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CHAPTER 12

Oscillatory neuronal dynamics during language
comprehension

Marcel Bastiaansen® and Peter Hagoort

FC Donders Centre for Cognitive Neuroimuging, Radboud University, PO Box 9101, 6500 HB Nijmegen, The Netherlands

Abstract: Language comprehension involves two basic operations; the retrieval of lexical information (such
as phonologic, syntactic, and semantic information) from long-term memory, and the unification of this
information into a coherent representation of the overall utterance. Neurocimaging studies using hemo-
dynamic measures such as PET and fMRI have provided detailed information on which areas of the brain
are involved in these language-related memory and unification operations. However, much less is known
about the dynamics of the brain’s language network. This chapter presents a literature review of the
oscillatory neuronal dynamics of EEG and MEG data that can be observed during language comprehen-
sion tasks. From a detailed review of this (rapidly growing) literature the following picture emerges:
memory retrieval operations are mostly accompanied by increased neuronal synchronization in the theta
frequency range {4-7 Hz). Unification operations, in contrasi. induce high-frequency neuronal synchro-
nization in the beta (12-30Hz) and gamma (above 30 Hz) frequency bands. A desynchronization in the
(upper) alpha frequency band is found for those studies that use secondary tasks, and seems to correspond
with attentional processes, and with the behavioral consequences of the language comprehension process.
We conclude that it is possible to capture the dynamics of the brain’s language network by a careful
analysis of the event-related changes in power and coherence of EEG and MEG data in a wide range of
frequencies, in combination with subtle experimental manipuliations in a range of language comprehension
tasks. It appears then that neuronal synchrony is a mechanism by which the brain integrates the different
types of information abount language (such as phonological, orthographic, semantic, and syntactic infor-
mation) represented in different brain areas.

Keywords: language comprehension; unification; syntax; semantics; neuronal synchronization; oscillatory
dynamics; EEG power; EEG coherence

Introduction instance, by the word interference effect in a
standard color-word Stroop task (e.g., MacLeod,
1991). Yet, understanding how language com-
prehension is achieved is by all means a much
more difficult enterprise. Indeed, studying lan-
guage cormprehension (and other aspects of lan-
guage processing, such as language production,
language acquisition, and more generally the rela-
tion between language, thought, and culture) has

Understanding natural language or, roughly
stated, the mapping of sound or orthography onto
meaning, is a deceivingly simple task for most of
us. The fact that language comprehension is a
hard-to-suppress “reflex” is nicely iflustrated, for

*Carresponding author.
E-mail: marcef.bastiaunsenia fedonders.re.nl

DOE 10.2016/S0079-612306)5%01 2-0

evolved into a large and active research field, that
of psycholinguistics,
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Traditionallv. psycholinguistic  research  has
made use of empirical methods such as behavioral
experiments. computational modeling, the analysis
of cross-linguistic differences. and many more.
However, u seminal paper by Kutas and Hillyard
(1980 showed that some aspecis of semuntic
processing induce reliable responses in the EEG
recordings of normal. healthy subjects. Since then,
cognitive ncuroscientific methods have become
increasingly popufar in psycholinguistic rescarch
fswe, e, Brown and Hagoort, 1999, The suvcess.
or pupulitrity of the cognitive nearoscience of lan-
gaage (although heing stimolated by the emer-
rence of new brain imaging wechnigues like PET.
IMRIL and MECGH. i for a large part based on the
wisight thast the human brain is the only known
sestent that s aeble to fluently produce and ander-
stand tural language. Therefore, i1 scems rea-

~soirble 1o assume that o better anderstanding of

the nceronal processes underlving linguage com-
prehenston will be helpiid in shaping the existing
functionad models of fanguage  comprehension
trhis i sometimes referred to as apwvard adegracr).
Vive wersy, the same Tunctional models may be
helptiel in guiding our understunding of the neu-
ronal processes that are observed doring anguage
vonprehension (downward adeguacey).

In this chapter we concentrate on the rapid
dynamiics of the neuril processes underiving lan-
ruage comprehension, However, hefore turning to
this. let us first bricfly delincate at a very general
Jevel what ix thought to be the cognitive architee-
ture of language comprehension.

{t s penerafly agrecd that during kinguage com-
prehemsion. tncoming sounds or orthographic pat-
terns  trgger o caseade of memory retrieval
operations that make asgitable the phonologic,
ssitactic, amd semantic propesties of individaal
words Once acadable. these different ingredients
have tocheintegrated fundiedy at the sentence and
or discoyrse levels mite o meamngiud whole, in
arder to svield o coherent interpretation of the Ho-
guistwe mput  {sce Hagoort. 2005 for a more
detaded claboration of this framewaorky, Thus.
two different cogmitive progesses, namely memory
retrieval operations and umfication operations.
plas o crucial role during fanguage compre-
hension,

Note that in this formulation it is a very general
framework that does not address most of the more
detailed — and often hotly debated - - issues in
language comprehension research (e.g., whether or
not syntactic analysis precedes semantic analysis,
compare, e.g., Marslen-Wilson and Tyler, 1980
and Friederici, 2002). However, exactly by avoid-
ing such details it provides a common ground for
most psycholinguistic researchers - and # good
starting point for entering the available mcural
duta into the debate.

The brain's language retwork: structure

Ever since Paul Broca and Card Wernicke ident-
lied separate areas in the brain that arc specialized
for certain aspects of language processing, it has
heen evident that there must be a distributed net-
work in the brain that is responsble lor Tanguage
provessing.  Hemodynamic  neuroimaging  tech-
niques such as PET and MRIL with their excel-
lent spatial resolution. are particutarly suited for
identifying the different brain arcas that partici-
pate in this distributed network, or stated ditfer-
entlv. to wanveil the structure of the brain's
language network.

