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Abstract

Auditory sentence comprehension involves processing content (semantics), grammar
(syntax), and intonation (prosody). The left inferior frontal gyrus (IFG) is involved in
sentence comprehension guided by these different cues, with neuroimaging studies
preferentially locating syntactic and semantic processing in separate IFG subregions.
However, this regional specialisation has not been confirmed with a neurostimulation
method. Consequently, the causal role of such a specialisation remains unclear. This
study probed the role of the posterior IFG (pIFG) for syntactic processing and the
anterior IFG (alFG) for semantic processing with repetitive transcranial magnetic
stimulation (rTMS) in a task that required the interpretation of the sentence's pro-
sodic realisation. Healthy participants performed a sentence completion task with
syntactic and semantic decisions, while receiving 10 Hz rTMS over either left alFG,
pIFG, or vertex (control). Initial behavioural analyses showed an inhibitory effect on
accuracy without task-specificity. However, electric field simulations revealed differ-
ential effects for both subregions. In the alFG, stronger stimulation led to slower
semantic processing, with no effect of pIFG stimulation. In contrast, we found a facili-
tatory effect on syntactic processing in both alFG and plIFG, where higher stimulation
strength was related to faster responses. Our results provide first evidence for the
functional relevance of left alFG in semantic processing guided by intonation. The
stimulation effect on syntactic responses emphasises the importance of the IFG for
syntax processing, without supporting the hypothesis of a pIFG-specific involvement.
Together, the results support the notion of functionally specialised IFG subregions

for diverse but fundamental cues for language processing.
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1 | INTRODUCTION

Understanding spoken language is a rapid and efficient process. To

accomplish such a complex task, listeners make use of various sources
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of information available in a sentence, such as grammatical or seman-
tic cues. Additionally, listeners rely on the way in which a sentence is
spoken. In particular, variations in speech melody, rhythm, and inten-
sity, together called prosody, often play a decisive role in the interpre-
tation of a sentence (Cutler et al., 1997; M. Wagner & Watson, 2010).
There are various ways in which prosody can steer sentence compre-
hension. In written form, the difference between “the reviewer said:
the author is mistaken” and “the reviewer, said the author, is mistaken”
is marked by punctuation, but in spoken language it is established
exclusively by prosody. This clearly shows how the different use of
pauses and pitch variations in a sentence dramatically changes its syn-
tactic (grammatical) structure. By defining how words are grouped
together, prosody directly affects the syntactic analysis of the sen-
tence, and, consequently, how we interpret it. Additionally, prosody
can influence semantic processing. In a sentence such as “Anna
bought APPLES at the market,” prosody highlights prominent or
important information in the sentence. Here, the capitalised word
indicates a rise in pitch and intensity, which conveys that it was apples
that Anna bought, as opposed to any other possible type of market
produce. Taken together, prosodic information influences how syntax
and semantic are processed (Dahan et al., 2002; Kjelgaard &
Speer, 1999; Marslen-Wilson et al., 1992; Speer et al, 1996;
Steinhauer et al., 1999).

In a recent study, we demonstrated that a single prosodic cue can
establish expectations about both the syntactic and semantic properties
of upcoming parts of the sentence (van der Burght et al., 2021). An
example of syntactic information is the word order of a sentence: if we
consider the sentence “The police officer arrested the thief,” we under-
stand who did what to whom because “the police officer” occurs before
the verb and “the thief” after. Another example of syntactic informa-
tion can be found in languages with a case-marking system. In German,
the particular word form of the determiner the can convey the subject
or object role of the following (masculine) noun: der marks a subject,
and den an object. In this way, the specific word form of the determiner
tells us which elements are the sentence subject and object—even if
their order in the sentence was reversed. Finally, the sentence structure
in the example above can be inferred from the semantic cues as well.
We would still be able to extract the message from the semantics of
the words, even without word order or case-marking cues: when pre-
sented with a word list containing “arrest,” “thief,” and “police officer,”
we can infer the most probable role played by each of the actors. Spe-
cifically, the typical nouns associated with each of the thematic roles in
relation to this specific verb provide a plausible explanation of who did
what to whom (Ferreira, 2003; Trueswell et al., 1994).

With respect to the neural correlates of these linguistic domains,
previous work has demonstrated that prosody processing is supported
by a bilateral network, including several cortical areas in the frontal
and temporal lobes (Belyk & Brown, 2014; Friederici, 2011). The left
hemisphere, in particular the inferior frontal gyrus (IFG), seems to be
especially involved when prosody conveys linguistic information
(Chien et al, 2020; Friederici & Alter, 2004; van der Burght
et al., 2019; van Lancker, 1980). Specifically, the left IFG has been
associated with processing pitch accents—the prosodic phenomenon

that stresses certain words in a sentence (as in the example “Anna
bought APPLES”). Pitch accents can place part of a sentence in so-
called focus, highlighting novel or particularly relevant information in a
sentence (Rooth, 1992). Most areas within the left IFG are involved
when the pitch accent in a sentence (and therefore focus position) is
incongruent with previous semantic and pragmatic expectations
(Kristensen et al., 2013; van Leeuwen et al., 2014). Furthermore, the
posterior IFG is increasingly recruited when processing pitch-accented
sentences in comparison to neutral ones (Perrone-Bertolotti
et al., 2013). Finally, pitch accent processing preferentially recruits the
left IFG as compared to emotional prosody processing (Wildgruber
et al., 2004). Together, this supports early theoretical models stating
that prosody processing is lateralised to the left hemisphere in sen-
tences where the linguistic function of prosodic cues is emphasised
(Friederici & Alter, 2004; van Lancker, 1980).

The left IFG is also known to be a key region for processing syn-
tax and semantics (Goucha & Friederici, 2015; Graessner et al., 2021;
Klimovich-Gray et al., 2018; Matchin et al., 2018; Schell et al., 2017).
Specifically, the previously discussed linguistic subdivision between
syntactic and semantic processing is thought to be reflected in a
structural subdivision at the neural level. Indeed, models based on
many years of neuroimaging research posit that a functional dissocia-
tion can be made in relation to anterior and posterior parts of the left
IFG. These models, based on literature reviews (Friederici et al., 2017)
and meta-analyses (Hagoort & Indefrey, 2014), attribute syntactic pro-
cessing predominantly to the posterior part of the IFG (pars opercu-
laris), whereas semantics is predominantly processed in more anterior
parts of the IFG (pars triangularis). These anatomically defined subre-
gions, in turn, roughly correspond to a subdivision of the IFG into
cytoarchitectonic areas, namely Brodmann area 44 (pIFG) and BA45
(alFG) (Amunts et al., 1999). This double dissociation is established by
a rich body of correlative neuroimaging studies; however, the func-
tional relevance of different IFG subregions for syntax and semantics
remains to be demonstrated.

The present study was designed to investigate the causal role of
the left anterior and posterior IFG in sentence processing guided by
prosodic cues. More specifically, we used transcranial magnetic stimu-
lation (TMS) to probe the functional specialisation of IFG subregions
for semantic and syntactic processing during sentence comprehension
that relies on prosody. Combined with behavioural tasks, TMS can be
used to study the functional relevance of a particular cortical area for
a given cognitive process (Hallett, 2007; Hartwigsen, 2015). TMS has
previously been employed to provide evidence for the functional spe-
cialisation of two IFG subregions, demonstrating a key role of left
plFG for phonological processing and left alFG for semantic proces-
sing (Devlin et al., 2003; Gough et al., 2005; Hartwigsen et al., 2010;
Klaus & Hartwigsen, 2019; Romero et al., 2006). Yet, to the best of
our knowledge, TMS has not yet been used to investigate whether a
similar dissociation holds for semantics and syntax in the left IFG.
Finally, linguistic prosody has so far been studied with TMS in an
experiment involving single-word stimuli with a focus on the role of
the right hemisphere (Sammler et al., 2015), but the integration of pro-
sodic information into sentence structure has yet to be studied.
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We used a single experimental paradigm to ensure that our condi-
tions were closely matched in their prosodic properties as well as in
the task requirements. To this end, we employed a sentence comple-
tion task (see Figure 1) that required the integration of syntactic and
semantic as well as prosodic information (van der Burght et al., 2021).
In this task, participants listened to spoken sentences in which either
the subject or object received focus by means of a prosodic cue
(a pitch accent, see Figure 2). Participants then selected the continua-
tion of the sentence that they considered most plausible—a prefer-
ence established by the pitch accent in the sentence. This sentence
completion task required isolated syntactic and semantic decisions
per trial. During the task, short bursts of repetitive TMS (rTMS) were
applied after the auditory sentence presentation, that is, during the
response phase, starting simultaneously with the onset of the visual
presentation of the response options. Note that it was not possible to
stimulate during an earlier time window, for example, during the
pitch-accented words, because listeners would easily detect the co-
occurrence between sentence focus and stimulation, providing them
with an undesired, non-prosodic cue. We used a within-subject design
in which participants received rTMS over either alFG, plFG, or a con-
trol site (vertex), divided over three pseudo-randomised sessions. We

hypothesised that rTMS of plFG would selectively affect syntactic

decisions, reflected in a delay in response times, a decrease in accu-
racy, or both. In contrast, rTMS of pIFG should not affect semantic
decisions. Conversely, we expected that rTMS of alFG would selec-

tively impair behaviour during semantic, but not syntactic decisions.

2 | METHODS

The hypotheses and analysis plan of this experiment were preregis-
tered at the Open Science Framework (https://osf.io/7bx2k). Raw
data and analysis scripts can be found at https://osf.io/5k8ze/.

