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Introduction

Language is a crucial evolutionary achievement of the Homo sapiens sapiens.Sophisticated auditory pattern learning skills have been discovered in non-human
primates (Fitch & Hauser, 2004) and songbirds (Abe & Watanabe, 2011) and arediscussed as precursors of the ability to acquire genuine linguistic structures.However, in order to comprehend language, it is essential to be able to discrimi-nate, combine, and integrate a very complex set of linguistic elements, includingacoustic, phonological, morphological, and lexical elements with their semantic,syntactic and prosodic information according to complex syntactic rules. Thisfaculty is a uniquely human trait.

One of the decisive prerequisites for the emergence of language skills withinthe past 100,000 years of human phylogeny was the highly developed and thuslanguage-ready Homo sapiens sapiens brain (Berwick, Friederici, Chomsky, &Bolhuis, 2013). The first systematic accounts of the neuroanatomical and neuro-physiological foundations of language were provided in the nineteenth centurywhen the notion of language-selective cortical areas and long-distance languagenetworks was established based on ex vivo findings in aphasic patients (Broca,1863; Wernicke, 1874; Lichtheim, 1885). With the availability of new in vivotechniques, particularly event-related potentials (ERPs) magnetic resonanceimaging (MRI), our understanding of the neural basis of language has dramati-cally increased in the last 20 years. In this chapter we discuss the availableneurolinguistic literature with the goal to provide a coherent picture of thediverse results.
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Links and disparities between neurolinguistics
and psycholinguistics
Neurolinguistics as the study of the structural architecture and functional mecha-
nisms of the brain underlying the processing of language, and psycholinguistics as
the study of the mental representations and cognitive operations facilitating
language processing are neighboring experimental linguistic disciplines.

Classical neurolinguistics has its roots in the nineteenth-century aphasiology,
the study of deficits in language production and comprehension as a result of
brain lesions. To date, the language-impaired brain is still a major neurolinguistic
research topic (see Vonk, Higby, & Obler, this volume). Younger basic research
focuses either on language processing in the mature brain of young adults or in the
developing, that is, maturing or ageing brain (Skeide et (11., 2016a).

Modern neurolinguistic models are strongly theoretically informed by psycho—
linguistic models of sentence comprehension and incorporate concepts of both
serial syntax-first and interactive constraint-satisfaction models (Marslen-Wilson
& Tyler, 1980; Frisch, Hahne, & Friederici, 2004). Furthermore, neurolinguistic
experiments frequently adapt behavioral experimental designs of psycholinguistic
origin in order to relate controlled behavioral observations to brain measures.

Neurolinguistic methods
Event-related brain potentials (ERPs) acquired With electroencephalography
(EEG) systems are the most frequently used measure in neurolinguistics. ERPs
quantify electrical activity of the cortex in response to a particular stimulus event
with high temporal resolution in the order of milliseconds. Averaged electro-
cortical activity appears as waveforms, in which so-called ERP components, with
an either positive or negative inflection (polarity) relative to baseline, with a certain
temporal latency after stimulus onset and with a characteristic but poorly resolved
spatial distribution (topography) over the scalp can be identified. Based on these
features, several components, discussed below, have been associated with
particular stages of the language comprehension process. Magnetencephalography
(MEG), a related neurophysiological method, records magnetic fields induced by
electro-cortical activity. MEG provides information about the amplitude, latency
and topography of language-related magnetic components with a temporal reso-
lution comparable to ERPs but with an improved spatial resolution.

Magnetic resonance imaging (MRI) is another technique that is widely used for
neurolinguistic experiments. It has replaced positron emission tomography (PET)
as the state-of-the-art method for spatial reconstruction of the language network
in the order of submillimeter. However, the temporal resolution of MRI is limited
as it measures the hemodynamics changes (i.e., changes in blood flow, blood
volume, and blood oxygenation) induced by brain activity, which takes place in
the order of seconds. Functional MRI reveals precise information about the mag-
nitude and the location of neural activity changes in response to external stimula-
tion or intrinsic fluctuations at rest. These neural activity changes are reflected in
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blood-oxygen—level dependent (BOLD) signal changes based on the effect of
neurovascular coupling. Structural MRI provides detailed morphometric and
geometric features of the neural gray and white matter like its volume, density,
thickness, and surface area. Diffusion—weighted MRI, especially diffusion tensor
imaging, is used to reconstruct the trajectory and quantify tissue probabilities of
white matter pathways interconnecting brain areas.

Near infrared spectroscopy allows for a more flexible recording of the BOLD
response than MRI since the registration system is mounted directly on the partici-
pant’s head. This advantage made it an important method for language acquisi—
tion research in infants and young children. However, the spatial resolution of
near infrared spectroscopy is much lower than that of MRI while its temporal
resolution is similarly poor.