Although fanguage is a very well-delineated
cognitive function. the neural structures involved
in the memory operations involved in retrieving
stored linguistic knowledge are likely to have
evolved from. and therefore at least show a good
deal of overlap with. the structures involved in
retrieving domain-general knowledge. A larpe
number of hemodynamic studics have linked the
{domain-general) retrieval of declarative (e fuc-
wal and episodic) informanon from long-term
memory {0 increased blood oxygenation level de-
pendent  (BOLD) activity in a large number of
arcas including  prefrontal. temporal. antenor
cingulate. and cerchellar urcas (see Cabeza and
Nyberg, 2000 for a review). The medial tempaoral
lobe (MTL) system i assumed (o play a central
role m memory operations. i that of estabhishes
cortico-hippocampal loops that serve the purpose
of couctivating distributed cortical arcas in which
the relevant information is stored (e.g.. Miller.
1991 Murre et al.. 20611 Among the cortical greas
that have been specifically associated with retrieval



of lexivul information in the context of language
comprehension are the central and posterior parts
of the teft middle and superior temporal gyri. and
the posterior inferior frontal gyrus (see Wise, 2003:
indefrey, 2004; Todefrey and Culer, 2605 for
reviews and meti-analyses).

Linguistic unification operations pertaining to
the domisins of phonology. syntax, and semantics
are thought to be carried out in a set of brain
regions including the left inferior frontal gyrus
i Brovi™s arca and surrounding nissue, roughty BAs
4445, 47, and ventral BA 6, sec Hagoort, X005 lor
setinhyy, nd possibly the left posicrior superior
temporal gyrus (Indefrey and Cutler, 2005). In the
bett mbertor trontal gyrus, there appears 1o be re-
skl specilictty Jor phonology., syatax, and se-
muntnes e the review by Bookheimer, 2002).

The brain'’s fanguage network: what about the
dvnamics?

The bt literature oversiew presented above shows
that the network of bradn structures that contributes
to the process of lanpuage comprehension is be-
coming increasinghy well understeod. Howeser., due
tor the inherently poor temporad resolution of hemao-
dynumiv measures {i.c.. in the order of scconds). the
resulting picture is 2 rather static onc. emphasizing
antindy the stracturs aspects of the brain's Linguage
network, This statie view does not do justice to the
Jsmantic propertics that any fanguage comprechen-
~ion devive must lave, Normat speech has o rate of
about three to five words per second. which means
that the linguistic retrieval and anification opera-
tions must be carried out wery rapidly. Therefore.
trving 1o understand the neuronal implementation
of fampuarge comprehension by relsing exclusively
o1t hemody nanue techmgues would be anaogous 1o
tromye to understand o prece of music by making an
misentory of the mstruments that constitute the or-
Chestra. What » mussitng i such a stabe description
v cach instrument’s metogds, and the way the difs
ferent struments interact. Similarly, wn order to
capture the Tast dyvmamics of the brain’s language
neswork, the mformation obtained from PET and
FMRE studies nieeds to be complemented with n-
formation denved (rom EEG and MEG. which
revord neuronal activity on i millisecond time scale.
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This chapter aims at providing a literature
review of the rapid, oscillatory changes that are
present in the EEG or MEG signals while subjects
perform a variety of language comprehension
tasks. In the following section we briefly indicate
why these oscillatory changes are considered to
provide a window onto the neuronal dynamics of
the brain's language comprehension system. In
addition, we delineate a general methodological
lramework for analyzing oscillatory brain dynam-
irs. In the section “Experimental data.” we review
the available experimental data, and the “Discus-
sion” section contains a discussion of the data and
some condluding remarks.,

Methodological framework

Neuronal synchronization, functional networks, and
the integration of information

One thing that has become very dear on the
hasis of PET and ™RI studics is that a onc-
to-one mapping between a brain arca and a spe-
cifiv component of a cognitive function is very
often far too simplistic. Imaging stadies often
report activations of one and the same arca during
different tasks or cognitive functions. This indi-
cates that individual cortical areas can be recruited
dyvnamically in more than one funciional network
tMesulam, 1998). This raises the question of
how. for a given function (i.c., languuge compre-
hension). the dynamic recruitment of the partici-
pating cortical and subcortical areas takes place.
Another. vet related. question is how different
sources of information te.g.. information abous
phonology. syntax. or semantics). that are stored
in different parts of the network. arc integrated in
order to form a coherent representation of the
message that is conveyed by the speaker.

An answer to both these guestions may he
found in the patterns of synchromzation and
desynchronization of neuronal acuvity. Over the
fast 15 vears evidence has accumulased that {de)syn-
chronization 1is related to the coupling and uncou-
pling of functional networks in the brain (see. e.g..
Pfurischeller and Berghold. 1989: Singer. 1993,
1999; Pfurischeller and Neuper. 1997. Pfurtscheller
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and Lopes da Silva, 1999b: Varela et al., 2001, and
muny more). The idea is that syachronous. repet-
itive tiring of neurons (acilitates the activation of
functional networks because it increases the prob-
ability that neurons entrain one another in syn-
chronous liring (¢... Konig and Schillen, 1991). In
addition. elements pertaining to one and the same
functional network are identifiable as such by
virtue of the fact that they fire synchronously, at a
mven trequency. This frequency speciticity alows
one and the same neuron (or nedrona] pool) o
participette at ditferent times i different reprosen-
tttions. Henee, syachronous osciffations in a wide
vange of frequencies are considered 1o play a cru-
cral pole i linking areas that are part of one amd
the same functionat nctwork. Imporiantly, in
addition 1o recruiting all the relevant network cle-
ments, oscilthitory nearonal syachrony would also
serve 10 i together the information that is rep-
resented @ the different elements, as was elegantly
demonstrated moa seminal paper by Gray and
Simrer (Gray ct al., 1989, Fries recenths proposed
JSosimple, set powerful. mechanistie account of this
so-tlled binding-by-synchrony hvpothesis (Fries.
20603y,

Ouantification of newronal synchronization

The guestion is then, how can we obtain informa-
tion about the rapidly changing patterns of sva-
chronization sad desvnchronization of acuronal
detivityT The fast wmpora! dynamics of neural ac-
tivity can be captured by tmaging methods with o
igh temporal resolution such as EEG and MEG.
The vomputation of cvent-retated potentials. or
event-related ficlds (ERPs ERFs') has proved 1o
be particularly froitful iy provnding finc-grained
infurnnation aboat the time course ol subcompo-
nents of tangiage comprehension {e.g.. Kutas and
Hhtlvard. 19864 Hagoort et al, 19940, Howeser. in
ERP rescarch FEG sigaiths are averaged i order
1o improse the sigmal-to-nose ratie. This averag-
mg procedure destrovs amy temporad structure of
the single EEG traces that s not phase locked 10

‘To enhance readability, we will speak ahout EEG and ERPs
10 the remainder of the text, but the argumentavion applies
ayudlls o MEG and ERES

the eliciting experimental event. Hence, oscillatory
phenomena that are not precisely phase locked to
the eliciting event are severely attenuated, if not
completely cancelled, when average ERPs are
computed {Pfurtscheller and Lopes da Silva,
1999a).