21 | Participants

Thirty healthy native German speakers were included in the final anal-
ysis (eighteen females, age: M = 27.1 years, SD = 3.9, range = 19-
37). All were right-handed (handedness score: M = 91.0, SD = -9.6
(Oldfield, 1971)), none had a history of neurological or psychiatric dis-
orders or other contraindications to TMS, and all gave written
informed consent prior to participation. Sampling continued until

30 complete datasets (i.e., including three experimental TMS sessions
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Overview of the experimental design with within-subject factors decision type, focus position, and transcranial magnetic stimulation

(TMS) site. Trials of each decision type and focus position were presented pseudo-randomly within each session. During each session, participants
received short TMS bursts (five pulses at 10 Hz, starting 100 ms after the visual onset of the determiner or noun response options) over one of
the three TMS sites. The order of TMS site across experimental sessions was counter-balanced across participants. Circles illustrate the three
stimulation sites. ACC, accusative; alFG, anterior inferior frontal gyrus; FEM, feminine; MASC, masculine; NOM, nominative; plFG, posterior
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FIGURE 2 Pitch contours and willustrating the difference between subject focus (a) and object focus (b) in the example sentence Yesterday,
the policeman arrested the thief (“Gestern hat der Polizist den Dieb verhaftet”). The noun phrase that is placed in contrastive focus bears a pitch
accent (indicated by capital letters), whereas it is deaccented in the other condition. Note the difference in pitch increase and intensity in the
accented noun phrase as compared to the same noun phrase in the deaccented condition

per participant) had been acquired. The sample size was defined to
allow for a full balancing of the order of TMS sites (alFG, pIFG, vertex)
over the three experimental sessions. Participants were recruited from
the database of the Max Planck Institute for Human Cognitive and
Brain Sciences. Two volunteers dropped out because of excessive dis-
comfort during stimulation of the IFG and were replaced with two
new participants to complete the sample. The study was approved by
the local ethics committee at the Medical Faculty of the University of

Leipzig.

22 | Task

Participants performed a sentence completion task (Figure 1) in which
they were presented with spoken sentences of the type (A) or (B),
containing a pitch accent on the subject or object of the sentence,
respectively (Figure 2; see Supplementary Table 5 for acoustic ana-
lyses). In these sentences, the subject/object roles of the noun
phrases are expressed through the case marking of the respective
determiners, indicated with NOM (nominative) or ACC (accusative).
Furthermore, the subject/object roles are indicated by semantic cues:
police officers are more likely to arrest someone than to be arrested
by someone, whereas thieves are generally more likely to be arrested.

Focus, as assigned by a pitch accent, is indicated with F.

A. Yesterday, [theN°M POLICE OFFICER]r arrested the“C thief,

not ...
Gestern hat [der POLIZIST] den Dieb verhaftet, nicht ...
B. Yesterday, theN°™ police officer arrested [the”*“C THIEF], not ...

Gestern hat der Polizist [den DIEB] verhaftet, nicht ...

Participants were asked to complete these spoken sentences with
two consecutive words presented visually in a two-alternative forced
choice task by button-press. Participants made two consecutive deci-
sions: they first selected a determiner and then a noun. In the syntac-
tic condition, the task-relevant choice involved participants choosing
between two case-marked masculine determiners signalling either
subject (der/theN°™) or object (den/the*“C). By presenting the deter-
miners first rather than simultaneously with the noun, the decision on
the determiner was purely syntactic, preventing a possible semantic
influence from the noun. In the semantic condition, the nouns were
presented in their feminine versions to prevent an explicit syntactic
judgement prior to the task-relevant choice between the two nouns.
As the feminine determiner in German does not differ between nomi-
native and accusative case (both are indicated with die), the first deci-
sion on the determiner was meaningless. The subsequent decision on
the noun (“police officer™" or “thief E™) was therefore mainly a
semantic one, since no meaningful syntactic judgment had been made
previously. Participants were instructed to select the determiner and
noun that would complete the sentence in the way they deemed most
sensible and to give their response as quickly and accurately as possi-
ble. Together, each experimental item consisted of one verb (e.g., to
arrest) coupled with two typical agents (police officer, inspector) and
two typical patients (thief, murderer). These experimental items were
created and selected after a norming study based on Ferreira (2003);
see van der Burght et al. (2021) for full details.

2.3 | Experimental design and procedure

We used a 2 x 2 x 3 factorial, within-subject design with the factors
decision type (syntactic; semantic), focus position (subject; object), and
stimulation site (pIFG; alFG; vertex), as illustrated in Figure 1. Experi-

mental trials were divided over four blocks separated by a self-timed
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break (minimum pause duration: 20 s). During each block, 48 trials
were presented pseudo-randomly, with a maximum of two consecu-
tive repetitions of the same decision type and focus position. Each
unique verb-noun combination occurred once per block. The order of
TMS sites across experimental sessions was assigned pseudo-
randomly and counter-balanced across participants. Stimulus presen-
tation, collection of the responses, and timing of the TMS trains was
controlled using the software Presentation (Neurobehavioral Systems,

Inc., Berkeley, CA; www.neurobs.com).

24 | Repetitive TMS

To determine the stimulation sites in anterior and posterior IFG, mean
coordinates were taken from a meta-analysis of neuroimaging studies
on syntactic and semantic processing (Hagoort & Indefrey, 2014). This
study reported local maxima plus standard deviations for syntactic
processing (pIFG, corresponding to BA44) and semantic processing
(alFG, corresponding to BA45). To prevent overlap of the stimulation
area at the two sites, we chose coordinates that were at least 20 mm
apart, but still fell within the standard deviation of each region. These
coordinates were transformed from Talairach to Montreal Neurologi-
cal Institute (MNI) space (BA44: x, y, z = —51, 11, 14; BA45: x, v,
z = —51, 33, 2). Finally, these coordinates were transformed into indi-
vidual subject space by using the inverse of the normalisation matrix
obtained in SPM 12 (www.fil.ion.ucl.ac.uk/spm, Wellcome Trust Cen-
tre for Neuroimaging, London, UK). T1-weighted images had been
previously acquired on a 3 T MRI scanner (Siemens Healthcare,
Erlangen, Germany) using a magnetisation-prepared rapid gradient
echo sequence in sagittal orientation (inversion time = 650 ms, repeti-
300ms, flip angle = 10°, field of
view = 256 mm x 240 mm, voxel-size = 1 mm x 1 mm x 1.5 mm).

tion time =

Individual coordinates were visually inspected based on macroanato-
mical landmarks: pIFG was defined as the portion of the gyrus located
anterior to the precentral sulcus and posterior to the ascending
branch of the lateral fissure, whereas the alFG as the portion of the
gyrus between the ascending and horizontal branches of the lateral
fissure. In case the target coordinates in subject space were not
located within these regions (but rather, e.g., in the sulcus) they were
manually adjusted. The vertex (control) site was determined manually
in each individual as the midpoint between two lines on the surface of
the scalp, one connecting the tragi of the left and right ear and the
other connecting the nasion and inion.

A neuronavigation system (TMS Navigator, Localite, Sankt
Augustin, Germany) was used to navigate the TMS coil and maintain
its location and orientation throughout the experimental sessions. The
coil was placed over the IFG with an angle of 45° to the sagittal plane
whereas vertex stimulation was achieved holding the coil parallel to
the midline with the handle oriented posteriorly.

Simulation intensity was set at 90% of the individual resting
motor threshold, following similar studies from our research group
that targeted the IFG (Hartwigsen et al., 2010; Kuhnke et al., 2017),
which resulted in a mean stimulation intensity of 45% + 3% (1 SD) of

maximum stimulator output. Each participant's resting motor thresh-
old was determined at the beginning of the first experimental session,
using an electromyogram measured at the first dorsal interosseous
muscle on the right hand. The motor hotspot was located by system-
atically searching the scalp contralaterally to the right hand at a low
stimulation intensity. As a starting point, a mean coordinate of M1
was used (x, y, z= —37, —21, 58 mm, taken from Mayka et al. (2006)),
transformed to individual subject space (see above). The motor hot-
spot was then defined as the location which yielded the largest and
most consistent motor evoked potential. Subsequently, resting motor
threshold was determined as the lowest stimulator output intensity to
evoke a motor evoked potential in the relaxed muscle with a peak-to-
peak amplitude larger than 50 pV in 5 out of 10 consecutive stimuli
(Rossi et al., 2009).

During each experimental trial, a 5-pulse train of 10 Hz TMS was
applied over left alFG, plFG, or vertex (see Figure 1). The pulse train
started 100 ms after onset of the visual imperative stimulus, lasting
until 600 ms into the decision-making process on syntactic or seman-
tic continuation on the sentence. This stimulation window was chosen
to avoid interference with either early visual processing (see Devlin
et al., 2003 for a similar rationale) or with the motor execution of the
response. This allowed stimulation to cover similar processing stages
in both syntactic and semantic conditions. A further motivation for
this stimulation window rather than during the presentation of the
auditory stimulus was the possible confounding effect of rTMS pulses
on the perception of focus position. Since listeners were required to
interpret which noun received pitch accent, the simultaneous pres-
ence of rTMS on the pitch-accented word would have provided an
additional, unwanted non-prosodic cue. Although this confound could
have been circumvented by a counter-balanced design (stimulation
during the pitch accented and non-pitch accented nouns across trials),
this would have led to an undesired inflation of an already complex
study design. rTMS was applied using a figure-of-eight coil (type C-
B60; outer diameter = 7.5 cm) connected to a MagPro X100 stimula-
tor (MagVenture, Farum, Denmark). The overall application of TMS
pulses was well within safety limits (Rossi et al., 2009; Rossini
et al, 2015).