Each of the mentioned non-invasive methods provides either fine-grained
temporal or spatial information but not both. Currently, the best method to combine
high temporal and spatial resolution within a single approach is to acquire EEG and
MRI data simultaneously, which, however, requires an experimental paradigm suit-
able for both the high and the low temporal resolution method. Invasive techniques,
particularly intracranial electrophysiology, overcome this issue but are exclusively
feasible in clinical settings. Another limitation of the mentioned non-inVasive
methods is that they hardly allow the inference of causality. Nevertheless, causal
relations between brain activity and behavior can be established non-invasively
with neurostimulation methods such as transcranial magnetic stimulation and tran-
scranial direct current stimulation. However, these techniques are limited to a few
millimeters in terms of the spatial definition of their cortical target regions.

Neurolinguistic studies of sentence comprehension
In the following section, we will give an overview of the organization and func—
tionality of the brain structures that form the neural network underlying sentence
comprehension according to the present state of research. Subsequently we will
outline the two currently most influential neurolinguistic models of sentence com-
prehension. Finally, in the ensuing sections, which are the main focus of the
chapter, we will report the main insights on the neural processing of syntax and
semantics. Note that a detailed review of the literature on segmental (phonolog-
ical) and suprasegmental (prosodic) acoustic processing of speech is beyond the
scope of this chapter (for a review on phonology, see Hickok & Poeppel, 2007;
Giraud 8: Poeppel, 2012; see also Pisoni, this volume); for a review on prosody, see
Friederici, 2002, 2011; see also Pratt, this volume.

The sentence processing network
Two gray matter regions underlying sentence processing, the left-lateralized
inferior frontal cortex (Broca's area) and the posterior part of the superior temporal
cortex (Wernicke’s area), were already broadly defined by the pioneering
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nineteenth-century patient studies in postmortem brains (Broca, 1863; Wernicke,
1874). However, it is now assumed that the entire inferior frontal cortex—
Brodmann Areas (BA) 44, 45, and 47, in addition to the frontal operculum (FOP)—
is of major relevance for sentence comprehension (Hagoort, 2005; Friederici, 2012)
and not only for production as Broca suggested. Furthermore, contributions of the
temporal cortex to sentence comprehension were not only detected in the poste-
rior part of the superior temporal gyrus (pSTG) identified by Wernicke, but in the
entire STG including its mid (mSTG) and anterior (aSTG) portions as well as in the
superior temporal sulcus (STS) and also in the middle temporal gyrus (MTG)
(Friederici, 2012) (see Figure 16.1).

The IFG, FOP, STG, STS, and MTG form the core computational units of sentence
processing across varying experimental designs and task demands (Caplan, Chen,
& Waters, 2008). Nevertheless, all these larger cortical regions support multiple
cognitive functions. However, there is evidence that within the left IFG, specific
language—selective areas can be spatially disentangled from surrounding domain-
general areas serving working memory, cognitive control and music processing
(Makuuchi, Bahlmann, Anwander, & Friederici, 2009; Fedorenko, Behr, &
Kanwisher, 2011; Fedorenko, Duncan, & Kanwisher, 2012). Notably, the tight
functional relation between the frontal and temporal language regions is corrobo-
rated by their common genetic signatures (]ohnson et al., 2009) as well as their
common distribution of different types of neurotransmitter systems (Zilles, Bacha-
Trams, Palomero-Gallagher, Amunts, 8: Friederici, 2014).

The core sentence processing network has several cortical interfaces with
sensory regions and, moreover, with memory-related regions in the inferior frontal
sulcus (IFS) and inferior parietal cortex (IPC) (Meyer, Obleser, Anwander, &
Friederici, 2012; Makuuchi & Friederici, 2013). Additionally, language is linked to
several subcortical interfaces including the cerebellum, the basal ganglia and the
thalamus that are most frequently interpreted as responsible for the temporal
sequencing of speech (Kotz 8: Schwartze, 2010), but also for language—related
cognitive control processes, particularly the left caudate nucleus (Friederici, 2006).