The canceling of oscillatory activity as it occurs
in ERP computation thus hampers our view on
the dynamic interactions of meuronal cnsembles
hoth within and between brain areas. Therclore,
other methods than traditional ERP analysis are
needed 1o optimafly capture (dejsynchronization
phenomena.

Which analysis procedures would be adeguite
then ftor studying changes in oscillatory syne-
hrony? Here we must make a distinction between
local synchrony. 1. synchronization within a
node of a functional network, and long-runge
syichrony, ie., synchronization herween dilferent
nodes of a network.

Loval synchronous activation of 4 large number
of neurons will, by virtue of the spatial summation
of posisynaptic polentials. result i an incrcasc in
amplitude of the resulting leld potential at the
recording site, [t follows that an increase in local
synchronous oscillatory firing of a neuronul pop-
ulation wilt lead to an increase in amplitude of the
scalp-recorded EEG oscillations. Such amplitude
{or power, i.c.. squared amplitude) changes should
be studied at the single trial level ¢although the
average amplitude. or power change. can subse-
quently be computed over teials). Different meth-
ods {or studying event-related power changes have
been used in the lterature: the most widely used
are event-related band power analvses hke event-
related desynchronization tERD; Plurtscheller and
Arantbar. 1979; Plurtscheller and Lopes da Sitva.
1999b) or induced band power (1BP. Klimesch
et al.. 1998). single-trial wavelet analysis tTalon-
Baudry et al.. 1998). or the more recently proposcd
and more sophisticated multitaper analysis éMitra
and Pesaran, 1999).

In comtrast. activity in distant neuronal populi-
tions is. for the fargest part, not picked up by one
and the same clectrode or gradiometer. but by
different clectrodes:/gradiometers. Therefore, the
above-mentioned methods do not apply. Here the
relevant information lies tn the phase relationship



between the field potentiuls recorded from or
above different areas. An increase in synchrony
will logically lead to an increased stability in the
phase difference of two oscillatory field potentials.
which is typically termed coherence (see, eg.,
Varela et al., 2001). This can be quantified using
methods such as event-related coherence analysis
{Andrew uand Pfurtscheller, 1996: Nunez et al,
19973 or phase-locking statistics {Lachaux et al.,
1999} It should be mentioned that besides power
and  coherence  changes, other  event-related
chunges i oscillstory FEG MEG activity could
be mepminglul i studyving rhe neural hases of cog-
miive flnctions tsee Makeig et al, 2004 {or an
cveellent overview of potentiatly sefevant phenom-
e, For astance. there have heen severat reports
v ovent-rekited  phase resetting (the phase rea-
higamtent. vver tricks, of oscillatory activity with
fespeet o an experimental event. ¢.g.. Bracutigam
el al., 2000: Rizzuto ct al., 20035

As we will see in the biterature review presenied
wt the newt section. a majority of the siadies
Addressing the neuronad dy namies of kingiiage com-
prehemsion hase concentrated on analyzing power
vhunges, Thus. there is a bias toward local sye-
vhronizanon phenomena (e, syachrony within a
aode of a functional networky that the reader
should keep in mind while going through the lit-
crature. In addition. studies addressing  both
power and coherence changes during language
comprchension are completely lucking. We ure
conviaced that such studies are highly desirable in
arder to arrive at a full description of the neuronal
dsnamics of the lanpuage comprehension process,

Faperimental data

in sum. the above ducission suggesis that a top-
oeraphicisl anahsis of event-related  changes of
power amd coherence i osallatory EEG or MEG
avbvaty recorded duning a range of language com-
prehension tasks might be informative with respect
10 the newronal dynamics (e synchronization
and deswnchronization) that are instrumental 1w
the coupling and uncoupling of synchronous func-
tional networks. This funicouphng, in turn. serves
to recrutt the different clements of the bran's
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language network, and to integrate the informa-
tion that is represented in each of the network
elements.

Below we present a review of the literature that
aims at identifving the ncuronal dynamics ob-
served in a wide range of language comprehension
tasks, with an emphasis on our own work. Note
that this review is not fully exhaustive. However,
the large majority of the relevant literature is ad-
dressed, and as such the review is representative
for the developments in the field. In our opinion,
such a4 comprehensive literature review is very use-
ful at this point in time, as we signal a trend
toward an increasing number of papers thit
address the neuronal dynamics underlying langoage
comprehension in recent years, while no compre-
hensive review papers are available yet.

Power and coherence changes in oscillatory
neuronal responscs during language comprehen-
sion have been observed in four dilteremt {re-
gquency bands: theta (4-7Hz), alpha (8 12Hz)
lower beta (13 18 Hz). and gamma iabove 30 Hz).
The clfects can roughly be subdivided mnto ¢ffects
refated 1o memory retrieval opersttons during
fanguage  comprehenston.  and  effects  related
to unification of linguistic informuation. Where
possible, we will try to isolate time frequency
compenents (by which we mean robust event-
reluted changes in power or coherence) that can be
identified on the basis of thetr scalp topography.
frequency band. temporal evolution. and the
exteri to which they can be modulated by exper-
imental manipulations.