2.5 | Data analysis

Response times for correct trials were log-transformed and analysed
with a linear mixed model (LMM). Accuracy rates were analysed using
a generalised LMM (GLMMs) with a binomial distribution (Baayen
et al., 2008). An advantage of LMMs over a classical ANOVA is that
they capture the variance offered by the single trial data, avoiding the
necessity of computing grand mean reaction times (Singmann &
Kellen, 2019). Furthermore, unlike ANOVAs, the GLMMs can accom-
modate for the binomial distribution of the error rates (Jaeger, 2008).
In both models, the full model included the fixed effects TMS site, deci-
sion type, and focus position as well as 2 two-way interaction terms.
The interaction between TMS site x decision type was specified, since

we expected the TMS effect to be both task-specific (i.e., disrupting
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either syntactic or semantic decisions) and location-specific
(i.e., selectively interfering with alFG or pIFG, relative to the vertex).
The interaction between decision type and focus position was modelled
as well, because we found a significant interaction between both fac-
tors in our previous behavioural study (van der Burght et al., 2021). A
possible interaction between TMS site and focus position was not part
of our research questions and therefore not included in the model.
Consequently, no three-way interaction was included. For inclusion in
the fixed effects analysis, factors were dummy coded: the factors with
two levels were sum-coded and the fixed effect with three levels
(TMS site) was treatment-coded with the vertex condition as reference
level. We aimed to include a maximal random effects structure (Barr
et al., 2013). In case of convergence issues, we simplified the random
effects structure by first removing the correlations between inter-
cepts and slopes, then the random slopes for the interaction terms
(decision type x focus position, TMS site x decision type, in that order),
and the simple effects of each factor within participant and within
item. For the reaction time analysis, this resulted in the following
model: logRT ~ decision x TMS + decision x focus + (1 +-
decision x TMS + focus | participant) + (1 | item). For the accuracy
analysis, we used the following model: accuracy ~ decision x TMS +-
decision x focus + (1 + decision + TMS | participant) + (1 | item). In
the model formulas, the tilde (~) stands for “in function of”. The pipe
() indicates that the random intercept or slope is modelled by item or
by participant. Statistical inference was performed using likelihood-
ratio test comparing the full model to a reduced model lacking the
term of interest (Singmann & Kellen, 2019). We used the package
emmeans for pair-wise follow-up comparisons to further explore sig-
nificant interactions (Lenth et al., 2021). p-Values below an alpha-level

of .05 were considered significant.

2.6 | Electric field simulations

To better understand the relationship between stimulation and behav-
iour we used a recently established approach to relate the induced
electric fields to our behavioural effects (Numssen et al., 2021; Weise
et al., 2020). We performed individual electric field simulations to
investigate whether behaviour could be explained by the intensity of
the electric field strength elicited by TMS in the IFG during the two
critical sessions (those where alFG and plFG were targeted). To accu-
rately compute the TMS-induced electric fields on the subject level,
high-resolution head models were created for each individual partici-
pant from anatomical MRI images. The resulting head models were
then combined with the recorded coil positions obtained from the
neuronavigation software for each session and participant to calculate
the spatial distribution and strength of the TMS-induced electric field.
In the motor domain, such simulations have been used to accurately
map the cortical localisation of motor-evoked responses (Numssen
et al., 2021). Recently, electric field simulations have also been related
to behavioural stimulation effects in the language domain: Kuhnke
et al. (2020) demonstrated a significant correlation between the indi-

vidual electric field strength in the target area and the behavioural

perturbation effect during a conceptual task. Due to large interindivi-
dual variance in head and brain anatomy, for example, in gyrification
patterns and cortex-skin distances, these individual electric field calcu-
lations allow for the precise quantification of interindividual and
intraindividual differences in stimulation exposure. All high-resolution
head models and subsequent individual field simulations were com-
puted with SimNIBS v3.1 (Saturnino et al., 2019; Thielscher
et al., 2015).

First, we generated individual head models from structural MR
images using the headreco pipeline (Puonti et al., 2016), employing
SPM12 and CAT12 (Dahnke et al., 2013). The final head models were
composed of ~1.7 x 10° nodes and ~9.5 x 10° tetrahedra. T1
images and, where available, T2 images were used for segmenting the
following tissues: scalp, skull, grey matter (GM), white matter (WM),
cerebrospinal fluid (CSF), and eyes. To define the position and orienta-
tion of the coil for each subject and condition for the field simulations,
we recorded the instrument markers with the neuronavigation soft-
ware during the experimental sessions (Numssen et al., 2021; Weise
et al., 2020). We then calculated the electric field for 1 A/ps scaled to
the realised stimulator intensity using the following isotropic conduc-
tivity values: oscap = 0.465 S/m, o5y = 0.01 S/m, 6gm = 0.275 S/m,
owm = 0.126 S/m, and ocsg = 1.654 S/m (Thielscher et al., 2011;
T. A. Wagner et al., 2004). We visually assessed the quality of the
head reconstructions and electric field simulations, which are pre-
sented in Supplementary Figure 4. Finally, the electric field of each
participant per session was mapped to fsaverage space for group ana-
lyses (Fischl et al, 2008). Peak electric field magnitudes were
extracted from the GM surface regions of interest (ROIls) in the ante-
rior and posterior IFG for each subject and stimulation site. These
ROIs were defined as BA45 (anterior IFG) and BA44 (posterior IFG)
using the spatial probability maps available in FreeSurfer (Fischl
et al., 2008).

To assess whether the electric field strength in each IFG subre-
gion modulated behaviour, we ran additional (G)LMMs that included
the electric field strength per participant, stimulation condition and
ROI. Since both IFG subregions received stimulation in each of the
two active stimulation sessions, this model included a value from the
alFG and plFG ROIs per participant per session across trials (data from
the vertex session was excluded because the IFG effectively received
no stimulation here, see Supplementary Figure 3). To increase the
interpretability of the slope estimates for the electric field factors, the
electric field values were z-transformed. To investigate whether there
was a differential effect of stimulation strength in the two IFG subre-
gions on performance in each of the task conditions, we tested the
interaction effects of electric field strength (|E|) with decision type (syn-
tactic or semantic). The full model then included the following fixed
effects: the
|Elpirc x decision type, as well as the interaction term decision

interaction terms |Elurc X decision type and
type x focus position, and finally session number (1, 2, or 3) as main
effect. This specification of session number allowed us to account for
order effects and ensured that the model contained a representation
for the data originating from three separate sessions (note that in the

behavioural model, the session number term was not required because
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the TMS site term represented the different sessions). The random
effect structure included by-participant random intercepts and slopes
for decision type and focus position, as well as by-item random inter-
cepts (after more complex random structures (Barr et al., 2013) had
failed to converge, this was the most complex random structure that
could be obtained). This resulted in the following full model for the
reaction time analysis: [ogRT ~ |E|,irg x decision + |E|, g % decision +
decision x focus + session + (1 + decision + focus | participant) +
(1 | item). The same full model was used for the accuracy analysis
using correct/incorrect as dependent variable. As in the main analysis,
statistical inference on the interaction terms was performed by model
comparisons between the full model and a reduced model leaving out
the interaction term of interest. Significant interactions were resolved

using the emtrends function from emmeans (Lenth et al., 2021).

3 | RESULTS

3.1 | Response times

We did not find a significant interaction between TMS site and deci-
sion type in the response times (y%(2) = 3.84, p = .147; Figure 3a).
That is, TMS over alFG, pIFG, or vertex did not differentially affect
response speed in the syntactic and semantic decisions. Regarding
focus position, we replicate the results from our behavioural study
(van der Burght et al., 2021), with a significant interaction between
decision type and focus position (y%(1) = 31.19, p < .001; Supplemen-
tary Figure 2). Post hoc comparisons revealed that responses were
slower in semantic as compared to syntactic decisions after both sub-
ject focus (z =-6.47, p <.001) and object focus sentences
(z=—-7.90, p < .001). Additionally, responses were faster after object
focus as compared to subject focus sentences in the syntactic deci-

sions (z = 2.90, p = .011), whereas the semantic decisions showed the

(a) Response times
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opposite pattern (z = —2.50, p = .012). The model output from all (G)
LMM s can be found in Supplementary Tables 1-4.

3.2 | Accuracy

Participants performed above chance in all conditions, which shows
that overall, responses were made according to the pitch accent and
focus position perceived (all z-values >12.56; all p-values <.001). In
the accuracy rates (Figure 3b), there was no significant interaction
between TMS site and decision type (y*(2) = 0.15, p = .929), meaning
that we did not find evidence for location-specific effects of stimula-
tion on syntactic and semantic decisions. However, a significant main
effect of TMS site (z = —2.53, p = .011) indicated an overall increase
in error rates for pIFG TMS as compared to vertex TMS in both syn-
tactic and semantic decisions. There were no significant differences
when comparing pIFG TMS to alFG TMS (z = 1.61, p = .107) or alFG
TMS to vertex TMS (z = —1.07, p = .285). In agreement with our pre-
vious behavioural study, the interaction of decision type x focus posi-
tion was also significant (;(2(2) = 10.31, p = .001). Post hoc pairwise
comparisons revealed lower accuracy for semantic decisions after
object focus sentences when compared to subject focus sentences
(z=5.73, p < .001), as well as when compared to syntactic decisions
after object focus (z = 3.89, p < .001).

To exclude that the increase in error rates under plFG stimulation
reflected a general speed-accuracy trade-off, we ran correlation ana-
lyses between the individual response times and error rates for each
task condition and stimulation session (i.e., correlations between the
average response time and accuracy per participant for the syntactic
responses in alFG, plFG, and vertex sessions, and for the semantic
responses in alFG, plFG, and vertex sessions). None of these correla-
tions were significant (all r values >—.21 and <.01; all p-values >.300),

which does not support such a trade-off effect.

(b) Error rates
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FIGURE 3 Response times (a) and error rates (b) for each decision type and transcranial magnetic stimulation (TMS) site. In (a), the asterisk
indicates a main effect of decision type. The upper and lower bounds of the boxes correspond to the third and first quartiles, respectively. The
whiskers represent 1.5 times the interquartile range. In (b), the asterisk indicates the main effect of TMS site (posterior inferior frontal gyrus
[pIFG] contrasted to vertex). Error bars reflect +1 SEM. Lines connect subject-wise data
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3.3 | Impact of electric field strength on task
performance

To assess whether variability in response times could be explained by
the strength of the electric field induced by rTMS, we conducted addi-
tional analyses including the evoked electric field in alFG and pIFG for
each participant (the vertex [control] session was excluded from this
analysis). Here, we found significant interactions between condition
and the electric field strength in alFG (y%(1) = 27.92, p < .001) and in
plFG (;(2(1) = 3.99, p = .046; Figure 4b). Resolving the interaction
effect in the alFG subregion revealed differential effects of electric
field on response times in the syntactic and semantic decisions: syn-
tactic decisions became faster with higher rTMS-induced electric field
strength in the stimulated area (z = —3.56, p < .001), whereas seman-
tic decisions were slowed down (z = 3.77, p < .001). In the pIFG sub-
region, stronger electric fields were related to faster responses in the

syntactic domain as well (z = —-3.78, p <.001). This effect was

(a) alFG session

condition-specific as there was no significant effect of electric field on
response times in the semantic condition ([z = —0.95, p = .340];
Figure 4b). Finally, there was a main effect of session (152(2) = 738.86,
p < .001), indicating that participants gave faster responses across ses-
sions (Supplementary Figure 1).