Within the framework of nineteenth-century aphasiology, Lichtheim already
introduced the notion that the frontal and temporal language areas must be
interconnected in order to provide their function as a network (Lichtheim, 1885).
Indeed, recent MRI studies demonstrated that the left BA 44 and the left FOP are
effectively functionally connected with the left STG/STS (Lohmann et al., 2010)
and also with memory and Vision interfaces (IFS, TPC and fusiform gyrus) during
sentence comprehension (Makuuchi 8: Friederici, 2013). The basis for the signal
exchange between the cortical gray matter regions underlying sentence processing
are structural connections Via dorsal and ventral white matter fiber tracts. Dorsally,
BA 44 of the IFG is connected with the STG/8T3 and the TG via the superior
longitudinal fasciculus (SLF) including the arcuate fasciculus (AF) (Friederici,
Bahlmann, Heim, Schubotz, 8: Anwander, 2006; Saur et £11., 2008). Ventrally, the
inferior fronto-occipital fasciculus (IFOF) connects BA 45/47 with the STG/STS
and the uncinate fasciculus (UF) connects the FOP with the aSTG/STS (Friederici,
2011) (Figure 16.1). The SLF/AF has reached a uniquely high degree of
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Figure 19.1 The cortical sentence processing network (schematic view of the left hemi-
sphere). The major areas involved in sentence processing are color coded. In the frontal
cortex, five language-related regions are labeled: three Brodmann areas (BA 47, 45, 44), the
premotor cortex (PMC) and the ventrally located frontal operculum (FOP). In the temporal
and parietal cortex the following regions are labeled: the primary auditory cortex (PAC),
the anterior (a) and posterior (p) portions of the superior temporal gyrus (STG) and sulcus
(STS), the middle temporal gyrus (MTG) and the inferior parietal cortex (IPC). The solid
black lines schematically indicate the direct pathways between these regions. The dashed
black line indicates an indirect connection between the pSTG/STS and the PMC mediated
by the IPC. The arrows indicate the assumed major direction of the information flow
between these regions. During auditory sentence comprehension, information flow starts
from PAC and proceeds from there to the anterior STG and via ventral connections along
the uncinate fasciculus (UP) to the frontal cortex. Back-projections from BA 45 to anterior
STG and MTG via ventral connections along the inferior fronto-occipital fasciculus (IFOF)
are assumed to support top—down processes in the semantic domain, and the dorsal back-
projection from BA 44 to posterior STG/STS along the superior longitudinal fasciculus
(SLF) including the arcuate fasciculus (AF) are assumed to subserve top—down processes
relevant for the assignment of grammatical relations. The dorsal pathway from PAC via
pSTG/ STS to the PMC is assumed to support auditory-to-motor mapping. Furthermore,
within the temporal cortex, anterior and posterior regions are connected via the inferior
and middle longitudinal fasciculi, branches of which may allow information flow from
and to the mid-MTG.

differentiation in humans compared to their closest primate relatives (Rilling et (11.,
2008). It is, moreover, not only phylogenetically specific but also ontogenetically
specific since it only provides its full function for complex syntax once it is fully
matured in young adults (Skeide, Brauer, & Friederici, 2015).

In addition to these interlobar long-distance connections between remote
regions involved in sentence processing, numerous intralobar short-distance
connections within neighboring cortical areas were identified in anatomical
studies but their in vivo reconstruction is still in its very beginnings. Recently,
short-distance connections were tracked within the left inferior frontal cortex
(BA 44 and IFS) (Makuuchi et al., 2009) and the left superior temporal cortex (mSTG
and aSTG; mSTG and pSTG) (Upadhyay et al., 2008). Language-related
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cortico-subcortical circuitry is even more understudied, but the first successful
reconstructions of the connections between the inferior frontal cortex, the basal
ganglia and the thalamus, respectively, have been recently reported (Jeon,
Anwander, 8: Friederici, 2014). A major goal for future studies will be to provide a
comprehensive picture of the connectivity and the microcircuitry of the neural
networks involved in sentence comprehension.

Neurolinguistic models of sentence comprehension
Two comprehensive neurolinguistic models of sentence comprehension covering
the entire processing cascade from perception to interpretation were proposed
recently: Friederici’s model (Friederici, 2002, 2011, 2012) and Hagoort's Memory,
Unification, Control (MUC) model (Hagoort, 2005, 2013). Both models assume that
acoustic, syntactic and semantic processing levels are fundamental elements of
the human language faculty (Figure 16.1). There is also a general agreement that
the incoming speech signal initially undergoes spectrotemporal analyses in the
auditory cortex and its vicinity (mSTG /STS). However, the neural implementation
of subsequent phonological, syntactic and semantic processes is the aspect where
the two models differ from each other. Moreover, unlike the MUC model,
Friederici’s model comprises a suprasegmental acoustic processing level. We first
outline Friederici’s model before turning to the MUC model.

