and the intercept across participants as random-effects. In one analysis (mixed logistic
model on ACC, p. 73), the factor SITE was added to the intercept across participants as

random-effects.

RESULTS

Experiment 1

ANOVA

The model includes three within-participants factors:
DIATHESIS (active vs passive)
CORRESPONDENCE (matching vs mismatching)
SITE (P1I vs P2 vs P3)

The focus of the analyses was the relationship between TMS and the other factors to see
whether stimulation had an effect depending on the stimulated site. To this end, a 3-way
repeated-measures ANOVA was performed both on RT and ACC. On RT, no main effect of
SITE or any interaction was found. On ACC, TMS interacted with DIATHESIS
(F(2,22)=8.44, p=0.002). This interaction was further explored via a 2-way
repeated-measures ANOVA with DIATHESIS and SITE as factors. Descriptives are shown in
Tab.1. Results showed an interaction between the two factors (£(2,22)=10.29, p < 0.001).
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P1 active P1 passive P2 active P2 passive  P3 active P3 passive
mean 95.4 92.9 94.9 934 93.6 96.2

std 3.1 32 34 5.5 3.1 33

Tab.1 Descriptives of ACC (mean and standard deviation) for active and passive sentences in each stimulation site

The interaction was explored through paired t-tests that showed performance on active vs
passive sentences to differ significantly in P1 (+=2.76, p=0.018) and in P3 (+=-3.14, p=0.009).
As shown in Graphs 1 and 2, ACC on active sentences was decreased by stimulation on P1,

and ACC on passive sentences was improved by stimulation on P3.
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Graph 1 Plot of the mean ACC of active and passive sentences on P1
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Graph 2 Plot of the mean ACC of active and passive sentences on P3

LMMs
Response times were analyzed through the mixed effects module of the GAML}, whereas
performance accuracy was analyzed using a logistic model of the same module (generalized

mixed model).

The model had the factors DIATHESIS, SITE and CORRESPONDENCE as fixed-effects and
the intercepts across subjects as random-effects. The other factors and the interactions were
not included as random-effects since they did not contribute to explain the overall variability
or gave rise to correlations that were too high to estimate the model.

Results were in line with the outcomes of ANOVA. RTs were not influenced by stimulation
on any site. On ACC the factor SITE interacted with DIATHESIS alone (X*(2)=12.739,
p=0.002) and with DIATHESIS and CORRESPONDENCE (X*(2)=7.818, p=0.020). This
3-way interaction was not detected by ANOVA, but the 2-way interaction was identical in
both models. As done above, a similar model including SITE and DIATHESIS was used to
further explore the interaction. Results showed a significant interaction (X°(2)=10.938,
p=0.004). Post-hoc comparisons showed significant differences between active and passive

sentences on P1 (z=2.073, p=0.038) and on P3 (z= -2.358, p=0.018), in the same direction as
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indicated in ANOVA. When stimulating P1 ACC was decreased on active sentences, whereas

ACC improved on passive sentences when TMS was applied over P3 (see Graph 3).

100

ACC

75

50

P1 active P1 passive P2active P2 passive P3active P3 passive

Graph 3 Barplot of the contrast between mean ACC in active and passive sentences on each stimulation target (P1, P2, P3)

Comparison between models

ANOVA and LMMs provided similar results and allow the same inferences. However, there
are also differences between the two models that are worth focusing on.

First, we compare the outputs of the analyses with all the three factors (DIATHESIS,
CORRESPONDENCE, SITE). RTs analyses are shown in Tab.2.
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Within Subjects Effects

Sum of Squares df Mean Square F P
SITE 27948 2 13974 01 0.895
Residual 2.76e+6 22 125616
DIATHESIS 260270 1 260270 32.504 <.001
Residual 87838 11 7985
CORRESPOMDENCE 43890 1 43880 9.729 0.010
Residual 49571 11 4506
SITE # DIATHESIS 4881 2 2440 0.752 0483
Residual 71358 22 3244
SITE # CORRESPOMDEMCE 8192 2 4006 2.006 0.147
Residual 42991 22 1954
DIATHESIS = CORRESPONDEMNCE 125907 1 125807 22.948 <.001
Residual 60353 11 S45T
SITE # DIATHESIS = CORRESPOMDEMCE 1915 2 958 0.449 Dp44
Residual 46959 22 2134
Fixed Effect Omnibus tests
F Mum df Den df P
SITE 2.967 2 4531 0.052
DIATHESIS 45.840 1 4531 <.001
CORRESPOMDEMCE g.442 1 4531 0.004
SITE == DIATHESIS 0.242 2 4537 0.710
SITE = CORRESPOMDENCE 0.726 2 4531 0.484
DIATHESIS = CORRESPONDENCE 23.923 1 4531 <.001
SITE = DIATHESIS = CORRESPONDEMCE 0151 2 4531 0.860