In the accuracy rates, there were no effects of electric field
strength in the alFG (y%(1) = 0.07, p =. 792) or pIFG (y*(1) = .46,
p = .497) subregions.

4 | DISCUSSION

This study probed the functional relevance of the left IFG in sentence
processing guided by prosodic cues. In our paradigm, successive syn-
tactic and semantics processing steps were performed in isolation
from one another. This allowed us to use focal perturbation induced

by rTMS to test the hypothesis that anterior and posterior parts of

pIFG session
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Electric field simulations revealed differential effects of anterior inferior frontal gyrus (alFG) and posterior inferior frontal gyrus

(pIFG) stimulation on response times. (a) Electric fields induced by transcranial magnetic stimulation (TMS) for the alFG and pIFG stimulation
conditions in a representative sample subject. The white line indicates the border between the parts of the gyrus belonging to cytoarchitectonic
regions BA45 (alFG) and BA44 (pIFG). (b) Response times per task condition plotted in function of the electric field strength in the alFG and pIFG
regions of interest (ROIs). In both ROls, a significant interaction between field strength and decision type was found. Higher electric field strength
in the alFG led to delayed response times in semantic, but faster response times in syntactic decisions. In the plFG, higher electric field strength
was related to a task-specific facilitation of responses in syntactic trials, with no significant effect on semantic trials. The lines represent the
model estimate (confidence intervals indicated by the shaded area). Dots represent single subject peak electric field strength and mean response
time. Note that for each participant, two electric field values are plotted per ROI, obtained from each stimulation session (alFG and pIFG)
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the IFG are specialised for semantic and syntactic processing, respec-
tively. Our results do not fully support this hypothesis. In our initial
behavioural analysis, we observed no significant rTMS modulation of
response times, but an unexpected cross-domain effect on accuracy:
both semantic and syntactic decisions were impaired when rTMS tar-
geted plFG as compared to the control site. A subsequent analysis of
the impact of the induced electric fields by rTMS on response speed
revealed more fine-grained and specific results, indicative of func-
tional and regional specialisation within the IFG. Specifically, we found
a site-specific rTMS effect on semantic processing: higher stimulation
strength in alFG yielded slower response times, whereas plFG stimu-
lation did not significantly delay semantic decisions. Furthermore, we
found polarity-specific effects on syntactic processing in both IFG
subregions. Stronger stimulation of either alFG or plFG was associ-
ated with faster responses in syntactic but not semantic trials. Overall,
these results are in line with our hypothesis that plIFG is involved in
syntactic decisions guided by a prosodic cue. However, this effect
was not site specific as alFG stimulation yielded similar results: con-
trary to our hypothesis of a task-specific effect of alFG stimulation on
semantic decisions, rTMS over this region modulated both semantic
and syntactic processing, albeit with opposite polarity. Together, the
results are in line with previous work suggesting a syntax-specific role
of posterior IFG and a more cross-domain function for anterior IFG
subregions (Hagoort & Indefrey, 2014).

The observed cross-domain effect of plFG stimulation on task
accuracy in our initial behavioural analysis is likely explained by a
spread of stimulation across the larger IFG region. Indeed, our electric
field simulations suggested that stimulation of the two IFG target
regions differed in the focality of the electric fields. In the alFG ses-
sion, stimulation was mostly restricted to the target region (alFG), cov-
ering both pars triangularis and extending into pars orbitalis. In
contrast, in the pIFG session, the induced stimulation covered both
pIFG and the posterior part of the alFG (as well as part of premotor
cortex). We are therefore unable to attribute the increase in error
rates to stimulation of either subregion or the larger IFG. In contrast,
we found more specific effects when relating the induced electric field
strength per region to semantic and syntactic response speed.

Analysis of the electric field strength induced by rTMS revealed a
site-specific effect on semantic processing, showing that stimulation
over alFG had an inhibitory effect on the semantic decisions. This
analysis uses high-resolution individual head models to calculate the
TMS-induced electric fields for each participant. The strength of these
electric fields in alFG and pIFG ROIs was then used to explain variabil-
ity in the response times in each task. The result showed an inhibition
of semantic responses for stronger stimulation in alFG, corroborating
functional neuroimaging work that attributed semantic processing to
the anterior part of the IFG (Goucha & Friederici, 2015; Graessner
et al., 2021; Klimovich-Gray et al., 2018). The finding is also in line
with previous TMS studies that required processing of single words
(Gough et al., 2005; Whitney et al., 2011, 2012) or multiple words
(Devlin et al., 2003; Klaus & Hartwigsen, 2019), and therefore extends
previous findings from the word level to the sentence level. More spe-

cifically, beyond word-level processing such as lexical access and

synonym judgement, our results underline the functional relevance of
alFG in semantic processing for which sentence-level prosodic infor-
mation is required. The finding may be surprising considering the
broad cortical distribution of the semantic network (Binder &
Desai, 2011; Ralph et al., 2017), which in principle allows for compen-
satory activity from other regions beyond the IFG. In fact, there is a
high degree of flexibility with which cortical areas within the same
network can redistribute after disruption of a specific node
(Hartwigsen, 2018). Yet, in our study, alFG stimulation alone inter-
fered with semantic processing, showing the importance of this node
in the semantic network, at least in the type of semantic processing
investigated with our paradigm.

The electric field strength analysis further revealed a task-specific
effect in plFG: in this subregion, rTMS modulated syntactic but not
semantic processing. The involvement of IFG has repeatedly been
found for processing syntactic structure, for example, in predicting
word category information (noun or verb) (Bonhage et al., 2015).
Notably, syntactic pre-activation of left pIFG has been shown in
response to a prosodic cue. In Swedish, the pitch height at the begin-
ning of a sentence can be predictive of upcoming sentence structure:
more constraining syntactic predictions activated pIFG as well as the
adjacent anterior insula (S6derstrém et al., 2018). Another recent
study found involvement of the left plFG in syntactic surprisal
(Henderson et al., 2016). Together, these studies point to a role for
pIFG in processing syntax, particularly in a predictive fashion
(Ferreira & Qiu, 2021). Although our paradigm did not evaluate lin-
guistic predictions in the strictest use of the word (i.e., as an automatic
and implicit process (Huettig, 2015; Pickering & Gambi, 2018)), it did
require intact expectations concerning upcoming syntactic positions
to perform an explicit judgment. In addition, the task required match-
ing this syntactic expectation formed by prosody (subject or object)
with the appropriate determiner presented on the screen (nominative
or accusative). Whether the two processing stages—forming the
expectation or the subsequent template matching—can be attributed
to the two IFG subregions separately or whether the two processes
are distributed across both subregions remains to be further investi-
gated. Aside from predicting syntax, there is also EEG evidence for
the involvement of left frontolateral regions in predicting prosodic
structure (Heim & Alter, 2006). However, since the current study was
designed to investigate syntactic and semantic expectations that were
cued by prosody rather than expectations on prosodic structure as
such, future work is required to investigate the possible role of IFG
subregions in expectations in all three domains.

Although our results suggest pIFG to be selective to syntax, the
alFG subregion was shown to be involved in both syntactic and
semantic decisions. Notably, the syntactic and semantic effects in
alFG exhibited opposite directionality, which we will turn to later in
the discussion. The fact that we found effects on both processing
domains in alFG is contrary to our initial hypothesis, which posited a
double dissociation between IFG subregions in syntactic and semantic
processing. However, syntactic effects in alFG as well as plIFG have
been reported previously. For example, an fMRI study by Santi and
Grodzinsky (2010) showed that some syntactic operations could be
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attributed to plFG, but others to alFG. Furthermore, the meta-analysis
(Hagoort & Indefrey, 2014) that provided our rTMS target coordinates
reported involvement of alFG in both high syntactic and high seman-
tic demands (albeit with less activation for high syntactic vs. semantic
demands). As such, using neurostimulation, our findings corroborate
functional neuroimaging work suggesting that alFG responds to both
syntactic and semantic manipulations. Contrastingly, we found pIFG
to be involved in complex syntactic processing only, in line with our
hypothesis. The present results therefore support the notion that
pIFG is specialised for syntactic computations (Goucha &
Friederici, 2015; Schell et al., 2017; Zaccarella et al., 2015), but that
syntactic processing may engage alFG as well (Hagoort &
Indefrey, 2014; Matchin et al., 2017; Nelson et al., 2017; Santi &
Grodzinsky, 2010).

While a large body of work has attributed syntactic and semantic
processes to different IFG subregions, the role of the IFG in proces-
sing prosody has been less clear. Effects of prosody in IFG have been
found in several fMRI studies, showing activity constrained to specific
IFG subregions (Meyer et al., 2004; Perrone-Bertolotti et al., 2013) or
spanning several IFG subregions (Kristensen et al., 2013; van der
Burght et al., 2019; van Leeuwen et al., 2014). However, there is con-
siderable variation in the type of prosodic processing investigated in
these studies, ranging from effects of acoustic modulations (Meyer
et al., 2004), to processing linguistic focus (Kristensen et al., 2013;
Perrone-Bertolotti et al., 2013; van Leeuwen et al., 2014) and disam-
biguating sentence structure using prosody (van der Burght
et al., 2019). Whether these different prosodic processes can be
attributed to subregions of the IFG, and if so, to which subregions
exactly, requires future investigation. A similar open question con-
cerns phonological and syntactic processing, which have both been
associated with posterior IFG. Yet, whether overlapping or different
regions of pIFG contribute to these two processing domains has
remained unclear. We are not aware of any neuroimaging or neurosti-
mulation studies that systematically compared the two processes
within the same design. Such future work would certainly be worth-
while to investigate this question.

