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In a recent fMRI study we showed that left posterior middle temporal gyrus (LpMTG) subserves the retrieval
of a word's lexical–syntactic properties from the mental lexicon (long-term memory), while left posterior
inferior frontal gyrus (LpIFG) is involved in unifying (on-line integration of) this information into a sentence
structure (Snijders et al., 2009). In addition, the right IFG, right MTG, and the right striatum were involved in
the unification process. Here we report results from a psychophysical interactions (PPI) analysis in which we
investigated the effective connectivity between LpIFG and LpMTG during unification, and how the right
hemisphere areas and the striatum are functionally connected to the unification network. LpIFG and LpMTG
both showed enhanced connectivity during the unification process with a region slightly superior to our
previously reported LpMTG. Right IFG better predicted right temporal activity when unification processes
were more strongly engaged, just as LpIFG better predicted left temporal activity. Furthermore, the striatum
showed enhanced coupling to LpIFG and LpMTG during unification. We conclude that bilateral inferior
frontal and posterior temporal regions are functionally connected during sentence-level unification. Cortico-
subcortical connectivity patterns suggest cooperation between inferior frontal and striatal regions in
performing unification operations on lexical–syntactic representations retrieved from LpMTG.
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Introduction

In order to comprehend language we have to retrieve informa-
tion about single words from long-term memory (mental lexicon)
and combine (‘unify’) this information into representations that
span multiple words (Marslen-Wilson, 1987; Levelt, 1992; Hagoort,
2005). Both memory and unification processes occur in parallel at
the semantic (conceptual) and at the syntactic (structural) level
(Jackendoff, 2002). Current syntactic theories tend to be lexicalist in
nature: many properties relevant for structural integration are
specified in the mental lexicon, rather than being computed by
syntactic rules. Thus, structured syntactic properties of words
(treelets; including, for example, word class and gender informa-
tion) are retrieved from the lexicon, and the only remaining ‘rule of
grammar’ is the combinatorial process of unification (‘Unify Pieces’
in Jackendoff (2002), somewhat similar to ‘Merge’ in Chomsky's
Minimalist Program (Chomsky, 1995)). Syntactic unification cap-
tures both sustained working memory processes during sentence
comprehension (keeping lexical–syntactic information online) and
the transient processes of selecting between alternatives and
building of a phrase structure (manipulating this information)
(Fiebach et al., 2005; Hagoort, 2005).

In a recent fMRI study, we showed that the left posterior middle
temporal gyrus (LpMTG) subserves the retrieval of lexical–syntactic
information from the mental lexicon, while the left posterior inferior
frontal gyrus (LpIFG) is involved in combining this information on-
line into a sentence structure (Snijders et al., 2009). The lexical–
syntactic information here specifies the possible structural environ-
ment of a lexical item (Vosse and Kempen, 2000). In the Snijders et al.
study (2009), subjects read sentences and word sequences containing
word-category (noun/verb) ambiguous words at critical positions.
Regions contributing to the syntactic unification process should show
enhanced activation for sentences compared to words, and increased
activation for ambiguous compared to unambiguous conditions only
when the target words are presented within a sentence, but not when
presented in a random-word sequence. The LpIFG showed this
predicted pattern, indicating that it is involved in syntactic unification.
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Presentation of a noun–verb ambiguous word in a neutral context
triggers the retrieval of both the noun and the verb version of the
ambiguous word (Seidenberg et al., 1982; Duffy et al., 1988). Thus,
regions subserving the retrieval of lexical–syntactic information from
memory should show more activation for ambiguous than unambig-
uous conditions (i.e., main effect over both sentences and random-
word sequences). This pattern was observed in the LpMTG, signaling
its involvement in the retrieval process. The pattern of results
suggested a dynamic interplay between these two regions in the
unification process (Snijders et al., 2009). Additionally, we found
activations in right inferior frontal gyrus (RIFG) and right mid-
posterior middle temporal gyrus (RpMTG) for ambiguous compared
to unambiguous conditions when presented in sentences but not
when presented in word sequences. We also found an effect of
ambiguity in the striatum (part of the basal ganglia, BG) in both word
sequence and sentence contexts (for further details, see Snijders et al.
(2009)).