Tab.2 Output of the 3-way repeated-measures ANOVA (on top) and LMMs (on bottom) performed on RT with SITE,
DIATHESIS and CORRESPONDENCE as factors

The outcomes of the two models substantially overlap. Neither ANOVA nor LMMs show
significant TMS-related effects. In contrast to ANOVA, in LMMs the main effect of SITE
falls just short of significance (p = 0.052). This effect is not particularly relevant for the
issues investigated in the experiment, but represents the main difference between the two
models. A possible explanation for the discrepancy could be that in our mixed model only the
intercept across subjects was included as a random effect. Other sources of across-subject
variability (such as stimulation site, sentence diathesis and sentence/picture correspondence)
were not included and the model could not take them into account. The effect of SITE could

be related to the fact that, if the differences between stimulation on P1, P2 and P3 were not
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homogeneous across subjects, the amount of variability carried out by these differences is

dispersed in the global variability between the subjects. If this variability is added to the

model as a random-effect, the main effect moves significantly away from significance, as

shown in Tab.3:

Fixed Effect Omnibus tests

F MNum df Den df p
SITE 0113 2 11.0 0804
DIATHESIS 55.908 1 4509.0 <001
CORRESPOMDEMCE 9.523 1 4509.0 0.002
SITE = DIATHESIS 0.463 2 4509.0 0.630
SITE == CORRESPOMNDEMCE 0.878 2 4509.0 041¢
DIATHESIS = CORRESPONDEMNCE 27.645 1 4509.0 <001
SITE == DIATHESIS = CORRESPOMDEMCE 0194 2 4509.0 0.823

Tab.3 Output of the LMM on RT with the intercept and SITE across subjects as random-effects

This outcome suggests that the model that includes the amount of variability of SITE does

not account for the overall variability in the data better than the simpler model that includes

only the intercept. In contrast, on ACC both the models show relevant effects of TMS

(Tab.4):

Within Subjects Effects

Sum of Squares df Mean Square F p
SITE 13.351 2 6675 019116 0.827
Residual 768.242 22 34.920
DIATHESIS 0,106 1 0.108 0.00443 0245
Residual 262.370 11 23.852
CORRESPONDENCE 337.641 1 337.641 15.62306 0.002
Residual 237.729 11 21612
SITE s DIATHESIS 175.790 2 87.895 8.44408 0.002
Residual 228978 22 10.408
SITE s CORRESPOMNDENCE 42,343 2 21171 1.39758 0.268
Residual 333.270 22 15,149
DIATHESIS = CORRESPOMNDENCE 103.192 1 103,192 16.56591 0.002
Residual 68.521 11 8.229
SITE s DIATHESIS = CORRESPONDEMNCE 20,115 2 10,058 118511 0324
Residual 186.705 22 8.487
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RT

Model

ACC

Model

Fixed Effect Omnibus tests

A df P
SITE 1.305 2.00 0.521
DIATHESIS 0.868 1.00 0.331
CORRESPONDENCE 26.286 1.00 <001
SITE = DIATHESIS 14,533 2.00 <001
SITE = CORRESPOMNDENCE 0.875 2.00 0.04e
DIATHESIS == CORRESPONDENCE 5.003 1.00 0.025
SITE = DIATHESIS = CORRESPONDENCE 7.739 2.00 0.021

Tab.4 Output of the 3-way repeated-measures ANOVA (on top) and LMM (on bottom) performed on ACC with SITE,

DIATHESIS and CORRESPONDENCE as factors

Both models show a 2-way interaction between SITE and DIATHESIS. A difference between

the two models is represented by the outcome of the 3-way interaction SITE x DIATHESIS x
CORRESPONDENCE. This interaction is not significant in the ANOVA, whereas it reaches

significance in LMM. Perhaps this discrepancy stems from the fact that the interaction

detected by ANOVA is not strong enough to survive a more in-depth investigation of data

variability, provided by the logistic model. See Tab.S for a summary of the effects and

interactions of each factor in the two models.