The unexpected facilitatory effect of TMS on syntactic response
speed, revealed by the analysis of the electric field strength in both
IFG subregions, requires further explanation. The 10 Hz rTMS proto-
col used in the current study is frequently thought to inhibit neural
(Hallett, 2007;
Hartwigsen, 2015). However, (unexpected) facilitation effects by TMS

processing and therefore task performance
over language areas are not uncommon (Andoh et al., 2006; Klaus &
Hartwigsen, 2019; Nixon et al., 2004; Sliwinska et al., 2017; Sparing
et al., 2001), especially when TMS is given directly during the task.
Effects of opposite polarity within the same study have previously
been found, for example by Klaus and Hartwigsen (2019), where
10 Hz rTMS over pIFG facilitated responses in a phonological task
while applying the same protocol over alFG inhibited semantic perfor-
mance. Note that in our task, the semantic condition yielded longer
response times as compared to the syntactic decisions, replicating
results from our previous behavioural study (van der Burght
et al., 2021). This difference can be accounted for by the increased
reading time and harder lexical access involved for nouns (semantic

decisions) as compared to determiners (syntactic decisions). Further-
more, as a necessary consequence of our design, the nouns differed
across the experimental items, whereas the determiners did not. The
syntactic task was therefore more automatised and constrained in its
options than the semantic task. This difference may explain the differ-
ent directions in rTMS effects for syntactic and semantic decisions.
On average, the syntactic decisions were faster than the semantic
ones by an order of magnitude of hundreds of milliseconds. It is there-
fore conceivable that the pulse trains in our protocol, lasting 500 ms
each, interfered with different stages of each decision type and, there-
fore, different cognitive states involved in each decision. Indeed, facili-
tatory effects of TMS on neural activity have been explained in terms
of state dependency, positing that the ongoing neuronal state during
which TMS is applied may determine the direction of the behavioural
effect (Siebner et al., 2009; Silvanto & Cattaneo, 2017). It was argued
that for some conditions, rather than inducing noise, TMS-induced
activity might be synchronised with ongoing, task-relevant neural
activity (Miniussi et al., 2010), resulting in a neural signal that is bene-
ficial instead of detrimental to the task at hand (Miniussi et al., 2013).
Such state-dependent effects may be particularly relevant when TMS
is applied during a given task, as was the case in the present study.

To summarize, our electric field simulations revealed task-specific
as well as site-specific stimulation effects. However, we found no evi-
dence for a strict functional-anatomical double dissociation between
syntax and semantics. One could question if the paradigm was suffi-
ciently sensitive to dissociate both processes. Yet, since we were able
to replicate the results from our previous behavioural study, this para-
digm seems validated in its ability to dissociate syntactic and semantic
processing guided by a prosodic cue (van der Burght et al., 2021). A
more likely explanation for the limited dissociation between anterior
and posterior IFG is the limited focality of the electric fields induced
by TMS which warrants further investigation, especially when studies
aim to dissociate neighbouring cortical regions. A further explanation
can be found in the between-subject neuroanatomical variability of
the inferior frontal cortex. The IFG is known to show large interindivi-
dual variability, both in terms of the organisation of gyri and sulci and
in the way cytoarchitectonic regions relate to them (Amunts
et al,, 1999). To circumvent this issue, a functional localiser may have
been necessary to target the exact areas supporting syntactic and
semantic processing in each individual. Indeed, it has been argued that
functional localisers are beneficial for dissociating functional areas
within the IFG, for example, to distinguish language-specific from
domain-general regions (Fedorenko & Blank, 2020). Since individual
localisers are time consuming and may be tricky to design if repetition
of the same task and stimuli needs to be avoided, we relied on trans-
ferring mean group coordinates from previous fMRI studies to the
individual subject level in our study. This approach has been success-
fully employed to demonstrate functional specialisation of different
subregions for various language tasks in our previous studies
(Hartwigsen et al., 2010, 2016; Klaus & Hartwigsen, 2019; Kroczek
et al., 2019; Kuhnke et al., 2017). Yet, future TMS studies investigat-
ing high-level cognitive processing in adjacent cortical areas may ben-
efit from a functional localiser approach (Sack et al., 2009; Sparing
et al,, 2008).
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In conclusion, our study provides evidence for the functional spe-
cialisation of subregions of the left IFG for syntactic and semantic pro-
cessing. In particular, our data suggest that the alFG is an important
cortical area for semantic computations that are cued by prosody. In
addition, this region was shown to support syntactic processing. In
contrast, stronger electric field strength in pIFG was associated with
modulatory effects on response speed selectively for syntactic pro-
cessing. As such, the present data are inconclusive concerning a strict
functional-anatomical double dissociation between the alFG for
semantic processing and the plFG for syntactic processing when
assigning grammatical roles during sentence comprehension. Rather,
our study suggests that in forming expectations about upcoming sen-
tence material, the alFG is functionally relevant for processing both
semantic and syntactic properties, while the pIFG may be relevant for
processing syntactic properties only. Future studies may use smaller
TMS coils with increased focality to further explore gradients in func-
tional specialisation within the larger left inferior frontal cortex and
consider the strong interindividual variability of the region. Yet,
despite this interindividual variability, we were able to demonstrate
TMS effects on language processing that exhibited anatomical speci-
ficity and task specificity. In summary, our results provide first evi-
dence for a functional specialisation within IFG for syntactic and

semantic processing guided by prosody.

ACKNOWLEDGEMENTS

The authors wish to thank Angela D. Friederici for valuable input dur-
ing various phases of the study. Furthermore, the authors would like
to thank Isabel Gebhardt, Rebekka Luckner, and Lisa Reimund for help
with data acquisition, Heike Boethel for organisational support, and all
volunteers for participating in the experiments. Special thanks to
Geert van der Meulen for help with the figure layout. The study was
funded by the Max Planck Society. Open Access funding enabled and
organized by Projekt DEAL.

CONFLICT OF INTEREST
The authors declare that there are no conflicts of interest.

DATA AVAILABILITY STATEMENT

Raw data and analysis scripts are available at https://osf.io/5k8ze/.

ORCID
Constantijn L. van der Burght
1730

Ole Numssen

https://orcid.org/0000-0001-6461-

https://orcid.org/0000-0001-7164-2682

Tomds Goucha "2 https://orcid.org/0000-0002-2709-353X

REFERENCES

Amunts, K., Schleicher, A., Burgel, U., Mohlberg, H., Uylings, H. B., &
Zilles, K. (1999). Broca's region revisited: Cytoarchitecture and inter-
subject variability. The Journal of Comparative Neurology, 412(2), 319-
341. https://doi.org/10.1002/(SICI)1096-9861(19990920)412:
2<319::AID-CNE10>3.0.CO;2-7

Andoh, J., Artiges, E., Pallier, C., Riviére, D., Mangin, J. F., Cachia, A., Plaze,
M., Paillere-Martinot, M. L., Martinot, J. L. (2006). Modulation of

language areas with functional MR image-guided magnetic stimulation.
Neurolmage, 29(2), 619-627. https://doi.org/10.1016/j.neuroimage.
2005.07.029

Baayen, R. H., Davidson, D. J., & Bates, D. M. (2008). Mixed-effects model-
ing with crossed random effects for subjects and items. Journal of
Memory and Language, 59(4), 390-412. https://doi.org/10.1016/j.jml.
2007.12.005

Barr, D. J., Levy, R., Scheepers, C., & Tily, H. J. (2013). Random effects
structure for confirmatory hypothesis testing: Keep it maximal. Journal
of Memory and Language, 68(3), 255-278. https://doi.org/10.1016/].
jml.2012.11.001

Belyk, M., & Brown, S. (2014). Perception of affective and linguistic pros-
ody: An ALE meta-analysis of neuroimaging studies. Social Cognitive
and Affective Neuroscience, 9(9), 1395-1403. https://doi.org/10.1093/
scan/nst124

Binder, J. R., & Desai, R. H. (2011). The neurobiology of semantic memory.
Trends in Cognitive Sciences, 15(11), 527-536. https://doi.org/10.
1016/j.tics.2011.10.001

Bonhage, C. E., Mueller, J. L., Friederici, A. D., & Fiebach, C. J. (2015). Com-
bined eye tracking and fMRI reveals neural basis of linguistic predic-
tions during sentence comprehension. Cortex, 68, 33-47. https://doi.
org/10.1016/j.cortex.2015.04.011

Chien, P. J., Friederici, A. D., Hartwigsen, G., & Sammler, D. (2020). Neural
correlates of intonation and lexical tone in tonal and non-tonal lan-
guage speakers. Human Brain Mapping, 21(10), 1842-1858. https://
doi.org/10.1002/hbm.24916

Cutler, A., Dahan, D., & Van Donselaar, W. (1997). Prosody in the compre-
hension of spoken language: A literature review. Language and Speech,
40(2), 141-201. https://doi.org/10.1177/002383099704000203

Dahan, D., Tanenhaus, M. K., & Chambers, C. G. (2002). Accent and refer-
ence resolution in spoken-language comprehension. Journal of Memory
and Language, 47(2), 292-314. https://doi.org/10.1016/50749-596X
(02)00001-3

Dahnke, R., Yotter, R. A., & Gaser, C. (2013). Cortical thickness and central
surface estimation. Neurolmage, 65, 336-348. https://doi.org/10.
1016/j.neuroimage.2012.09.050

Devlin, J. T., Matthews, P. M., & Rushworth, M. F. S. (2003). Semantic pro-
cessing in the left inferior prefrontal cortex: A combined functional
magnetic resonance imaging and transcranial magnetic stimulation
study. Journal of Cognitive Neuroscience, 15(1), 71-84. https://doi.org/
10.1162/089892903321107837