Oscillatory neuronal dynamics related 1o the
retrieval of lexical information

A number of studics suggest that oscillatory ney-
ronal dynamics in the theta frequency range are
involved in the retrieval of lexecal -semantic infor-
mation. In an mitial study (Bastiaansen ¢t al.
2005 we examined EEG power changes m g
range of frequencics from | to 30 Hz while subjects
read a short story. Power changes were averaged
selectively for open-class (OC) words (e.g.. nouns,
verbs. and adjectives). which carry most of the
semantic information in a sentence. and for closed-
elass (CCy words fe.g.. articles. determiners. and
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prepositions). which carry much less semantic in-
formation, but rather serve as “syntactic glue™ at
the sentence level, As Fig. | shows, both OC words
and €C words elicited u power increase in the
theta frequency range, together with decreases in
the alphz and beta frequency ranges. roughly in an
interval of 100 600ms after word onset. The OC
words generally clicited stronger power changes.
Inrerestingly however, while the scalp topography
of the dipha and beta responses was qualitatively
siibar, in the thets frequency range we observed a
qusditietive ditference between OO and CC words,
Whereas bath types clivited i thete power ingrease
over eft veapital and midtrontad areas, the OC
words additionally chcited @ power increase over
Tett temparal arcas, which was not observed forthe
CC owords (see Fues T A regression analysis
showed that this effect was w0t dependent upon
word length or word fregeency . This topograph-
wal pattern connects well to extsting bemodynamic

apen
class
ftems

data. The left occipital power increase may be
related to complex visual processing either in
Broca's area 18/19 (see, e.g., Petersen et al., 1988;
Indefrey et al., 1997) or in the fusiform gyrus (the
putative visual word form area, cf. Cohen et al.,
2000; McCandliss et al., 2003). Most interestingly
however, with respect to the differential (OC-
specific) theta response over the left temporal cor-
tex. it has been shown that left temporal areas
{more precisely, left posterior superior andjor
middle temporal gyrus) are involved in fexical
retrieval (sce, e.g.. Indelrey, 2004; indefrey and
Cutler, 2005). Therefore, the qualitative difference
between OC and CC words led us to hypothesize
that theta-band  synchronization of  neuronal
activity is related 1o lexical-semantic retrieval.

A subsequent experiment (Bastizansen et al,,
submitted} aimed at {urther testing this hypoth-
esis. Subjects performed a lexical decision task, in
which they had 1o decide whether or not a visually

heta

Tz { Results of 4 ume-frequencs anadyss of power changes. for open-class words and ¢losed<lass words separately Lefl- and nght-
hand parts of the figure show 4 yme-frequency representation {TER} of the percentage power changes a1 one Frontal channel (§ 7
Words ate presented at ¢ = & Middle part of the figure shows the 1opograpiical distrbunions of power changes in three time frequency
nterv s, mdicated by the Back nles in the TFRs. Note the gualitainve difference in wcalp topography of the thela power increase



presented steing f letters constituted 2 real word.
Nonwords could be either pseudowords (phono-
logically legal, but nonsensical fetter strings) or
vonsonant strings. Real words could either be
nouns with visual semantic properties (i.e., refer-
ring to colors and shapes) und nouns with auditory
semantic properties {i.e.. referring to sounds).
Again, both scts of words eficited an increase in
theta power and decreases in the alpha and beta
frequeney ranges. And again, guslitatively different
responses were found only in the theta band, where
the tollowing double dissociation was found {see
Fig. 21 words with auditory semantic propertics
showeed Lirger theta power increases i clectrodes
overlvang the lelt auditory cortex than in cdlecrodes
oscriving the lelt viswal cortex, while the upposite
patileri was foomd for words with visuad semantic
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properties. Note that. as both sets of words were
presented visually, and were matched for length
and frequency, they only differed in terms of se-
mantic properties. We therefore concluded that the
results of this study confirm the hypothesis that
neuronal synchronization in the theta frequency
range is involved in the retrieval of lexical semantic
information. In addition, our data are in agreement
with the hypothesis that spatially distributed func-
tional networks form the basis of semantic repre-
sentations, and that the topographies of these
networks reflect the semantic propertics of individ-
ual items {for similar hypotheses, sece Pulvermucl-
ler, 1999, 2001; Martin and Chao, 2001}

While the above studics suggest a strong in-
volvement of theta-band synchronization in re-
irieving lexical-semantic information, the neuronal

Theia {(4-7 Hz) power changes
AJD

0% Tima{re)

tag I Topographicat dieinbution 1a)y and repion-olanterest fime courses {h) of percentage thewa power changes induced by visually
presented words with sudidory semantic properties (AU DE and visual semantic properties (VIS). The regions of inferest are indicated
h the whete ellipses v tat Shaded areas i thk mdicare the hme interval used for the statistical analvses In the left hemusphere, there i
A doude dissogiaten i the power changes between semantic properies and regions of mterest.
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dypamics of lungpage comprehension-related re-
tricval operations are certinty not restricted to the
theta frequency band. Other studies have related
semantic memory opcrations to power changes in
the alpha frequency band {for review, see Klii-
mesch, 1999). For instance, in a study by Klimesch
and colleagues (Klimeseh et al., 1997b) subjects
were asked fo judge whether pairs of words were
semantically related, and this was accompanted by
power decreases in the (upper) alpha band. In an-
uther stndy Irom the same group (Rohm et al.,
2001 ), subjects Bad to lind a superordinate concept
{re. a semantie retreval task) while reading sen-
tences, and this was accompanicd by 4 stronger
abpha power decrease compared to a condition
where onldy reading was reguired. In yet another
study (Kliptesch et ab. 199700, subjects judged
whether  scquentralty  presented  Feature
concept pars were semantically congruent. It was
found that only (upper} alpha power discriminated
between good and poor performers. The disting-
Hon reperted in this fatter paper between upper
and lower alpha frequency bands seems to hold
over a range of empirical data showing that dif-
ferent patterns of alpha desynchronization can be
observed when the broad alpha frequency range is
subdivided into Jower and upper alpha bands
on the basis of individual alpha peak frequency
(see Kiimesch, 1999 for review). The lower alpha
band has becn shown to be more sensitive to gen-
eral task demands such as attentional processes.
while oscillatory neuronal activity in the upper
alpha frequency range likely reflects specific task
requirements. In strong support of these find-
ings. it has bheen demonstrated that event-related
power changes in the lower and the upper alpha
fregquency bands ancreasingly dissociate as task
demands incrcase (Fink et al., 2005y,

It should be noted. finalls, that in many of the
studies by Khmesch et al. tbut not the ones cited
abos ey, the term semantic memory 1s often used in
the semse of declaratne fas opposed to episodicy
memory, Afthough this 1s perfectly vahd terminol-
ogy. there 15 a potential confusion with the term
Tsernantic” as it s meant in fanguage comprehen-
sion theories, There the term semantic is used m s
MOTE narTow sensc. referring to the meaning as-
pect of words (as opposed to syntax, phonology.

etc.). This terminology issue should be kept in
mind as ene reads through the literature.