Factors

ANOVA

LMMs

Factors

ANOVA

LMMs

Effects
SITE DIATH
no yes
yes yes
Effects
SITE DIATH
no no
no no

CORRESP

yes

yes

CORRESP

yes

yes

SITE * DIATH

no

no

SITE * DIATH

yes

yes

SITE *
CORRESP

no

no

SITE *
CORRESP

no

no

DIATH *
CORRESP

yes

yes

DIATH *
CORRESP

yes

yes

SITE *
DIATH*CORRESP

no

no

SITE *
DIATH*CORRESP

no

yes
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Tab.5 Summary of the effects of ANOVA and LMM. Legenda: yes=significant effect; no=non significant effect)

The significant interaction was further explored by a 2-way ANOVA with the factors SITE
and DIATHESIS and a mixed logistic model with the same factors. The outputs of the two

models are shown in Tab.6:

Within Subjects Effects

Surm of Squares df Mean Sgquare F )
DIATHESIS 3.69 1 3.69 0,341 0.571
Residual 119.08 11 10.83
SITE 0.51 2 475 0.273 0.764
Residual 383.32 22 17.42
DIATHESIS == SITE 88.16 2 £4.08 10.208 <001
Residual 94.18 22 4.28

Note, Type 3 Sums of Squares

[2]

Fixed Effect Omnibus tests

b df P
SITE 1.350 2.00 0.509
DIATHESIS 0182 1.00 0.669
SITE # DIATHESIS 10.938 2.00 0.004

Tab.6 Output of the 2-way repeated-measures ANOVA (on top) and LMM (on bottom) performed on ACC with SITE and
DIATHESIS as factors

The outcomes of the two models are similar, as they both show the 2 way interaction (see

Tab.7 for a summary).
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RT

Factors

Model ANOVA

LMMs

ACC

Factors

Model ANOVA

LMMs

Tab.7 Summary of the effects of ANOVA and LMM. Legenda: yes=significant effect; no=non significant effect)

Effect
SITE

no

no

Effect
SITE

no

no

DIATH

no

no

DIATH

no

no

SITE * DIATH

no

no

SITE * DIATH

yes

yes

Post hoc tests also show converging results. When stimulating P1, active sentences were

systematically more accurate than passive sentences and TMS on P3 significantly improved

ACC on passive sentences. Outputs are shown in Tab.8.
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Post Hoc Comparisons - DIATHESIS s SITE

Comparison

DIATHESIS SITE DIATHESIS SITE Mean Difference SE df t P

active P - active p2 0.£92 124 322 0.368 0.7117

- active P3 1.783 134 322 1326 0194

- passive P 2483 1.04 26.9 2383 0.024

- passive p2 1.982 147 36.5 1351 0.185

- passive P3 -0.842 147 36.5 -0.571 0.571

p2 - active P3 1.292 1.34 32.2 0.960 0344

- passive P1 1.992 147 36.5 1.351 0.185

- passive p2 1.500 1.04 26.9 1.445 0.1e0

- passive P3 -1.333 147 36.5 -0.905 0.372

P3 - passive P 0.700 147 36.5 0475 0.638

- passive p2 0.208 147 36.5 0141 0.888

- passive P3 -2.625 1.04 26.9 -2.529 0.018

passive P - passive p2 -0.402 134 322 -0.366 017

- passive P3 -3.325 134 322 -2472 0.019

p2 - passive P3 -2.833 134 322 -2.107 0.043

Post Hoc Comparisons - SITE # DIATHESIS
Comparison
SITE DIATHESIS SITE DIATHESIS exp(B) SE z =

P1 passive - P2 passive 0.923 0.187 -0.295 0.893
P1 passive - P3 passive .51 0120 -2.849 0.004
P1 active - M passive 1.587 0.354 2073 0.038
P1 active - P2 passive 1.465 0.331 1.688 0.09
P1 active - P2 active 1117 0.266 0466 0.ed41
P1 active - P3 passive 0.81 0.207 -0.818 0413
P1 active - P3 active 1427 0.324 1.566 0117
p2 passive - P3 passive 0.554 0132 -2476 0.013
p2 active - M passive 1421 0.307 1623 0.105
p2 active - P2 passive 1311 0.2588 1.233 0.218
p2 active - P3 passive 0.726 0.182 -1.280 0.200
p2 active - P3 active 1.277 0.282 1.109 0.265
P3 active - M passive 1112 0.227 0522 0.802
P3 active - P2 passive 1.027 0.213 027 0.899
P3 active - P3 passive 0.569 0.136 -2.358 0.018

Tab.8 Outputs of the Posthoc comparisons (SITE x DIATHESIS) of ANOVA (on top) and LMMs (on bottom)