Fedorenko, E., & Blank, I. A. (2020). Broca's area is not a natural kind.
Trends in Cognitive Sciences, 24, 270-284. https://doi.org/10.1016/j.
tics.2020.01.001

Ferreira, F. (2003). The misinterpretation of noncanonical sentences. Cog-
nitive Psychology, 47(2), 164-203. https://doi.org/10.1016/50010-
0285(03)00005-7

Ferreira, F., & Qiu, Z. (2021). Predicting syntactic structure. Brain Research,
1770, 147632. https://doi.org/10.1016/j.brainres.2021.147632

Fischl, B., Rajendran, N., Busa, E., Augustinack, J., Hinds, O., Yeo, B. T. T,,
Mohlberg, H., Amunts, K., & Zilles, K. (2008). Cortical folding patterns
and predicting cytoarchitecture. Cerebral Cortex, 18(8), 1973-1980.
https://doi.org/10.1093/cercor/bhm225

Friederici, A. D. (2011). The brain basis of language processing: From
structure to function. Physiological Reviews, 91(4), 1357-1392.
https://doi.org/10.1152/physrev.00006.2011

Friederici, A. D., & Alter, K. (2004). Lateralization of auditory language
functions: A dynamic dual pathway model. Brain and Language, 89(2),
267-276. https://doi.org/10.1016/50093-934X(03)00351-1

Friederici, A. D., Chomsky, N., Berwick, R. C., Moro, A., & Bolhuis, J. J.
(2017). Language, mind and brain. Nature Human Behaviour, 1(10),
713-722. https://doi.org/10.1038/541562-017-0184-4

Goucha, T., & Friederici, A. D. (2015). The language skeleton after dissect-
ing meaning: A functional segregation within Broca's area. Neurolmage,
114, 294-302. https://doi.org/10.1016/j.neuroimage.2015.04.011


https://osf.io/5k8ze/
https://orcid.org/0000-0001-6461-1730
https://orcid.org/0000-0001-6461-1730
https://orcid.org/0000-0001-6461-1730
https://orcid.org/0000-0001-7164-2682
https://orcid.org/0000-0001-7164-2682
https://orcid.org/0000-0002-2709-353X
https://orcid.org/0000-0002-2709-353X
https://doi.org/10.1002/(SICI)1096-9861(19990920)412:2%3C319::AID-CNE10%3E3.0.CO;2-7
https://doi.org/10.1002/(SICI)1096-9861(19990920)412:2%3C319::AID-CNE10%3E3.0.CO;2-7
https://doi.org/10.1016/j.neuroimage.2005.07.029
https://doi.org/10.1016/j.neuroimage.2005.07.029
https://doi.org/10.1016/j.jml.2007.12.005
https://doi.org/10.1016/j.jml.2007.12.005
https://doi.org/10.1016/j.jml.2012.11.001
https://doi.org/10.1016/j.jml.2012.11.001
https://doi.org/10.1093/scan/nst124
https://doi.org/10.1093/scan/nst124
https://doi.org/10.1016/j.tics.2011.10.001
https://doi.org/10.1016/j.tics.2011.10.001
https://doi.org/10.1016/j.cortex.2015.04.011
https://doi.org/10.1016/j.cortex.2015.04.011
https://doi.org/10.1002/hbm.24916
https://doi.org/10.1002/hbm.24916
https://doi.org/10.1177/002383099704000203
https://doi.org/10.1016/S0749-596X(02)00001-3
https://doi.org/10.1016/S0749-596X(02)00001-3
https://doi.org/10.1016/j.neuroimage.2012.09.050
https://doi.org/10.1016/j.neuroimage.2012.09.050
https://doi.org/10.1162/089892903321107837
https://doi.org/10.1162/089892903321107837
https://doi.org/10.1016/j.tics.2020.01.001
https://doi.org/10.1016/j.tics.2020.01.001
https://doi.org/10.1016/S0010-0285(03)00005-7
https://doi.org/10.1016/S0010-0285(03)00005-7
https://doi.org/10.1016/j.brainres.2021.147632
https://doi.org/10.1093/cercor/bhm225
https://doi.org/10.1152/physrev.00006.2011
https://doi.org/10.1016/S0093-934X(03)00351-1
https://doi.org/10.1038/s41562-017-0184-4
https://doi.org/10.1016/j.neuroimage.2015.04.011

2 | WILEY

van der BURGHT ET AL.

Gough, P. M., Nobre, A. C., & Devlin, J. T. (2005). Dissociating linguistic
processes in the left inferior frontal cortex with transcranial magnetic
stimulation. Journal of Neuroscience, 25(35), 8010-8016. https://doi.
org/10.1523/JNEUROSCI.2307-05.2005

Graessner, A., Zaccarella, E., & Hartwigsen, G. (2021). Differential contri-
butions of left-hemispheric language regions to basic semantic compo-
sition. Brain Structure and Function, 12(5), 193-118. https://doi.org/
10.1007/s00429-020-02196-2

Hagoort, P., & Indefrey, P. (2014). The neurobiology of language beyond
single words. Annual Review of Neuroscience, 37(1), 347-362. https://
doi.org/10.1146/annurev-neuro-071013-013847

Hallett, M. (2007). Transcranial magnetic stimulation: a primer. Neuron,
55(2), 187-199. https://doi.org/10.1016/j.neuron.2007.06.026

Hartwigsen, G. (2015). The neurophysiology of language: Insights from
non-invasive brain stimulation in the healthy human brain. Brain and
Language, 148, 81-94. https://doi.org/10.1016/j.bandl.2014.
10.007

Hartwigsen, G. (2018). Flexible redistribution in cognitive networks. Trends
in Cognitive Sciences, 22(8), 687-698. https://doi.org/10.1016/j.tics.
2018.05.008

Hartwigsen, G., Price, C. J., Baumgaertner, A., Geiss, G., Koehnke, M.,
Ulmer, S., & Siebner, H. R. (2010). The right posterior inferior frontal
gyrus contributes to phonological word decisions in the healthy brain:
Evidence from dual-site TMS. Neuropsychologia, 48(10), 3155-3163.
https://doi.org/10.1016/j.neuropsychologia.2010.06.032

Hartwigsen, G., Weigel, A., Schuschan, P., Siebner, H. R., Weise, D.,
Classen, J., & Saur, D. (2016). Dissociating parieto-frontal networks for
phonological and semantic word decisions: A condition-and-perturb
TMS study. Cerebral Cortex, 26(6), 2590-2601. https://doi.org/10.
1093/cercor/bhv092

Heim, S., & Alter, K. (2006). Prosodic pitch accents in language compre-
hension and production: ERP data and acoustic analyses. Acta Neuro-
biologiae Experimentalis (Wars), 66, 55-68.

Henderson, J. M., Choi, W., Lowder, M. W., & Ferreira, F. (2016). Language
structure in the brain: A fixation-related fMRI study of syntactic sur-
prisal in reading. Neurolmage, 132, 293-300. https://doi.org/10.1016/
j.neuroimage.2016.02.050

Huettig, F. (2015). Four central questions about prediction in language
processing. Brain Research, 1626, 118-135. https://doi.org/10.1016/j.
brainres.2015.02.014

Jaeger, T. F. (2008). Categorical data analysis: Away from ANOVAs (trans-
formation or not) and towards logit mixed models. Journal of Memory
and Language, 59(4), 434-446. https://doi.org/10.1016/j.jml.2007.
11.007

Kjelgaard, M. M., & Speer, S. R. (1999). Prosodic facilitation and interfer-
ence in the resolution of temporary syntactic closure ambiguity. Jour-
nal of Memory and Language, 40(2), 153-194. https://doi.org/10.
1006/jmla.1998.2620

Klaus, J., & Hartwigsen, G. (2019). Dissociating semantic and phonological
contributions of the left inferior frontal gyrus to language production.
Human Brain Mapping, 40(11), 3279-3287. https://doi.org/10.1002/
hbm.24597

Klimovich-Gray, A, Tyler, L. K., Randall, B., Kocagoncu, E., Devereux, B., &
Marslen-Wilson, W. D. (2018). Balancing prediction and sensory input
in speech comprehension: The spatiotemporal dynamics of word-
recognition in context. The Journal of Neuroscience, 39, 3573-3517.
https://doi.org/10.1523/JNEUROSCI.3573-17.2018

Kristensen, L. B., Wang, L., Petersson, K. M., & Hagoort, P. (2013). The
interface between language and attention: Prosodic focus marking
recruits a general attention network in spoken language comprehen-
sion. Cerebral Cortex, 23(8), 1836-1848. https://doi.org/10.1093/
cercor/bhs164

Kroczek, L. O. H., Gunter, T. C, Rysop, A. U., Friederici, A. D., &
Hartwigsen, G. (2019). Contributions of left frontal and temporal cor-
tex to sentence comprehension: Evidence from simultaneous TMS-

EEG. Cortex, 115, 86-98. https://doi.org/10.1016/j.cortex.2019.
01.010

Kuhnke, P., Beaupain, M. C.,, Cheung, V. K. M., Weise, K., Kiefer, M., &
Hartwigsen, G. (2020). Left posterior inferior parietal cortex causally
supports the retrieval of action knowledge. Neurolmage, 219, 117041.
https://doi.org/10.1016/j.neuroimage.2020.117041

Kuhnke, P., Meyer, L., Friederici, A. D., & Hartwigsen, G. (2017). Left pos-
terior inferior frontal gyrus is causally involved in reordering during
sentence processing. Neurolmage, 148, 254-263. https://doi.org/10.
1016/j.neuroimage.2017.01.013

Lenth, R., Singmann, H., Love, J., Buerkner, P., & Herve, M. (2021).
emmeans: Estimated marginal means, aka least-squares means. R
package version 1.6.2-1.