Friederici’s model comprises three initial processing stages of auditory sentence
comprehension in the temporal cortex. These stages are dominated by uncon-
scious bottom up mechanisms that occur early (onset within 20—120 ms), run fully
automatically and proceed rapidly (Within 30-60ms). First, the incoming speech
signal undergoes acoustic-phonological analyses in the left mSTG/STS Within a
time window of 20—50 ms until the phonological word forms are detected. Second,
the phonological word form information is transferred from the left mSTG/STS to
the left aSTG/STS along ventral short-distance fiber tracts, where it undergoes
parallel lexical-semantic (50—80ms) and morphosyntactic (40—90 ms) categoriza-
tion. Third, once the lexical categories are identified, the corresponding lexicon
entry can be accessed and retrieved (110—170ms). This process is not confined to
the left aSTG/STS but also includes the left mSTG. Once the syntactic categories
are identified, phrase structures can be reconstructed (120—150 ms) in the left
aSTG/STS and the left FOP connected by the UP. Suprasegmental prosodic
information is processed in the right superior temporal cortex in a similar time
window after delivery of the phonological word form information via transcallo-
sal fibers. Higher-level sentence comprehension is characterized by the additional
involvement of the inferior frontal cortex. It can be subdivided into two final stages
reflecting consciously controllable top down processes that occur typically within
200—600 ms but also later, that not necessarily run automatically and that usually
proceed relatively slowly (150—200 ms or beyond). First, semantic relations bet-
ween lexical units and syntactic relations between phrases have to be determined
based on verb-argument-related predictions. Lexical information is delivered
from the left aSTG/STS and the left mSTG along the IFOF t0 the anterior portion



444 Comprehension

(pars triangularis, BA 45) and the inferior portion (pars orbitalis, BA 47) of the left
IFG where the contextual compatibility between lexical items is evaluated (200—
400 ms). In parallel, phrase structure information is transmitted from the left
aSTG/STS and the left FOP to the posterior portion (pars opercularis) of the left
IFG (BA 44) along the UP and ventral short-distance fiber tracts. BA 44 and the bor-
dering posterior part of BA 45 crucially support the (re-)ordering of phrases in a
sentence at 300—500 ms. Complex suprasegmental acoustic information, com-
prising intonation and accentuation, is processed within a later time window of
400—600 ms in the right superior temporal cortex. Second, in order to enable sen-
tence comprehension, syntactic and semantic information are integrated in the
posterior temporal cortex at around 600 ms. Therefore, syntactic information is
sent from the left BA44/45 to the left pSTG/STS along the SLF/AF and semantic
information is sent from the left BA45/47 to the left pSTG/STS along the IFOF.
However, the role of the SLF/AF and IFOF in the model is not limited to the
integration of syntax and semantics. The SLF/AF is assumed to be involved in the
hierarchization of phrases and in verb-argument related predictions (within 400—
600 ms) for which an information exchange between the left BA44/45 and the left
pSTG/STS is necessary. The IFOF is considered to mediate the strategically con-
trolled access to lexical-semantic features in the MTG under regulation of BA 45
and 47 before integration takes place.

Hagoort assumes that auditory language comprehension is driven by multiple
processing cycles that are repeated until an utterance can be interpreted. The
starting point of the first stage of the first cycle is the arrival of the speech signal in
the left primary auditory cortex. Subsequently, along a dorsal-to-ventral gradient
in the left posterior temporal cortex, information about acoustic-phonological
properties is retrieved from an area covering the left pSTG/STS, then information
about syntactic properties is retrieved from a region spanning the left pSTS to the
pMTS and finally information about conceptual semantic properties of the signal
is retrieved from an area extending from the left pMTG to the pITG. Depending
on the type of linguistic information, another dorsal-to-ventral gradient activates
in the left inferior parietal cortex with phonological representations retrieved from
the left supramarginal gyrus (SMG), syntactic representations retrieved from an
area between the left SMG and the left angular gyrus (AG) and semantic represen-
tations retrieved from the AG. These retrieval mechanisms, the core of the so-called
memory component, operate sequentially at different, but partially overlapping
time scales until they are completed at around 250 ms. During the second stage of
the first cycle, phonological, syntactic, and semantic information is relayed from
the left posterior temporal and inferior parietal cortex to the left IFG over a feed—
forward pathway including the SLF and the AF. This pathway is mediated by fast
AMPA and GABAA transmission streams in which the signals rapidly decay. The
IFG in turn crucially supports the maintenance of the information due to its ability
for self-sustained firing. Furthermore, it is involved in the rule-constrained
combination of linguistic elements from all three domains along a posterior-dorsal
to anterior-ventral gradient with the posterior dorsal BA44 and the neighboring
ventral BA6 unifying phonological word forms into intonational phrases, the
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anterior ventral BA44 and posterior dorsal BA45 linking together syntactic phrases
and the anterior ventral BA45 and BA47 integrating lexical items into the discourse
context. This so—called unification component selects the optimal candidates out of
multiple possible environments and optional alternative links. As soon as the
selection procedure is over, the information is sent back from the left IFG to the left
posterior temporal cortex along a slow feedback pathway comprising the UP, the
IFOF and the inferior longitudinal fasciculus (ILF) until the first cycle is completed
at around 400 ms. This pathway strengthens the role of the IFG for the mainte-
nance of linguistic information since it is mediated by an NMDA transmission
system in which the signals decay relatively slowly. Usually, full comprehension
requires additional recurrent feedforward and feedback signaling cycles between
the posterior temporal and the inferior frontal cortex. The higher the competition
among suitable candidate combinations, that is, the higher the unification load,
the longer it takes until a final interpretation of an utterance can be achieved.
Finally, successful comprehension is guided by a so-called control system repre-
sented in the anterior cingulate cortex, the dorsolateral prefrontal cortex and the
inferior parietal cortex that subserves attentional and pragmatic operations such
as attention allocation to a target language during language switching or turn
taking in a conversation.