83



The outputs of the two models overlap and show similar outcomes on the significant contrasts
(P1 active vs P1 passive and P3 active vs P3 passive). The mixed logistic model is associated
with a slightly lower level of significance on P1, as LMMs are generally more conservative
than ANOVA in exploring data variability. In addition, the two models can also be compared
based on their appropriateness to explore accuracy. In this sense, a work by Jaeger (2008)
openly challenged the use of ANOVA for categorical outcome variables and suggested
adopting mixed logistic models as a valid alternative. According to the author, while for
continuous outcomes ANOVA is an reliable tool to assess whether the experimental
conditions have the same means given the variances (both between and within), it would not
be the case for binomially distributed variables. These variables do not generally have
homogeneous variances and their exploration would then violate an ANOVA assumption. To
better account for non-homogeneous variances it is suggested to use mixed logistic models.
These models present great advantages compared to ANOVA. First, they can modelize
random effects to take into account random sources of variability. Second, they have greater
power, resulting in a better probability of detecting true effects. Finally, mixed logistic
models allow us to test how much a random effect contributes to explain variability by
comparing the likelihood of the model in presence or in absence of such random effect.

To conclude, the observed differences between ANOVA and LMMs can be explained by
referring to the way the two models explore and account for variance in a binomially
distributed outcome like accuracy.

Overall, in Experiment 1 the outcomes of ANOVA and LMMs largely overlap.

Experiment 2

ANOVA

The analysis included all the four within-participants factors (DIATHESIS, SEMANTICS,
TMS, TIME). The effects of interest were those related to the use of TMS; real-TMS was

contrasted with sham-TMS to explore significant differences.

Results showed no significant TMS-related effects on RTs. On ACC the DIATHESIS*TMS
(F(1,15)=8.21, p=0.012) and the DIATHESIS*SEMANTICS*TMS*TIME (F(1,15)=7.62,
p=0.015) interactions were significant. This 4-way interaction was further explored by

running two 3-way repeated-measures ANOVA with 3 factors (TIME, SEMANTICS, TMS),
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one for active and one for passive sentences. Results show a significant main effect of TMS

only on passive sentences (F(1,15)=7.08, p=0.018), independent of the timing of stimulation

and on the semantics of the verb (descriptives are shown in Tab.9). Performance accuracy

was improved by TMS only on passive sentences (Graph 4).

ACC Real active Real passive ~ Sham active Sham passive
mean 80 81.1 87.8 79.9
std 12.8 16.6 17.3 14.4

Tab.9 Descriptives (mean accuracy and standard deviation) for both active and passive sentences in the real vs sham

contrast

100

75

ACC

50

Real Sham

Graph 4 Mean accuracy in the real vs sham contrast for passive sentences
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LMMs

The model included all the within-participants factors (DIATHESIS, TIME, SEMANTICS,
TMS) as fixed-effects and the intercept as random-effect. Analyses of RT did not show
significant effects. On ACC only the TMS*DIATHESIS interaction reached significance
(X*(1)=14.1, p < 0.001). Post hoc analyses showed that TMS influenced performance
accuracy only on passive sentences (z= -3.29, p=0.006). In these sentences ACC was

systematically improved by stimulation.

Comparison of ANOVA and LMM
The outcomes of the two models were very similar. Both showed the same TMS-related

effects on performance accuracy and not on response times. The outputs of the models are

shown in Tab.10:

Within Subjects Effects

Sum of Squares df Mean Square F P
TEMPI 0.05109 1 0.05109 7.5025 0015
Residual 0.10215 15 0.00681
DIATES 0.02545 1 0.02545 0.8197 0.380
Residual 0.46570 15 0.03105
T™MS 0.01501 1 0.01501 0.5736 0461
Residual 0.39256 15 0.02617
SEMANTICA 0.02211 1 0.02211 2.0619 0372
Residual 0.16084 15 0.01072
TEMPI = DIATESI 0.00205 1 0.00205 0.5906 0454
Residual 0.05216 15 0.00348
TEMPI 5 TMS 0.00673 1 0.00673 1.0827 0315
Residual 0.09318 15 0.00621
DIATESI = TMS 0.08752 1 0.08752 8.2147 0012
Residual 0.15981 15 0.01065
TEMPI st SEMANTICA 7.65e-4 1 7685e-4 0.2338 0.636
Residual 0.04909 15 0.00327
DIATESI = SEMANTICA 2.16e-4 1 218e-4 0.0637 0.804
Residual 0.05089 15 0.00339
TMS = SEMANTICA 0.00273 1 0.00273 0.5512 0469
Residual 0. 15 0.00495
TEMPI =i DIATESI 5 TMS 0.0032 1 0.00323 1.7705 0.203
Residual 0.02738 15 0.00183
TEMPI s DIATESI 5 SEMANTICA 0.00563 1 0.00563 2.0457 0373
Residual 0.04128 15 0.00275
TEMPI st TMS = SEMANTICA 0.00272 1 0.00272 0.5658 0464
Residual 0.07208 15 0.004817
DIATESI = TMS == SEMANTICA 0.00255 1 0.00255 0.3083 0.587
Residual 0.12402 15 0.00827
TEMPI s DIATESI 5 TMS =t SEMANTICA 0.01128 1 0.01128 7.6264 0015
Residual 0.02219 15 0.00148