Marslen-Wilson, W. D., Tyler, L. K., Warren, P., Grenier, P., & Lee, C. S.
(1992). Prosodic effects in minimal attachment. Quarterly Journal of
Experimental Psychology, 45(1), 73-87. https://doi.org/10.1080/
14640749208401316

Matchin, W., Brodbeck, C., Hammerly, C., & Lau, E. (2018). The temporal
dynamics of structure and content in sentence comprehension: Evi-
dence from fMRI-constrained MEG. Human Brain Mapping, 11(1),
669-678. https://doi.org/10.1002/hbm.24403

Matchin, W., Hammerly, C., & Lau, E. (2017). The role of the IFG and pSTS
in syntactic prediction: Evidence from a parametric study of hierarchi-
cal structure in fMRI. Cortex, 88, 106-123. https://doi.org/10.1016/j.
cortex.2016.12.010

Mayka, M. A., Corcos, D. M,, Leurgans, S. E., & Vaillancourt, D. E. (2006).
Three-dimensional locations and boundaries of motor and premotor
cortices as defined by functional brain imaging: A meta-analysis. Neu-
rolmage, 31(4), 1453-1474. https://doi.org/10.1016/j.neuroimage.
2006.02.004

Meyer, M., Steinhauer, K., Alter, K., Friederici, A. D., & Von Cramon, D. Y.
(2004). Brain activity varies with modulation of dynamic pitch variance
in sentence melody. Brain and Language, 89, 277-289.

Miniussi, C., Harris, J. A., & Ruzzoli, M. (2013). Modelling non-invasive
brain stimulation in cognitive neuroscience. Neuroscience & Biobehav-
ioral Reviews, 37(8), 1702-1712. https://doi.org/10.1016/j.neubiorev.
2013.06.014

Miniussi, C., Ruzzoli, M., & Walsh, V. (2010). The mechanism of transcra-
nial magnetic stimulation in cognition. Cortex, 46(1), 128-130. https://
doi.org/10.1016/j.cortex.2009.03.004

Nelson, M. J.,, El Karoui, I., Giber, K., Yang, X., Cohen, L., Koopman, H.,
et al. (2017). Neurophysiological dynamics of phrase-structure building
during sentence processing. Proceedings of the National Academy of Sci-
ences of the United States of America, 114(18), E3669-E3678. https://
doi.org/10.1073/pnas.1701590114

Nixon, P., Lazarova, J., Hodinott-Hill, I, Gough, P., & Passingham, R.
(2004). The inferior frontal gyrus and phonological processing: An
investigation using rTMS. Journal of Cognitive Neuroscience, 16(2),
289-300. https://doi.org/10.1162/089892904322984571

Numssen, O., Zier, A.-L., Thielscher, A., Hartwigsen, G., Knosche, T. R., &
Weise, K. (2021). Efficient high-resolution TMS mapping of the human
motor cortex by nonlinear regression. Neurolmage, 245, 118654.
https://doi.org/10.1016/j.neuroimage.2021.118654

Oldfield, R. C. (1971). The assessment and analysis of handedness: The
Edinburgh inventory. Neuropsychologia, 9(1), 97-113.

Perrone-Bertolotti, M., Dohen, M., Loevenbruck, H., Sato, M., Pichat, C., &
Baciu, M. (2013). Neural correlates of the perception of contrastive
prosodic focus in French: A functional magnetic resonance imaging
study. Human Brain Mapping, 34(10), 2574-2591. https://doi.org/10.
1002/hbm.22090

Pickering, M. J., & Gambi, C. (2018). Predicting while comprehending lan-
guage: A theory and review. Psychological Bulletin, 144(10), 1002-
1044. https://doi.org/10.1037/bul0000158

Puonti, O., Iglesias, J. E., & Van Leemput, K. (2016). Fast and sequence-
adaptive whole-brain segmentation using parametric Bayesian


https://doi.org/10.1523/JNEUROSCI.2307-05.2005
https://doi.org/10.1523/JNEUROSCI.2307-05.2005
https://doi.org/10.1007/s00429-020-02196-2
https://doi.org/10.1007/s00429-020-02196-2
https://doi.org/10.1146/annurev-neuro-071013-013847
https://doi.org/10.1146/annurev-neuro-071013-013847
https://doi.org/10.1016/j.neuron.2007.06.026
https://doi.org/10.1016/j.bandl.2014.10.007
https://doi.org/10.1016/j.bandl.2014.10.007
https://doi.org/10.1016/j.tics.2018.05.008
https://doi.org/10.1016/j.tics.2018.05.008
https://doi.org/10.1016/j.neuropsychologia.2010.06.032
https://doi.org/10.1093/cercor/bhv092
https://doi.org/10.1093/cercor/bhv092
https://doi.org/10.1016/j.neuroimage.2016.02.050
https://doi.org/10.1016/j.neuroimage.2016.02.050
https://doi.org/10.1016/j.brainres.2015.02.014
https://doi.org/10.1016/j.brainres.2015.02.014
https://doi.org/10.1016/j.jml.2007.11.007
https://doi.org/10.1016/j.jml.2007.11.007
https://doi.org/10.1006/jmla.1998.2620
https://doi.org/10.1006/jmla.1998.2620
https://doi.org/10.1002/hbm.24597
https://doi.org/10.1002/hbm.24597
https://doi.org/10.1523/JNEUROSCI.3573-17.2018
https://doi.org/10.1093/cercor/bhs164
https://doi.org/10.1093/cercor/bhs164
https://doi.org/10.1016/j.cortex.2019.01.010
https://doi.org/10.1016/j.cortex.2019.01.010
https://doi.org/10.1016/j.neuroimage.2020.117041
https://doi.org/10.1016/j.neuroimage.2017.01.013
https://doi.org/10.1016/j.neuroimage.2017.01.013
https://doi.org/10.1080/14640749208401316
https://doi.org/10.1080/14640749208401316
https://doi.org/10.1002/hbm.24403
https://doi.org/10.1016/j.cortex.2016.12.010
https://doi.org/10.1016/j.cortex.2016.12.010
https://doi.org/10.1016/j.neuroimage.2006.02.004
https://doi.org/10.1016/j.neuroimage.2006.02.004
https://doi.org/10.1016/j.neubiorev.2013.06.014
https://doi.org/10.1016/j.neubiorev.2013.06.014
https://doi.org/10.1016/j.cortex.2009.03.004
https://doi.org/10.1016/j.cortex.2009.03.004
https://doi.org/10.1073/pnas.1701590114
https://doi.org/10.1073/pnas.1701590114
https://doi.org/10.1162/089892904322984571
https://doi.org/10.1016/j.neuroimage.2021.118654
https://doi.org/10.1002/hbm.22090
https://doi.org/10.1002/hbm.22090
https://doi.org/10.1037/bul0000158

van der BURGHT ET AL.

WILEY_L %

modeling. Neurolmage, 143, 235-249. https://doi.org/10.1016/j.
neuroimage.2016.09.011

Ralph, M. A. L., Jefferies, E., Patterson, K., & Rogers, T. T. (2017). The neu-
ral and computational bases of semantic cognition. Nature Reviews
Neuroscience, 18(1), 42-55. https://doi.org/10.1038/nrn.2016.150

Romero, L., Walsh, V., & Papagno, C. (2006). The neural correlates of pho-
nological short-term memory: A repetitive transcranial magnetic stimu-
lation study. Journal of Cognitive Neuroscience, 18(7), 1147-1155.
https://doi.org/10.1162/jocn.2006.18.7.1147

Rooth, M. (1992). A theory of focus interpretation. Natural Language
Semantics, 1(1), 75-116. https://doi.org/10.1007/BF02342617

Rossi, S., Hallett, M., Rossini, P. M., & Pascual-Leone, A. (2009). Safety,
ethical considerations, and application guidelines for the use of tran-
scranial magnetic stimulation in clinical practice and research. Clinical
Neurophysiology, 120(12), 2008-2039.

Rossini, P. M., Burke, D., Chen, R., Cohen, L. G., Daskalakis, Z., Di lorio, R.,
Di Lazzaro, V., Ferreri, F.,Fitzgerald, P. B., George, M.S., Hallett, M.,
Lefaucheur, J. P., Langguth, B., Matsumoto, H., Miniussi, C., Nitsche,
M.A., Pascual-Leone, A., Paulus, W., Rossi, S., ... Ziemann, U. (2015).
Non-invasive electrical and magnetic stimulation of the brain, spinal
cord, roots and peripheral nerves: Basic principles and procedures for
routine clinical and research application. An updated report from an
I.LF.C.N. Committee. Clinical Neurophysiology, 126(6), 1071-1107.
https://doi.org/10.1016/j.clinph.2015.02.001

Sack, A. T., Cohen Kadosh, R., Schuhmann, T., Moerel, M., Walsh, V., &
Goebel, R. (2009). Optimizing functional accuracy of TMS in cognitive
studies: A comparison of methods. Journal of Cognitive Neuroscience,
21(2), 207-221. https://doi.org/10.1162/jocn.2009.21126

Sammler, D., Grosbras, M.-H., Anwander, A., Bestelmeyer, P. E. G., &
Belin, P. (2015). Dorsal and ventral pathways for prosody. Current Biol-
ogy, 25(23), 3079-3085. https://doi.org/10.1016/j.cub.2015.10.009

Santi, A., & Grodzinsky, Y. (2010). fMRI adaptation dissociates syntactic
complexity dimensions. Neurolmage, 51(4), 1285-1293. https://doi.
org/10.1016/j.neuroimage.2010.03.034

Saturnino, G. B., Madsen, K. H., & Thielscher, A. (2019). Electric field simu-
lations for transcranial brain stimulation using FEM: An efficient imple-
mentation and error analysis. Journal of Neural Engineering, 16(6),
066032. https://doi.org/10.1088/1741-2552/ab41ba

Schell, M., Zaccarella, E., & Friederici, A. D. (2017). Differential cortical
contribution of syntax and semantics: An fMRI study on two-word
phrasal processing. Cortex, 96, 105-120. https://doi.org/10.1016/j.
cortex.2017.09.002

Siebner, H. R., Hartwigsen, G., Kassuba, T., & Rothwell, J. C. (2009). How
does transcranial magnetic stimulation modify neuronal activity in the
brain? Implications for studies of cognition. Cortex, 45(9), 1035-1042.
https://doi.org/10.1016/j.cortex.2009.02.007

Silvanto, J., & Cattaneo, Z. (2017). Common framework for “virtual lesion”
and state-dependent TMS: The facilitatory/suppressive range model
of online TMS effects on behavior. Brain and Cognition, 119, 32-38.
https://doi.org/10.1016/j.bandc.2017.09.007

Singmann, H., & Kellen, D. (2019). An introduction to mixed models for
experimental psychology. In D. H. Spieler & E. Schumacher (Eds.), New
methods in neuroscience and cognitive psychology. Routledge, New York
(pp. 4-31).