Syntax

Low-level syntactic feature detection
MEG work strongly suggests that the human brain responds to morphosyntactic
category errors as early as between 40-90 ms after speech input reflected by an
early left anterior negativity (ELAN) (Herrmann, Maess, Hahne, Schroger, &
Friederici, 2011). Additionally, it was recently shown in an ERP study that this
information is processed implicitly, in the absence of awareness (Batterink &
Neville, 2013). Accordingly, auditory language comprehension is initially driven
by unconscious bottom up feature detection mechanisms triggered automatically
by low-level syntactic properties such as phrase types. There is converging
evidence from MEG and MRI studies that the anterior portion of the left superior
temporal cortex forms the neural basis of these recognition mechanisms (Friederici,
Wang, Herrmann, Maess, & Oertel, 2000; Friederici, Riischemeyer, Hahne, &
Fiebach, 2003; Snijders et al., 2009; Herrmann et 11L, 2011; DeWitt & Rauschecker,
2012; Brennan et (11., 2012).

Although first traces of the ELAN can be detected in very early time windows,
it is well-documented that it unfolds in time until 180—200 ms after stimulus onset
(Friederici, Pfeifer, & Hahne, 1993; Friederici et LIL, 2000; Herrmann et LIL, 2011).
Given the relatively long temporal extension of the component, it is unlikely that
its functional role is limited to the identification of syntactic categories. Instead, it
was argued that the ELAN is also related to the reconstruction of the internal
structure of a phrase (Friederici, 2011, 2012). These initial local phrase structure
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building mechanisms seem to recruit the left anterior temporal cortex which is
assumed to work in cooperation with the POP (Friederici et 111., 2003, 2006).

The question how low-level syntactic information is propagated from the left
anterior superior temporal cortex and the POP to the left inferior frontal cortex for
high-level processing cannot be answered definitively given the existing evidence.
Nevertheless, although there is currently no study available that directly investi-
gated this problem, most reviews suggest that the information flows along a
ventral tract, namely either the UP or the extreme capsule fiber system (ECFS)
(Hickok & Poeppel, 2007; Weiller, Musso, Rijntjes, & Saur, 2009; Friederici, 2012).
Hagoort, however, assumes that low-level syntactic information is transferred
along a dorsal pathway comprising the SLF/AF (Hagoort, 2013).

High-level syntactic computations
There is broad agreement in the literature that the left temporal cortex alone cannot
provide the full range of functions required for syntax processing but that the left
inferior frontal cortex is necessarily involved at higher processing levels where the
structural relations between phrases must be analyzed. However, some researchers
hold the position that it is not the left inferior frontal cortex but only the anterior
temporal cortex that is specifically involved in syntactic computation (Rogalsky &
Hickok, 2011).

Within the inferior frontal cortex, BA44 and BA45 are the subregions that were
most frequently associated with syntax (Caplan et al., 2008; Makuuchi et 11L, 2009,
2013; Santi & Grodzinsky, 2010; Newman et (11., 2010; Tyler et al., 2011 ; Meyer et al.,
2012; Kinno, Ohta, Muragaki, Maruyama, & Sakai, 2014) although a few studies
also reported syntax-related activity in neighboring areas, namely BA47 (Pallier,
Devauchelle, & Dehaene, 2011; Kinno et 11]., 2014) and BA6 (Kinno et al., 2014). The
particular functions ascribed to BA44 and/or BA45 reflect either a general involve—
ment, termed syntactic processing, syntactic parsing, or syntactic structuring, or a
more specific involvement, termed combination of syntactic elements, syntactic
movement, evaluation of hierarchical relations between phrases, or reordering of
phrases. Despite ongoing controversies regarding the exact implementation of
syntax processing in the left inferior frontal cortex, the clear majority of studies on
the topic shares the general assumption that BA44 and/or BA45 are decisively
involved in the assignment of syntactic relations between morphosyntactically
pre-categorized elements of a sentence. In free word order languages, such as
German and Japanese, early morphosyntactic and later syntactic processing can be
sharply dissociated from each other into the ELAN component and a so-called left
anterior negativity (LAN) component peaking between 300—500 Ins. In fixed word
order languages, such as English and Dutch, however, in which word order and
not morphosyntactic marking is the main cue for the assignment of syntactic rela-
tions in a sentence, the LAN is found less frequently (Friederici, 2002, 2011; see
Friederici & Weissenborn, 2007 for an overview).