Note. Type 3 Sums of Squares
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ACC

Model

ACC

Model

Fixed Effect Omnibus tests

¥ df P
tms 0.85604 1.00 0.335
p_np 3.50522 1.00 0.061
tempi 8.65760 1.00 0.003
diatesi 4.83400 1.00 0.028
tms % p_np 0.18154 1.00 0.670
tms 3 tempi 0.89524 1.00 0.344
p_np # tempi 1.15723 1.00 0.282
tms = diatesi 12.65417 1.00 =.001
p_np # diatesi 1.04e-4 1.00 0.992
tempi # diatesi 0.94939 1.00 0.330
tms = p_np = tempi 0.05962 1.00 0.807
tms % p_np % diatesi 0.00575 1.00 0.940
tms 3 tempi % diatesi 1.52319 1.00 0.217
p_np  tempi 3 diatesi 0.91362 1.00 0.339
tms = p_np = tempi % diatesi 2.01668 1.00 0.156

Tab.10 Outputs of the 4-way repeated measures ANOVA (on top) and the mixed logistic regression (on bottom) on ACC

Both the models detected a significant main effect of TIME and an interaction effect of
TMS*DIATHESIS. Compared to ANOVA, LMMs also showed a main effect of DIATHESIS,
but did not show a TMS*DIATHESIS*TIME*SEMANTICS evidenced by ANOVA (see

Tab.11 for a summary of the outcomes of the two models).

Main
Effects
Factors TIME T™S DIATH SEMANT
ANOVA  yes no no no
LMMs yes no yes no
Interaction
s
Factors TIME*TMS TIME*DIATH TIME*SEMANT
ANOVA no no no
LMMs no no no
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ACC

Model

ACC

Model

Interactions
Factors DIATH* TMS*DIATH TMS*
SEMANT SEMANT
ANOVA no yes no
LMMs no yes no
Interactions

Factors TIME*DIATH TMS*DIATH*S TMS*TIME* TMS*TIME*SEMANT

*SEMANT EMANT SEMANT *DIATH
ANOVA no no no yes
LMMs no no no no

Tab.11 Summary of the two models outcomes for each effect and interaction (ves=significant effect; no=non significant

effect)

ANOVA and LMM also converge in showing a facilitatory effect of TMS on passive
diathesis, independent of verb semantics (real vs pseudo-sentences) and on the timing of

stimulation (Tab.12):

Within Subjects Effects

Sum of Squares df Mean Square F p
TIME 0.01633 1 0.01633 5.124 0.039
Residual 0.04780 15 0.00319
T™S 0.08751 1 0.08751 7.082 0.018
Residual 0.18537 15 0.01236
SEMANTICS 0.01335 1 0.01335 1.716 0.210
Residual 0.11670 15 0.00778
TIME * TMS 0.00964 1 0.00964 1.937 0.184
Residual 0.07465 15 0.00498
TIME # SEMANTICS 0.00112 1 0.00112 0.229 0.639
Residual 0.07353 15 0.00490
TMS 3 SEMANTICS 0.00527 1 0.00527 0.510 0.486
Residual 0.15508 15 0.01034
TIME * TMS * SEMANTICS 0.01254 1 0.01254 2.948 0.107
Residual 0.06379 15 0.00425
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Post Hoo Comparisons - tms 3 diatesi

Comparison

trms diates trs diates exp(B) SE z Phonfzrroni

3 A 3 P 1.504 0.3006 4022 < 001
5 A f A 1.338 0.2183 1.789 0441
5 i t p 1.151 0.1923 0.843 1.0:00
5 t P 0.608 0.0819 -3.204 0.006
t il z p 415 0.2073 2.366 0.108

t i £ | l 1,133 0,974 0
A 0.860 332 9 000

Tab.12 Outputs of the two models (ANOVA on top, LMMs on bottom)