A few studies have reported effects of memory
retrieval in higher frequency bands (beta/gamma).
For instance, Weiss and colleapues (cf. Weiss and
Mueller, 2003 for review} found different coher-
ence patterns in the lower beta frequency range
(roughly 13- 18 Hz) between concrete and abstract
nouns, and hetween concrete nouns and verbs.
Pulvermuelter ¢t al. (1999) contrasted nouns
(which were taken to have predominantly visual
semantic propertics) with verbs {presumed 1o have
movement-related semantic propertics) in a lexical
decision task, and found power decreases in the
gamma frequency range compared to baseline,
which were smaller for verbs than for nouns at
central electrodes, but smaller for nouns than lor
verbs over occipital electrodes. These data were
interpreted to reflect different network topogra-
phics that followed the semantic properties of the
stimuli {(much as the above-described difference in
theta topography between auditory and visual
semantic properties). However. the reported effects
consisted of gamma power decreases with respect
to a prestimulus basehine. This is in contradiction
with the general notion that networks emerge
through increased synchrony {(aithough the alpha
frequency range may consiitute an exception, see,
e.g., Plurtscheller, 1992: Pfurtscheller and Neuper,
1994 for relevant data, Bastiaansen et al., 2005 for
a brief discussion, and Steriade et al.. [990 and
Lopes da Silva, 1991 for a possible vnderlying
physiclogical mechanism), which, in scalp record-
ings. should be reflected by power increases rather
than decreases compared to baseline (cl. Varcla
et ak.. 2001; Bastiaansen and Hagoon, 2003).

Oscillatory dynamics relared to unificarion
operations in language comprekension

As sentences oxtend over relatively fong time pe-
nods. mamtating the working memory (WM}
trace of the linguistic input is a prereguisite to
performing  umfication operations. In addition
to fsetricval operations. theta-band changes
neuronal synchrony also appear to play a rofe 1n
such WM processes. For example. theta power
{Bastiaansen et al., 2002a) and cohercnce {Weiss and



Mueller, 2003) lincarly increase over the course of
correct sentences, bn addition. theta power is larger
over the frontocentral midline following words con-
stituting syniactic (Bastiaansen et al., 2002b} and se-
mantic {Hagoort et al, 2004; Hald et al,
2008) violations in sentences (see, e.g., the right-
hand part of Fig. 3). These effects were interpreted
1o be related to the lurger demands that they im-
pose on verbal WM (Hald et al., 2006). Also. theta
coherence s larger following WM-demanding
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object-relative vs, subject-relative clauses (Weiss
et al., 2005). A clear relationship between theta-band
osctllations and WM has also been found using
intracranial recordings in humans (Raghavachar
et al., 2001; Rizzuto et al., 2003}

There is however more to unification than just
maintaining the input in WM. Unification requires
the active manipulation of phonological, syntactic,
semantic, and likely also of pragmatic informa-
tion, resulting in a message-level understanding of
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Fig 3 Time freguency snalyas of the power changes ehoited by the cnitical words 1o correct sentences. sentences comaimng viokaions
of waorld kmowiedge. and sentences contaming semantic violations. The middle part shows the TFRs, 1he feft- and nght-hand parts
shows the topographical distnbution of gamma and thera power changes. respectively. Note the small bur significant increase 1 gemma
pawer over lateral frontal areas in the correct condivon. the sicong gamma power increase foflowing a world knowledge violation. ansd
the absence of gamma power increase afler ¢ semantic violshion.
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the linguistic input. So fur. experimental research
into the neoronal dynamics of unification opera-
tions have concentrated on semantic and syntactic
unitication only.

Semuntic unification
Recently we have addressed the oscillatory corre-
lates of semantic unttication in the following way
(Hagoort et al.. 2004; Hald or al., 2006). Subjects
read the tollowing three versions of sentences such
ast “The Daich trains are velfowjwhitesour and
ey erowded.” En tact, Dutch trains are vellow.
and therefore the liest version of this sentence is
the corpeet sentence condition, However, the lin-
gsutsie megmag aspects of the alternative color
term arfze apply cquitbly well 1o trains as the
predicate veffre 1 is world knowledge ahout
trams wn Holland that make the sceond version of
this senlence Talse (the world knowledge viokuwion
comdition). This is dilferent Tor the third version.
The core meaning of sowr is related to taste and
Yoend. Under standurd imerpretation conditions a
predivate requires an argument whose semantic
features oerlap with that of jis predicate. For ve-
heckes sueh s trains, this is clearh not the case,
sTAce semantic features relited 1o taste and food do
not apply to the materials that trains are made of.
Thus. for semantic-internal reasons the third sen-
tence is un outright semuntic violation condition,
The results are presented in Fig, 3. In the correct
senteice vondition. where normal semantic unii-
vittion takes place. we obsenved a small ircrease in
gummi power relative to baseline in response to
the critical word {e.z. yellow), This gamma power
increase wis much stronger in the world knowl-
edge volation condition. where semantic uniica-
von i diflicals bur not imposseble. fn the semantic
viohtion condition fowever, where semantic um-
fichbion v imposwible for the reasons mentioned
above, the gatmn power inerease was absent,
The parametrie relation between semantic umfi-
cation and gamma power descnbed above suggests
that gamma oscillations are functionally refated 1o
semanue  upification  operations.  Several other
studies support this notion. First, gamma coher-
ence is larger for semantically congruous than for
incongruous sentence endings {Weiss et al., 2003).
In i dilferent approach. van Berkum et al. (2004)

studied the effects of referential success, referential
ambiguity, or referential failure in 4 sentence. and
found a drop in gamma power following the am-
biguous and failing reference conditions, which
render semantic unification problematic.