A coherent picture of the factors potentially determining the precise anatomical
location of high-level syntactic computational processes within the inferior frontal
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cortex has not emerged yet. Studies using German sentences consistently revealed
confined activation in BA44 (Makuuchi et al., 2009, 2013; Brauer, Anwander, 8:
Friederici, 2011; Meyer et al., 2012; Skeide et al., 2016b; Skeide et (IL, 2014). Hence,
it could be hypothesized that free word order languages in general recruit BA44
rather than BA45. This view, however, was challenged by noun phrase scrambling
studies in languages with a more fixed word order such as Japanese or English
reporting activation both in BA44 and BA45 (Caplan et al., 2008; Kinno, Kawamura,
Shioda, 8: Sakai, 2008; Santi (S: Grodzinsky, 2010; Newman, Ikuta, 8: Burns In, 2010;
Tyler et al., 2011, Kinno et (11., 2014). Disentangling the specific contributions of
BA44 and BA45 based on distinct syntactic features to be processed appears to be
a more fruitful approach. Friederici (2012) hypothesized that the (re-)ordering of
morphosyntactically marked phrases in a sentence mainly involves BA44 whereas
the m0vement of elements from subordinate sentence parts mainly involves BA45.
Future studies could test this hypothesis by applying multivariate analyses, since
these will have more sensitivity than mass-univariate analyses to how specific
syntactic features drive the spatial distribution of neural activity. Multivariate
analyses might also facilitate the isolation of core activation sources within largely
overlapping BOLD signal distributions.

Most authors agree that sentence comprehension depends not only on ventral
connections between the temporal and the inferior frontal cortex but also on a
dorsal connection along the SLF /AF. Nevertheless, there are currently two open
issues debated in the literature, namely first, what the anatomically valid subseg-
ments of the SLF/AF are and second, what the exact cortical termination areas of
the SLF/AF within the frontal, temporal, and parietal lobe are. Despite the existing
controversies that cannot be fully discussed here, diffusion tensor imaging studies
consistently reconstructed a coherent tract with a roughly similar trajectory
described in classical postmortem dissection studies connecting the posterior
inferior frontal and the mid and superior temporal cortices (Burdach, 1822;
Dejerine, 1885; Catani, Jones, 8: ffytche, 2005; Makris et al., 2005; Friederici et al.,
2006; Rilling et (1L, 2008; Wilson et 51]., 2011; Brown et £11., 2014; Fernandez-Miranda
et al., 2015).

The exact division of labor between the dorsal and ventral pathway with respect
to syntax processing is controversially discussed in the literature. There are advo-
cates of the View that both pathways equally contribute to the transmission of
syntactic information (Rolheiser, Stamatakis, & Tyler, 2011 ; Papoutsi, Stamatakis,
Griffiths, Marslen—Wilson, & Tyler, 2011; Griffiths, Marslen—Wilson, Stamatakis, 8:
Tyler, 2012) but also advocates of the View that each pathway supports different
syntactic aspects (Wilson et (11., 2011 ; Friederici, 2012; Hagoort, 2013). Currently,
there is stronger evidence for specific roles of each pathway. The studies suggest—
ing similar roles of the dorsal and the ventral pathway in sentence comprehension
either used syntax manipulations that were not controlled for possibly interfering
semantic processes (Papoutsi et al., 2011; Griffiths et al., 2012) or reported effects
that were much more pronounced in the dorsal tract compared to the ventral tract
(Rolheiser et nl., 2011). These limitations were overcome in a semantic-free artificial
grammar learning experiment (Friederici et al., 2006) and in an experiment on
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primary progressive aphasia patients (see Vonk, Higby, 8: Obler, Chapter 18,
this volume) with uniquely confined lesions either to the SLF/AF or the IFOF
(Wilson et al., 2011). Both studies provide converging evidence for a specific role of
the dorsal pathway in comprehending syntactically complex sentences. This link
between complex syntax and the SLF/AF was corroborated in a recent develop-
mental study (Skeide et al., 2016b). Nevertheless, it is generally hard to determine
at present what the precise functional role of the dorsal pathway within language
network is since the information flow along a certain fiber tract cannot be directly
measured but only indirectly inferred by correlation to functionally relevant mea-
sures or reconstruction in a model. Two recent studies applying dynamic causal
modelling (DCM) suggest that, during high-level sentence comprehension,
information flows unidirectionally from the left inferior frontal to the left posterior
temporal cortex via a dorsal pathway (den Ouden et al., 2012; Makuuchi et al.,
2013). This observation fits the assumption that the SLF/AF might support the
transmission of syntactic information from BA44/45 to the posterior temporal
cortex where it can be finally integrated with semantic information as reflected in
the P600 known from the ERP literature (Friederici, 2012). More sophisticated
modeling of linguistic representations and their possible physiological implemen-
tations is necessary for a more direct testing of this hypothesis in future studies.