The two outputs describe the same situation. As mentioned, two 3-way repeated-measures
ANOVA were run (TIME, SEMANTICS and TMS), one on active and one on passive
diathesis. The output reported on top comes from the analysis on passive diathesis only,
which showed a significant effect of TMS on ACC. Since no interaction effects reached
significance, it can be concluded that TMS influenced performance on passive diathesis in all
sentence types (real and pseudo-sentences) and stimulation times (T1 and T2). The output at
the bottom reports the post hoc analyses that were run to further explore the significant
TMS*DIATHESIS interaction detected by LMMSs. It shows that TMS affected ACC only on
passive sentences.

Overall -as in Experiment 1- the outcomes of the two models substantially matched.

DISCUSSION

This work compared the outcomes of two commonly used methodological approaches to data
analysis (ANOVA and LMMs) applied to the same dataset. Building up from the evidence
reported by a number of neuroimaging studies on the link between the pipeline used and the
results obtained (Ioannidis, 2005; Carp, 2012; Weissenbacher et al., 2009; Carp, 2011,
Smith et al., 2005; Poline et al., 2006; Churchill et al., 2012a,b; Botvinik-Nezer, 2020), the
aim of this comparison was to explore the implications of the problem for behavioral and

neurostimulation data.
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The comparison between the two models revealed substantial commonalities, but also
discrepancies. Observed similarities highlight that while ANOVA and LMM do not share
basic assumptions, they retrieve and return similar information content. Differences must be
interpreted with caution. The greatest risk lies in placing the two models on a ‘qualitative
hierarchy’, in which one is taken to be in principle preferable to the other. Rather, the focus
should be placed on the information that each model can provide on data variability based on

the basic assumptions and the type of data analyzed.

Similarities between models

Experiment 1 showed that TMS over the posterior parietal site of the I-IPS (P3) improved
performance accuracy only on passive reversible sentences. Both ANOVA and LMMs
detected TMS-related effects: the main effect of SITE and the SITE*DIATHESIS interaction.
The stronger significance found in LMMs indicated that the individual variability coming
from the random variation of the intercepts across participants played a role in explaining the

overall variability of the data.

Posthoc analyses carried out to further characterize the interaction effect also provided
similar outcomes, associated with the same level of significance (p=0.018) when comparing
sham and real conditions on P3. Contrasts on P1 also showed fully compatible levels of
significance (p=0.024 in ANOVA and p=0.038 in LMM:s). Both values fell in the first range
of significance (p < 0.005), with the outcomes of LMMs returning lower significance values
than in ANOVA. This difference could derive from the fact that LMMs are less constrained
and take into account more sources of variability, increasing the probability of error.

Overall, the outcomes of the two models were a substantial match.

Also in Experiment 2 the comparison between ANOVA and LMMs yielded largely similar
results. Both models showed that stimulation over the posterior 1-IPS influenced performance
accuracy on both real and pseudo-sentences in the passive voice, independent of the timing of
TMS administration. A significant TMS*DIATHESIS interaction effect was detected by both
ANOVA and LMMs. The same was true for the contrast between real and sham on passive
diathesis, which reached significance in both cases. As in Experiment 1, this outcome

confirms that the inferences drawn on the effect as scrutinized by a more liberal model and by
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a more conservative model, which takes into account more factors involved in accounting for

global variability, are equally reliable.

Differences between the models

In both experiments the two models also showed some discrepancies. In Experiment 1 LMM
detected a 3-way interaction effect among all the fixed factors (DIATHESIS,
CORRESPONDENCE and SITE), which was not shown in ANOVA. Similarly, in
Experiment 2 ANOVA showed a significant interaction among all the four fixed factors
(DIATHESIS, SEMANTICS, TIME, TMS) which LMM did not detect. The interpretation of
such differences is challenging. They could arise from the different ways in which the two
approaches model the data. LMMs were conducted using a mixed logistic regression model
which explores the relationship between a dichotomous variable (0-1/yes-no type) and a set
of predictors (the fixed factors in the design). The model estimates the probability of
distribution of each value of the DV in relation to the predictors. A single cell in this model is
represented by a 0/1 value of the dichotomous variable depending on the considered
predictors. For example, in Experiment 1 a single cell could be filled by the value 1 in
correspondence to a single participant’s trial that consists of an active sentence, associated

with a mismatching picture when stimulating P3:

SUBJECT DIATHESIS TRIAL SITE ACC score

7 active mismatching P3 1

The model estimates the probability of the accuracy to be equal to 1 when the trial is active,
mismatching and on P3 for subject 7.