A final link between gamma-band synchroniza-
tion and semantic unification operations was re-
ported by Braeutigem et al. (2001). These authors
report an increase in phase-locked gammaphase-
locked gamma power in response to semantic
violations in sentences relative 1o correct controf
sentepees. Thus, the results go in the opposite di-
rection {farger gamma power for violations) com-
pared to the three studies discussed above.
However. this may be partially explained by the
diffcrence 1n analysis methodology: only phase-
locked power changes were considered in this pa-
per, which suggests that some sort of phase align-
mepl or phase resetting occurred in the gamma
band as a result of the semantic vielation. Note
that phase reseiting has also been reported to oc-
cur it the theta frequency range during a WM task
{Rizeuto et al., 2063): so the phenomenon is likel
1 have tunctionsl significance in a range of cog-
nitive tasks,

Taken together. the above studies lead us 1o
hypothesize that newronal synchronization in the
gamma frequency range is in some way related to
the unification of semantic information is imple-
mented in the brain.

Svniactic unification

The newronal dvnamics of syntacic unification
have been addressed in & number of different
experimental paradigms. For instance. Haarmann
et al. {3002) used sentences in which EEG coher-
ence was cxamincd in the interval between the ob-
ject and the main verb of a sentence (the se-called
filler gap interval, ¢f. Haarmann et al.. 2002 (or
details), Adthough this filler gap interval places a
selatively large demand on verbal WM. the gap
lifling that the reader has to perform on-line can be
seen A% 4 syntactic unification operation. The
authors fToumd ncreased coherence over many
salp arcas in the sentences containing a filler gap
imerval compared to nonfiller sentences. in the
lower beta frequemcy range (roughly 15 18 Hz).
This increased coherence is indicative of an



tocrease in long-range neuronyl synchronization
during the symiactically more demanding filler
sentences. A study by the Weiss et al. {2005) com-
pared EEG coherences during sentences in which
the subject of the main clause is also the subject of
the relative clause {so-valled subject-relative (SR)
sentences), with EEG coherences during sentences
in which the subject of the main verb is the object
of the relative clause (objeci-relative (OR) sen-
tenees). SR sentences are syntacticaily relatively
simple, dnd have @ high frequency of occarrence
i evervday kenguage, whereas OR sentences are
fess frequent, ssatactically more demanding, and
phice a larger toid on verbal WM. The authors
showed that wcreased theta and gamma coher-
crees were assoviated wath the higher WM load.

{Ticmy? I Mz 1o

a)

b)

I89

The effects of syntactic complexity (which become
most evident in the time period just following the
relative clause) however were expressed in the
lower beta frequency range (13-18 Hz). In a sim-
ilar type of experiment with Dutch subjects and
stimuli, we are currently investigating power and
coherence changes of the MEG between OR and
SR sentences, and between sentences with right-
branching (RB) relative clauses compared 1o the
syntactically more demanding center-embedded
{CE) retative clauses, Preliminary results from this
experiment suggest that CE sentences clicit larger
MEG powet in the (lower) beta lrequency range
(in this case, 15 25 Hz} compared to RB sentences
(sec Fig. 4). Analyses of the coherence data. and of
the SR-OR comparisons, are still in progress.

TEESER RB
CE/RB

0

Fig 4 cat ML power specira computed on the relative clauses 1RO of sentences in which the BC was either nght-hranching {RH,
smple ssntachy . acture or center-embedded (CE. complex santactie strucuare). The relalive change (thin hne. £ RB) has heen
woatedd t £ the graph. amd s therefore it arbatrary wnars. Note that although there are power differences vy the theta. alpha, and beta
fiegqueney sanges. the refative change 1 the largest in the beta frequency range (15 25 Hed. and only sgmificant there by Topographical
distnbution of the wetative inerzase i beta power from RB to CE Only the significant changes. as obtained from a randomization tes.

are displaved e the data sre masked with significances.
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Discussion

As we have seen in the previous section, the gen-
erat pattern emerging from the experimental data
shows a clear and robust distinction in network
dynamivs  between memory-related processes
¢synchronization of neuronal activity within and
between network nodes in the theta and alpha
frequency ranges) and semantic and syntactic uni-
ficutton-related processes (heta-band and gamma-
hind synchronization). Thus, it appears that there
o wellcharacierized pattern of freguency speci-
#reay e observed lime {reguency components.
Another aspect of the available experimental data
that s well-churacterized is the temparal erolution
of the ditferent oscillitory responses: the large
nrority of the oscilfatory  responses thut have
beon observed are coneenirated in roughly the fivst
S ms after word presentation. whether it be in
mobited word studies or in sertence matenats. This
time irtterval is know . on the basis of @ large body
ol behavorat and ERP evidence. to be crucial in
lampnee comprehension, Ak, there seems to e a
Lerge vonststencs over studies in the direction of the
atoddidationr of power and  coherence  changes.
which w differemt for the different frequency
bands. In general, theta and gamma power and
coherence incrcase relative to baseline.  Alpha
power gencrallh  deercases relative to baseline
ialpha cohercnee has not been studied). whereas
the wyerull pattern for beta-band effects scems o
be that beta power deereases. while beta coherence
mereises felatise to baseline (bt there are o few
exceptions 1o this kitter patternt,