Semantics

Lexical categorization and lexical-semantic access
Similar to syntactic feature detection, lexical-semantic categorization is a rapid
process (Marslen—Wilson, 1973; Rayner & Clifton, 2009). A recent MEG experiment
demonstrated that the recognition of a word form’s lexical status (words versus
pseudowords) elicits cortical responses already at around 50—80ms in bilateral
temporal sources (MacGregor, Pulvermiiller, van Casteren, & Shtyrov, 2012).
Hence, not only early morphosyntactic but also early lexical—semantic processing,
like the assignment of the lexical status, is driven by unconscious bottom up
feature detection mechanisms triggered automatically by low-level domain-
specific properties.

The actual access to lexical-semantic representations occurs in a later time
window of around 110—170 ms (MacGregor et al., 2012) in several distinct brain
regions varying as a function of the sensory input modality (Fiebach & Friederici,
2003). Fast lexical-semantic access to spoken words is associated with the left
STG, STS and MTG in the vicinity of the primary auditory cortex (Indefrey, P.,
Hagoort, P., Herzog, H., Seitz, R.]., 8: Brown, 2001; Fiebach 8: Friederici, 2003;
Dronkers, Wilkins, Van Valin In, Redfem, 8: Jaeger, 2004; Gold et al., 2006;
Gagnepain et al., 2008). Accordingly, it has been suggested that easy and quickly
accessible lexical items, that is, particularly concrete words that are learned early
during language acquisition, are represented in the brain in a sensory manner
(Fiebach 8: Friederici, 2003). Some authors have reported right-hemispheric
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contributions to lexical-semantic access, especially in the right temporal cortex
(MacGregor et al., 2012) but more experimental work is necessary to corroborate
the specificity of these observations.

Accessing lexical-semantic representations is not always an automatic process
but can also be under strategic control guided by predictions about lexical
properties. Consciously controlled top down mechanisms are consistently
related to BA45 and BA47 of the left inferior frontal gyrus. These areas were
shown to be selectively modulated by word frequency with stronger hemody-
namic activity for low frequency words compared to high frequency words
(Chee, Hon, Caplan, Lee, &: Goh, 2002; Fiebach, Friderici, Muller, & von Cramon,
2002) as well as by age of word acquisition and abstractness with stronger
hemodynamic activity for late versus early learned words and abstract versus
Concrete words (Fiebach et al., 2002; Fiebach & Friederici, 2003). There is exten-
sive evidence for the hypothesis that BA45/47 mediates the top—down retrieval
of lexical-semantic representations stored in the MTG (Lau, Phillips, & Poeppel,
2008). Lexical-semantic access might recruit more parts of the cortex linked to
semantic representations, as has been discussed in several reviews (Patterson,
Nestor, 8: Rogers, 2007; Binder, Desai, Graves, & Conant, 2009) and observed in
recent experiments on the cortical distribution of perceptual object and action
categories (Huth, Nishimoto, Vu, 8: Gallant, 2012). However, it is broadly
assumed that the language-specific lexicon and general conceptual representa-
tions can be separated from another at the neural level although they are thought
to form a continuum of semantic knowledge or semantic memory (Patterson
et 111., 2007). The most comprehensive meta-analytic comparison of lexical
semantics (i.e., representations acquired through language) against perceptual
semantics (i.e., representations of concrete objects derived from sensory-motor
experience), revealed that the left BA47 and the anterior STS are specifically
related to lexical semantics (Binder et al., 2009).

Interestingly, the left anterior temporal cortex, particularly the left aSTS seems
to be selectively and specifically related to both syntax and semantics at low—level
processing stages. Several authors emphasized its involvement in combinatorial
mechanisms across these linguistic modalities (Hickok & Poeppel, 2007; Saur et al.,
2008). It was argued, that the anterior portion of this region is sensitive to syntax
whereas a more posteriorpart is sensitive to both syntax and semantics (Humphries,
Binder, Medler, 8: Liebenthal, 2006). A recent meta-analysis corroborated the
modality specificity of the anterior temporal cortex indicating that linguistic
stimuli recruit its lateral part whereas Visual stimuli rather recruit its ventral part
(Visser, Iefferies, & Lambon Ralph, 2010).