In contrast, ANOVA considers the DV as a continuous variable and represents it as a
percentage value (for example 85 out of 100). In ANOVA, each cell is filled by a numerical
value that corresponds to the mean accuracy (expressed as the percentage of correct
responses out of overall responses) of a participant in a specific condition. For example, in
Experiment 2 a cell could be a single participant’s mean accuracy score (72) on a trial

corresponding to a pseudo sentence, in the passive diathesis and stimulated at T1:

SUBJECT DIATHESIS SEMANTICS TIMING ACC score

12 passive real sentence T1 72
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This representation implies that the DV is modeled as a numeric value that can change as a
function of the IVs and that the differences measured in DV are numerically expressed as
mean differences.

These different ways of representing the data could have played a role in explaining these
discrepancies (see Jaeger, 2008 for a detailed view on the differences between the two

models when accuracy is considered a continuous or a categorical variable).

Another possible explanation refers to the characteristics of the model that returned the
outcomes. ANOVA is more constrained and can only assume that the variances are
homogeneous. At the same time, it is more liberal in estimating the probability of error, being
more likely to show higher levels of significance. On the other hand, LMMs represent a more
conservative model which can account for multiple sources of variability, resulting in a
higher probability of error (and lower significance levels). The opposite scenario, in which
ANOVA shows lower significance levels than LMMs, could be accounted for by the fact that
probably the effect detected by the first was not strong enough to survive a more in-depth
exploration of variability that the second is able to provide. This further highlights that the
link between the level of significance of an effect and its statistical reliability is not linear.

Rather, it depends on the intrinsic characteristics of the chosen model.

Be this as it may, we take a cautious approach. We do not wish to exploit the differences
between models to assign greater explanatory value to one model over the other. Rather, we
merely point out that the outcomes of the two models present some differences and try to
describe the contribution of ANOVA and of LMM in terms of how they can account for data

variability.

ANOVA vs LMMs

In the Introduction we mentioned the problem of the link between pipeline and results in
neuroimaging data. This work started with the goal of exploring it in behavioral and
neurostimulation data. Overall, our results suggest that, for the dataset considered, the
differences between the two analytical approaches are not big enough to risk pipeline
dependency. Rather, these differences consist of different information about variability in the
data. The two models explore the common parameter (i.e. the variance) starting from
different premises. ANOVA treats it as homogeneous by estimating the amount of variance

explained by the fixed factors. This allows significant effects to be detected in a more
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constrained, but also more liberal way; the significance threshold is more easily reached by
fixed effects, so the probability of error is lower. On the other hand, LMMs can detect, in
addition to the variance arising from fixed effects, the variance originating from random
effects. In this way, they can consider the variance as nonhomogeneous and capture multiple
sources that contribute to explaining it, ensuring a more thorough exploration of variability.
The estimation of the significance of effects is more conservative (and thus more robust), but
at the same time given the greater amount of sources of variability considered the probability
of error is also higher. This implies that LMMs can display lower levels of significance
without decreasing their statistical reliability.

Ultimately, the results obtained suggest that the two models are interchangeable from an
outcome perspective and that their use does not depend on the inherent superiority of one
over the other. Rather, the choice of approach must be related to the type of data and the
characteristics of the protocol and design of the experiment. If they include several potential
sources of variability additional to those from fixed factors, then LMMs may be more
appropriate. In cases where variability is more controlled and assumed to be homogeneous,

ANOVA should be as reliable as LMMs.

CONCLUSION

This study set out to explore the problem of the relationship between analysis methods and
results in behavioral and neurostimulation data. Two models were used to analyze the same
dataset of two published experiments and their results were compared. In both experiments
ANOVA and LMMs provided largely overlapping outcomes. Notwithstanding ANOVA’s
stricter assumptions, the same relevant TMS-related effects were shown by both the models.
Substantially similar outcomes were shown within the assumption of the homogeneity of
variance (as in ANOVA), according to which variance is homogeneous for each participant.
Similarly, results did not change when setting the intercept across participants as a source of
random variability (as in LMMs). This similarity can be interpreted as evidence that the
effects found by the more constrained model (ANOVA) survived a less rigid model (LMMs)
capable of estimating more sources of variability within the data. The results obtained from
the comparison suggest that neither model is inherently better or worse than the other. Rather,
each model accounts for variability in the data in different ways, depending on their

assumptions. Ultimately, our results show that the link between the significance level of the
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effect and statistical reliability is not linear, but depends on the characteristics of the model

that has explored that effect.