An aspect of the oscilfatory dyvnamics during
linpuage comprehension that 45 fess well charuc-
terized is the ropagraphical distribution of the re-
ported cifects, This may be partially due to the fact
that 10 the cushy ditss of ome Trequency analvsis of
EEG MEG. «alp wopographies of power ¢oher-
ence changes were ofien not reported. perhaps to
redage the relatively high computational load that
comes with time - lrequeney analyses. perhaps also
hecause it was not considered to be of crucwal im-
portance. In addition, with coherence analyses it is
sometumes difficalt 1o pont to a clear topograph-
wal distribution in the pattern of interactions
hetween bram arcas, However, when studied. the

topographical distribution of oscillatory dynamics
is often not very consistent across studies. This
makes it difficult to connect and integrate the
increasing knowledge about the dynamics with
existing knowledge about the structure of the
brain’s language network as obtained {rom hemo-
dynamic studies. Possible avenues for improving
this situztion may be {1} the use of advanced
source recenstruction techniques that are devel-
oped specilically for the localization of oscillatory
activity. such as dynamic imaging of coherent
sources (DICS; of. Gross et al, 2000, 2001:
Hoogenboom ¢t gl.. 2006), or {2} the simulta-
aeous measurement of EEG and IMRI, where
recent developments have made it possible to
correlate oscillatory activity in distinet frequency
bunds with IMR1 BOLD changes (see. e,
Goldman et al., 2002 Laufs ¢t al. 2003; Parkes
el al., 2006).

Memory

The neurenal dynamics that have been observed in
relution to memory retrieval operations in the
contest of language comprehension are character-
ized by synchronization of neuronal activity in the
theta frequency band. and desynchronization in
the alpha band. This pattern of results connccts
well to the results that have been obtained outside
the domain of lunguage. In a large number of ex-
periments that use domain-general memory tasks.
theta and alpha power changes have been related
svsiematically to the encoding and retrieval of ep-
isodic and declarative information. This has been
observed both in scalp EEG recordings (see
Klimesch, 1999 for 4 comprehensive review) and.
as far as the theta-band results are concerned.
mtracrantal recordings in humuns (Kahana et al.,
1999, 2001: Caplan et al., 2041).

With respect to theta-band activity. there is
an even Farger hody of literature, based for a
large part on ammal studics, that suppeorts a rolc
for theta i memory operauons (for extensie
review see¢. c.g.. Miller 11991)). In this literature.
theta-band oscitlations are considered to estab-
lish dynamic hinks between the neocortex and
the MTL memory system. Eichenbaum et al.
(Eichenbaum et al., 1994, 1996). amongst others.




have proposed that neocortical association areas
mitnlain short-term memories {or specific items
prior to MTL processing, and eventually provide
the tinal repositories of fong-term memory. The
latter idea is consistent with that proposed by
Miller (Miller, 1991), that “the hippocampus {...)
acts in some ways as an ‘index’ to memories, the
coriex being, as it were, the “book” to which this
index  refers”™ (Miller, 1991, p. 159). Similar,
atthough slightly ditferent, ideas have been put
Yorward by Treves and Rolls (1994). Accord-
ing 1o Miller (1991} the transfer of informa-
pon between the MTL system and  vortivcal
ssackibion arcas may well he mediated by rhyth-
mic dactivity an the theta frequency range (see
Bastistansen and Hagoort, 2003 lor a more detaited
dhscussiong.

An mportant imphication of Miller™s notion of
self-organizing. resonant theta-svnchronized foops
between the MTL system and the acocortex is that
studving the reactivits of theta at the “eortical
end” of the oop {ep. with s«alp EEG MEG)H
might provide us with a4 window on the MTL
vonrtribution to different types of menmory proc-
essas, It s therefore not unlikely that the theta
power responses that have been observed in the
context o langusge comprchension are  also
an expression of synchronized activity in cortico-
hippocampal circuits. This notion is at least indi-
rectls supported by a number of studics that have
wsed intrueranial recordings directts from the hu-
man MTL during language comprehension tasks.
These studies hase reporied negaiive deflections in
the anterior MTL that show a sipular reactivity
4s the scalp-recorded NI (such as larger amphi-
tude for semanticalhy  unrelated words. larger
amplitgdes for  highby amageable words. ete.
MoCarthy et al. 1995 Nobre and MceCarthy,
1995 Hechess ot al. 2002 Klaver ¢t ak., 2005;
Moser ot all 200§,

{n sam, we might concude from the above
that the mechamsms mvolved 10 the retrieval of
fexicat iformation are of & domawm-gencral na-
ture. i.c.. the neuronal dynamics by which the
brain’s language network operates are not specific
te fanguage comprehension. but apply more gen-
eralls for memory retrieval fwhich has been
extepsivels studied i ammalsy. However, since
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this mechanism is apparently also involved in
language comprehension it does add to a better
comprehension of the dynamics of the brain’s lan-
guage network.

The observed alpha power changes are more
difficult to relate to a nearonal circuitry involved
in memory. Traditionally, alpha-band oscillations
are associated with thalamo-cortical information
transfer, and, at the functional level, with the
transmission of sensory and moior inpul to the
cortex, and with attentional medulation of this
transmission (see, ¢.@., Skinner and Yingling, 1977,
Lopes da Silva, 1991; Bruma, 1999; Bastiaansen
and Brunia, 200F). [n this context it is interesting
to note that alpha power has been sensitive w lin-
guistic manipulations mainly 1n those situations
where o secondary task was used (e.g.. hnding o
superordinate concept., or performing a semantic
judgment. ete.. see subsection “QOscillatory neu-
ronmal dynamics related 1o the retrieval of lexical
information’). In those studies, differential cflects
are usually found for the lower and upper alpha
buands. where the lower afpha band is generally
modulated by generat task demands such as at-
tention, and the upper alpha band is sensitive 1o
specific task demands. In addition. the event-
related power changes in the lower and the upper
alpha frequency bands increasingly dissociate as
task demands increase (Fink et ab. 2005). This
duta pattern scems to suggest that both alpha
subband ranges are sensitive (though in differemnt
ways) (o secondary task demands. These findings
stand in sharp contrast 1o cur own work. where we
tvpicallv ask subjects just to read for comprehen-
sion. In those studics. we have not observed a sys-
tematic modulation of (cither upper or lower)
alpha power as a function of kinguistic mamipula-
tons. which might sugpest that the alpha band
reactivity observed during language comprehen-
sion 15 not necessarily related to the comprehen-
sion process per se. but to general attentional
levels (lower alpha) and the speaific behavioral
consequences of the language comprchension
process {upper alpha). This explanation s very
speculative though. and we doubt that it could
account for all the findings described tn subsection
“Oscillatory neuronal dynamics related to the
retrieval of lexical information.™
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Laification