Sliwinska, M. W., Violante, I. R,, Wise, R. J. S., Leech, R., Devlin, J. T.,
Geranmayeh, F., & Hampshire, A. (2017). Stimulating multiple-demand
cortex enhances vocabulary learning. Journal of Neuroscience, 37,
7606-7618. https://doi.org/10.1523/JNEUROSCI.3857-16.2017

Sdderstrom, P., Horne, M., Mannfolk, P., van Westen, D., & Roll, M. (2018).
Rapid syntactic pre-activation in Broca's area: Concurrent electrophys-
iological and haemodynamic recordings. Brain Research, 1697, 76-82.
https://doi.org/10.1016/j.brainres.2018.06.004

Sparing, R., Buelte, D., Meister, I. G., Paus, T., & Fink, G. R. (2008). Tran-
scranial magnetic stimulation and the challenge of coil placement: A
comparison of conventional and stereotaxic neuronavigational

strategies. Human Brain Mapping, 29(1), 82-96. https://doi.org/10.
1002/hbm.20360

Sparing, R., Mottaghy, F. M., Hungs, M., Brigmann, M., Foltys, H.,
Huber, W., & Topper, R. (2001). Repetitive transcranial magnetic stim-
ulation effects on language function depend on the stimulation param-
eters. Journal of Clinical Neurophysiology, 18(4), 326-330.

Speer, S. R, Kjelgaard, M. M., & Dobroth, K. M. (1996). The influence of
prosodic structure on the resolution of temporary syntactic closure
ambiguities. Journal of Psycholinguistic Research, 25(2), 249-271.
https://doi.org/10.1007/bf01708573

Steinhauer, K., Alter, K., & Friederici, A. D. (1999). Brain potentials indicate
immediate use of prosodic cues in natural speech processing. Nature
Neuroscience, 2(2), 191-196. https://doi.org/10.1038/5757

Thielscher, A., Antunes, A., & Saturnino, G. B. (2015). Field modeling for tran-
scranial magnetic stimulation: A useful tool to understand the physiologi-
cal effects of TMS? (pp. 222-225). Presented at the 2015 37th Annual
International Conference of the IEEE Engineering in Medicine and Biology
Society (EMBCQ), IEEE. https://doi.org/10.1109/EMBC.2015.7318340

Thielscher, A., Opitz, A., & Windhoff, M. (2011). Impact of the gyral geometry
on the electric field induced by transcranial magnetic stimulation. Neuro-
Image, 54(1), 234-243. https://doi.org/10.1016/j.neuroimage.2010.07.061

Trueswell, J. C., Tanenhaus, M. K., & Garnsey, S. M. (1994). Semantic influ-
ences on parsing: Use of thematic role information in syntactic ambi-
guity resolution. Journal of Memory and Language, 33(3), 285-318.
https://doi.org/10.1006/jmla.1994.1014

van der Burght, C. L., Friederici, A. D., Goucha, T., & Hartwigsen, G. (2021).
Pitch accents create dissociable syntactic and semantic expectations
during sentence processing. Cognition, 212, 104702. https://doi.org/
10.1016/j.cognition.2021.104702

van der Burght, C. L, Goucha, T., Friederici, A. D., Kreitewolf, J., &
Hartwigsen, G. (2019). Intonation guides sentence processing in the
left inferior frontal gyrus. Cortex, 117, 122-134. https://doi.org/10.
1016/j.cortex.2019.02.011

van Lancker, D. (1980). Cerebral lateralization of pitch cues in the linguistic
signal. Paper in Linguistics, 130(2), 201-277. https://doi.org/10.1080/
08351818009370498

van Leeuwen, T. M., Lamers, M. J. A., Petersson, K. M., Gussenhoven, C.,
Rietveld, T., Poser, B., & Hagoort, P. (2014). Phonological markers of
information structure: An fMRI study. Neuropsychologia, 58, 64-74.
https://doi.org/10.1016/j.neuropsychologia.2014.03.017

Wagner, M., & Watson, D. G. (2010). Experimental and theoretical
advances in prosody: A review. Language and Cognitive Processes,
25(7-9), 905-945. https://doi.org/10.1080/01690961003589492

Wagner, T. A.,, Zahn, M., Grodzinsky, A. J., & Pascual-Leone, A. (2004).
Three-dimensional head model simulation of transcranial magnetic
stimulation. IEEE Transactions on Biomedical Engineering, 51(9), 1586-
1598. https://doi.org/10.1109/TBME.2004.827925

Weise, K., Numssen, O., Thielscher, A., Hartwigsen, G., & Kndsche, T. R.
(2020). A novel approach to localize cortical TMS effects. Neurolmage,
209, 116486. https://doi.org/10.1016/j.neuroimage.2019.116486

Whitney, C., Kirk, M., O'Sullivan, J., Lambon Ralph, M. A,, & Jefferies, E.
(2011). The neural organization of semantic control: TMS evidence for
a distributed network in left inferior frontal and posterior middle tem-
poral gyrus. Cerebral Cortex, 21(5), 1066-1075. https://doi.org/10.
1093/cercor/bhq180

Whitney, C., Kirk, M., O'Sullivan, J., Lambon Ralph, M. A, & Jefferies, E.
(2012). Executive semantic processing is underpinned by a large-scale
neural network: Revealing the contribution of left prefrontal, posterior
temporal, and parietal cortex to controlled retrieval and selection using
TMS. Journal of Cognitive Neuroscience, 24(1), 133-147. https://doi.
org/10.1162/jocn_a_00123

Wildgruber, D., Hertrich, 1., Riecker, A., Erb, M., Anders, S., Grodd, W., &
Ackermann, H. (2004). Distinct frontal regions subserve evaluation of
linguistic and emotional aspects of speech intonation. Cerebral Cortex,
14(12), 1384-1389. https://doi.org/10.1093/cercor/bhh099


https://doi.org/10.1016/j.neuroimage.2016.09.011
https://doi.org/10.1016/j.neuroimage.2016.09.011
https://doi.org/10.1038/nrn.2016.150
https://doi.org/10.1162/jocn.2006.18.7.1147
https://doi.org/10.1007/BF02342617
https://doi.org/10.1016/j.clinph.2015.02.001
https://doi.org/10.1162/jocn.2009.21126
https://doi.org/10.1016/j.cub.2015.10.009
https://doi.org/10.1016/j.neuroimage.2010.03.034
https://doi.org/10.1016/j.neuroimage.2010.03.034
https://doi.org/10.1088/1741-2552/ab41ba
https://doi.org/10.1016/j.cortex.2017.09.002
https://doi.org/10.1016/j.cortex.2017.09.002
https://doi.org/10.1016/j.cortex.2009.02.007
https://doi.org/10.1016/j.bandc.2017.09.007
https://doi.org/10.1523/JNEUROSCI.3857-16.2017
https://doi.org/10.1016/j.brainres.2018.06.004
https://doi.org/10.1002/hbm.20360
https://doi.org/10.1002/hbm.20360
https://doi.org/10.1007/bf01708573
https://doi.org/10.1038/5757
https://doi.org/10.1109/EMBC.2015.7318340
https://doi.org/10.1016/j.neuroimage.2010.07.061
https://doi.org/10.1006/jmla.1994.1014
https://doi.org/10.1016/j.cognition.2021.104702
https://doi.org/10.1016/j.cognition.2021.104702
https://doi.org/10.1016/j.cortex.2019.02.011
https://doi.org/10.1016/j.cortex.2019.02.011
https://doi.org/10.1080/08351818009370498
https://doi.org/10.1080/08351818009370498
https://doi.org/10.1016/j.neuropsychologia.2014.03.017
https://doi.org/10.1080/01690961003589492
https://doi.org/10.1109/TBME.2004.827925
https://doi.org/10.1016/j.neuroimage.2019.116486
https://doi.org/10.1093/cercor/bhq180
https://doi.org/10.1093/cercor/bhq180
https://doi.org/10.1162/jocn_a_00123
https://doi.org/10.1162/jocn_a_00123
https://doi.org/10.1093/cercor/bhh099

“ | WILEY

van der BURGHT ET AL.

Zaccarella, E., Meyer, L., Makuuchi, M., & Friederici, A. D. (2015). Building
by syntax: The neural basis of minimal linguistic structures. Cerebral
Cortex, 27, bhv411-bhv421. https://doi.org/10.1093/cercor/bhv234

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-
ing Information section at the end of this article.

How to cite this article: van der Burght, C. L., Numssen, O.,
Schlaak, B., Goucha, T., & Hartwigsen, G. (2022). Differential
contributions of inferior frontal gyrus subregions to sentence
processing guided by intonation. Human Brain Mapping, 1-14.
https://doi.org/10.1002/hbm.26086



https://doi.org/10.1093/cercor/bhv234
https://doi.org/10.1002/hbm.26086

	Differential contributions of inferior frontal gyrus subregions to sentence processing guided by intonation
	1  INTRODUCTION
	2  METHODS
	2.1  Participants
	2.2  Task
	2.3  Experimental design and procedure
	2.4  Repetitive TMS
	2.5  Data analysis
	2.6  Electric field simulations

	3  RESULTS
	3.1  Response times
	3.2  Accuracy
	3.3  Impact of electric field strength on task performance

	4  DISCUSSION
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