LIMITATIONS

Although relying on data from two published studies focused on the same topic and strongly
interrelated, the dataset used is still not large enough. Including other experiments would
increase the sample and the likelihood of making reliable inferences on the results. Moreover,
accurately modeling the overall direction of behavior and identifying precisely the most
representative patterns is not easy. Without a baseline, exploring variability is much more
complex. Therefore, a possible future direction could be on one hand to extend the sample to
more experiments and, on the other, to compare actual behavioral data with simulated data
that establish the expected effects a priori and allow comparing them with observed

variations.

CONCLUSIONS

In this Ph. dissertation, the results of two main projects were presented, described and
discussed. The first project (Chapter 1) investigated the neural basis of sentence processing,
with a focus on two key processes: the processing of morphosyntactic features and the
assignment of thematic roles. To this end, TMS was delivered to regions identified in the
literature as being putatively involved in either process. This investigation offers new insights
on the study of the neural basis of language processing for several reasons. First, it reports a
functional distinction among the regions that are part of the left-lateralized network
associated with language comprehension. It is demonstrated that the frontal regions (the
I-IFG and 1-MFG) are involved in morphosyntax processing and not (or to a lesser extent) in
thematic role assignment. Conversely, the parietal region (the 1-IPS) has a role in thematic
role assignment and not in morphosyntactic processing. Second, to our knowledge, it
represents the first investigation of the two processes of MS and TR and their neural
underpinnings in the context of the same experiment. Finally, though the specific nature of

the involvement of these regions in the highlighted linguistic processes is still not entirely
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clear, this study provides evidence in support of the view that their involvement is

language-specific rather than domain-general in nature.

The materials and parameters used in this experiment were finalized and established in a pilot
study described in Chapter 2. The pilot provided critical information on the best duration of
stimulus presentation, such that performance accuracy fell in an ideal range between 70 and
80%, thus avoiding possible ceiling effects. The pilot study also allowed us to preliminary
explore the effects of the experimental factors that would be included in the main experiment

and to gain qualitative observational information on them.

The second project (Chapter 3) investigated the problem of the link between analysis
pipeline and results. This problem has been reported mainly from studies in the field of
neuroimaging and has become a debated issue. The aim of the project was then to extend the
discussion to another type of data, namely behavioral and neurostimulation data. The results
of two frequently used models (ANOVA and LMMs) in analyzing the same dataset were
compared, and similarities and discrepancies were explored. The dataset was provided by two
experiments published by our group. This methodological study represents a relevant
contribution for two reasons. In the first place, it provides ground for the investigation of data
replicability and reproducibility. The exact same analyses performed in the original published
papers were replicated and results completely matched. Furthermore, to our knowledge this
work represents the very first inquiry on the similarities and on the differences between the
standard approach of ANOVA and LMMs performed on a language and stimulation dataset.
Ultimately, our results show that applying the two models yielded similar and fully
compatible outcomes and suggest that neither is to be preferred as a matter of principle.
Rather, ANOVA and LMM should be seen as different ways of dealing with data variability.
The choice of which model to use is not constrained by the inherent superiority of one over

the other, but by the type of data to be analyzed and the sources of variability to be explored.

Overall, this dissertation makes an original contribution to the study of language
comprehension processes and their neural correlates. First, it provides experimental evidence
on the specific role played by some key regions of the network responsible for language
processing, highlighting a functional distinction between frontal areas (IFG and MFG) and
parietal areas (IPS) in supporting morphosyntax processing and thematic role assignment,

respectively. This evidence adds to the vast number of findings suggesting the involvement of
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these regions in some aspects of language processing, also indicating a more precise
functional differentiation. Even though not sufficient to advocate for the domain-general or
for the language-specific account, these data point out that these regions' differential activity
depends on the specificity of the linguistic process, suggesting that they are involved in

sentence processing to different extents.

Another contribution this paper makes is an extended exploration of the differences and
similarities between statistical approaches to the analysis of experimental variance (ANOVA
AND LMMs) that are often considered as alternatives. The results shown and discussed
suggest that the picture is more complex and that the scope of either model is largely shared;
rather, the main differences lie in their adaptability to the type of data to be analyzed and in

the ways in which experimental variability is explored and explained.
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