As suid, syntactic and semantic unification oper-
ations during lunguage comprehension are accom-
panied by neuronal synchronization in the higher
trequency ranges (beta and gamma). So far, syn-
tictic unilication has been associated exclusively
with beta-band synchronization, whereas semantic
utiication has been associated both with beta-
and gumma-buand synchronization. Although this
Bosuggestive of a qualitative difference in the
dviamics of syntactic and semantic unification,
o sangde study has addressed both types of oper-
abtons wathan the same sample of subjects. In
additeon, the seurond dynamics of syntsctic uni-
ficateon fune been atddressed only in o limited
gumber of studies (theee in total). Henee, it is oo
witrly to driw amy Brm conchusioms regarding a
possible yuahtitive differeace between syntactic

Jnd semuantic ypiication dysamics on the hasis of

the conting databise.

The micgranon. or binding. of iformation
Trom different brain arcas has repeatediy been an-
~soctted with neoaroral ssnchronization i the

gamnn {reyueney range odtside the domain of

Lingaage comprehension. For nstance, gamma
stichrentzation has been shown to play & rele in
leature binding in the visual system {e.g.. Gray and
Singer, 989: Roelisema et al.. 1997; Fries et ak.
200k see, o.g.. Singer and Gray. 1995 for a re-
vew), and s subject to attentiond modulation
iFrics ot al. 2001 in addition. gpamma-band
ssnchronization has been related to top-down in-
egrative processes in perception {e.z.. Rodriguez
et al., 1999; Tullon-Bawdry and Bertrand. 1999
Therefore.  the observed  relationship  between
gampn-band sy achronization and semantic unili-
cation operations fits well swathin the Targer context
of the infegrative role thay gamma-band neuronal
seavhromzation appears to play in a wider range
of cogrtte domsnns,

Such 4 connection o domain-general progesses
s less clear for the effects observed in the heta
frequency range. Traditionally, beta-band activity
has been refated to the planning and cxecution
of mevements (see. c.g. Pfurtscheller et al.
1996, 19981, where the typical pattern 1s a desyn-
chronization of beta-band  activity before and

during movement execution, and a somatotopical-
ly organized beta synchronization after movement
offset. However, as we saw in subsection ~Oscil-
latory dynamics related to unification operations
in language comprehension,” beta reactivity is a
robust phenomencen in fanguage comprehension
tasks, in the sense that it is observed during & va-
riety of tasks, with different analysis procedures
and in different laborateries. It is therefore likely
that neuronat synchronization in the beta fre-
quency range is truly instramental during linguistic
upitication operations, although iis exact role re-
mains unclear an present.

Conclusion

We have provided an overview ol the ncuronal
dynamics that can be observed during o wide range
of language comprehension tasks. Overall, the ex-
perimental data indicate that the twe components
of language comprehension. namely. the retricval
of lexical information from the mentat lexicon
and the subsequent unilication of semantic and
syntactic foratastion,  sield  distitet  patterns
of syachronization in the briun's language nct-
work: retricval operations are associated with neu-
ronal dynamics in the theta and alpha frequency
ranges. whereas unification operations are associ-
ated with neuronal synchronization in the beta and
gamma f{requency ranges. As such, the gencral
pattern of results suggests that at the level of the
dynamic neuronal mechanisms by which the brain
operates  during  language comprchension, do-
main-general processes are operative {i.e.. the
observed mechanisms are not exclusively engaged
by linguistic processing. but are also ohserved
in other cognitive domains). This apposes to the
representational Jevel. where there 15 a refative
domain-specificity  for language comprchension
(r.c.. there are brain areas that are partly dedicated
1o the stovage and manipulation of linguistic
wmformation. as  cvidenced by hemodvnamic
studics).

We conclude that it 15 possible (o capture the
dynamics of the bran's language network by a
careful analysis of the event-refated changes in
power and coherence of EEG and MEG data in a



wide range of frequencics. in combination with
subtle experimentil manipuiations in a range of
language comprehension tasks. It appears then,
thut neuronal synchrony is a mechanism by which
the brain integrates the different types of infor-
mation about language (such as phonological, or-
thographic, semantic, and syntactic information)
represented in different brain areas,

Fimaliy, we Feel that a word of caution with re-
spect (o the above conclusions s appropriate.
Compared to the more classical ERP approuach,
analvang the oscillatory bran responses in reli-
Bon to language 15 stil i its infaacy. Relatively
few stindies Bave been done. and the functional
characterstics of the ascitbatory brain responses
reported 1n Lgrage studies are not yet well an-
derstood. Nesertheless, we helivve that analvzing
vsctthittory brain dynamics has quite some mileage
that maotivittes further studies. We have here pro-
vided o psycholinguistically amd neurobiotogicatly
plausible framework for studving the neurocogni-
ton of Lapguage. In ths framework, an important
ditinction s muude between memory and anilica-
tion operations. Based on o review of the litera-
ture. our current working  hypothesis s that
svachronizativn m the theta irequeney and. pos-
sibly, desynchronization in the alpha frequency
ranges are mechanistically involved in memory re-
triesal, Unitication operations. on the other hand.
dre thought to be assockited with syachronization
in the beta and gamma frequency bands. So far.
we have not seen amy comvincing evidence that this
genetahication would be different for locad syne-
hroms (retlected o power chanses), or in syachro-
nrang  activzty  in distant areus  fchanges in
coherenvel. However, we are the inst to admit
that much more work 1 needed 1o et alirm grasp
v the Tuactwonal sivnificance of the different os-
cithstary resporses that are teported i the context
of Linguage comprehension.

Abbreviations

BULD blood oxygenation levet depend-
€nt response

DICS dynamic imaging of cohercnt

SOUTCES
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EEG electro-encephalography
ERD/ERS event-related desynchronization;
event-related synchronization

ERP event-related potential

FMRI functional magnetic resonance
imaging

MEG magneto-encephalography

PET positron emission tomography

WM working memory
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