High-level semantic processing
Successful sentence comprehension requires a speaker not only to access and
retrieve lexical-semantic information of a given word but also to analyze semantic
relations between lexical items in certain sentence contexts. This top—down
language function is well established in the ERP literature where it is assumed to
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be reflected in the N400 component (Kutas 8: Hillyard, 1980, 1984; Lau et LIL,
2008; MacGregor et LIl., 2012).

High-level semantic processing is most frequently ascribed to the anterior
portion of the left inferior frontal gyrus including BA45 and BA47 (Friederici,
2012). These areas must receive information from preceding semantic processing
stages. With respect to auditory sentence comprehension there is cumulating
evidence, most directly from patient studies, that a ventral pathway along the
IFOF (or ECFS) supports the transfer of lexical-semantic information from the
anterior temporal cortex, where phonological word forms are mapped to meaning
(Tsapkini, Frangakis, 8: Hillis, 2011), to BA45 and BA47 (Weiller et LIL, 2009; Weiller,
Bormann, Saur, Musso, 8t Rijntjes 2011).

Semantic context effects in the left BA45 and BA47 were demonstrated for a
broad range of semantic aspects at the sentence level, including ambiguity (Rodd,
Davis, 8: Iohnsrude, 2005), predictability (Obleser, Wise, Dresner, 8: Scott, 2007)
and conceptual relatedness (Newman et LIL, 2010). Activation in the left BA47 in
response to contextual semantic manipulations was repeatedly found to go along
and covary with activation in the inferior parietal cortex, particularly the AG and
its vicinity (Obleser et 111., 2007; Uddin et LIl., 2010; Xiang, Fonteijn, Norris, 8:
Hagoort, 2010). Accordingly several authors emphasized the role of the AG in the
retrieval of semantic knowledge (Binder et LIL, 2009; Hagoort et LIL, 2013) and/or
the contextual integration of complex semantic information (Lau et LIL, 2008; Binder
et LIl., 2009; Friederici, 2012). However, the question of if and how BA45/47 and the
AG can be functionally differentiated in terms of specific contributions to high-
level semantic processing cannot be answered given the existing evidence. Weiller
et LIZ. (2011) suggested that BA45/47 and the AG might form a fronto-parietal
network engaged not only in verbal working memory but also in the top down
control of semantic processing in the temporal cortex. Even if this assumption is
valid, further work is needed to clarify the open issue of the division of labor bet-
ween BA45/47 and the AG. Moreover, future studies will have to provide conclu-
sive evidence that language-specific selectivity for semantics can be disentangled
from domain general conceptual activity within the AG given that it is a highly
multimodal cortical region (Binder et LIL, 2009).

In the ERP literature, the P600 marks a final step of sentence comprehension
(Friederici, 2011). Attempts to localize this component revealed sources in the poste-
rior MTG (Kwon et LIl., 2005) and the posterior STG at the border to the inferior
parietal cortex (Service, Helenius, Maury, 8r Salmelin, 2007). Accordingly, if the
hypothesis that the P600 reflects the integration of semantic information into syn-
tactic constructions is true (Gunter, Friederici, 8: Schriefers, 2000; Kuperberg et (IL,
2003), it is unlikely that these integration processes take place in the IFG or at least it
is unlikely that the syntax-semantics interface exclusively involves the IFG without
any temporo—parietal contributions. The flow of semantic information between
BA45/47 and the posterior superior temporal and/or the inferior parietal cortex for
integration and interpretation could recruit a direct connection along the ECFS as
proposed in two recent reviews (Weiller et LIl., 2011; Friederici, 2012). This plausible
position must await further support from more direct experimental results.
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Summary
Auditory sentence comprehension can be divided into two classes of neural mech-
anisms. First, unconsciously proceeding bottom up mechanisms that are triggered
externally and automatically in domain-selective regions within the temporal
cortex by salient basal domain-specific features enable a fast and partly parallel
categorization of the speech input. Second, consciously controllable mechanisms
that are generated internally in domain-selective regions within the inferior frontal

cortex supported by multimodal temporo—parietal and subcortical structures allow

higher-order bottom up and predictive top down assignment of complex relations

between the elements detected in a sentence and finally their integration into a

conceptual whole. Both mechanisms are implemented in dorsal, ventral and

cortico-subcortical networks of fiber tracts ensuring a rapid flow of information
between the involved brain areas. The two neural mechanisms of auditory sen-

tence comprehension reflect two aspects of the evolutionary advantage of human

language. Language is not only an efficient medium for rapid information
exchange but also a unique tool for sophisticated conceptual representation of the

world and therefore it maximizes the chance of survival in a dynamic and complex

environment.
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