A number of studies, predominantly outside the language domain,
have shown that the sustained activation of representations in
posterior cortices is under the dynamic top-down control of frontal
cortex (Tomita et al., 1999; Fuster, 2001; Miller and Cohen, 2001;
Curtis and D'Esposito, 2003; Miller and D'Esposito, 2005; Fiebach
et al., 2006; Fuster, 2008). Furthermore, these representations can be
manipulated, flexibly updated, and integrated over time in the frontal
cortex (Thompson-Schill et al., 1997; Fuster, 2008). Syntactic
unification might, therefore, be the result of LpIFG interacting with
representational brain regions in the posterior temporal lobe
(Snijders et al., 2009). This hypothesis was not directly tested in our
previous fMRI study where we only examined the pattern of
activation, rather than directly testing whether LpIFG and LpMTG
were functionally connected during syntactic unification. If lexical–
syntactic representations in LpMTG are modulated by frontal top-
down processes, then we should observe evidence of “crosstalk”
between LpIFG and LpMTG during language processing – evidence of
effective connectivity – rather than mere co-activation of the two
regions of interest. The aim of the current study, therefore, was to
explicitly examine the connectivity between LpIFG and LpMTG during
unification processes by testing for psychophysiological interactions
(PPI) (Friston et al., 1997). We tested which brain areas showed
enhanced coupling with LpIFG and LpMTG during sentence-level
unification. We hypothesized that effective connectivity between
LpIFG and LpMTGwould be larger in ambiguous than in unambiguous
sentences, and that the ambiguity effect would be absent for word
sequences.

Classically, language processing has been localized in the left
frontal and temporal brain regions. The role of right hemisphere (RH)
regions and the basal ganglia in language processing is still a matter of
debate (RH e.g.: Faust and Chiarello, 1998; Kircher et al., 2001;
Bookheimer, 2002; Jung-Beeman, 2005); BG e.g.: (Copland et al.,
2000; Lieberman, 2001; Friederici et al., 2003; Frisch et al., 2003;
Ullman, 2004; Crosson et al., 2007). In the present study we also
examined if the RIFG, RpMTG, and the striatum (regions showing an
ambiguity effect in our previous study, see above) are functionally
connected to the unification network. We were interested in whether
1) the right hemispheric regions show connectivity patterns similar to
their left hemispheric counterparts, 2) the striatum shows enhanced
connectivity to LpIFG and/or LpMTG during ambiguity processing,
and 3) if this enhanced connectivity differs in a sentence versus a
word-list context.

Thus, the goal of the current study was to identify how
combinatorial processes in language modulate the connectivity
between left frontal and temporal regions in the brain, and how the
RH and the striatum are functionally connected to the unification
network. More specifically, we investigated how word-category
ambiguity in a sentence versus a word context alters the connectivity
in cortical and subcortical networks.
Materials and methods

Participants

Twenty-eight right-handed healthy volunteers (14 females, mean
age 23, range 18–35) participated in the experiment. All participants
were highly educated native Dutch speakers with no history of
neurological illness or head injury. Subjects were paid for their
participation. Six additional subjects were scanned but excluded from
analysis because of excessive movement in the MR-scanner (2
subjects) or poor task performance (4 subjects, see below). The
study was approved by the local ethics committee and all participants
gave written informed consent prior to the experiment in accordance
with the Declaration of Helsinki.

Stimulus material

The stimuli consisted of 68 (Dutch) sentences (S) and 68 matched
scrambled sequences of Dutch words (W). Both the sentences and the
word sequences contained a critical word that was either word-class
(noun/verb) ambiguous (A) or unambiguous (U). The critical word in
the sentences was disambiguated by the continuation of the sentence
into either a noun (n) or a verb (v) reading. In total, this resulted in
eight possible conditions: SAn, SAv, SUn, SUv, WAn, WAv, WUn and
WUv (see Table 1 for examples).

The ambiguous words were equibiased, that is, there was no
strong preference for the noun over the verb interpretation or vice
versa. This was brought out both by lexical frequencies as occurring in
Dutch lexical databases (Baayen et al., 1993; Beek et al., 2001), as well
as by a pre-test, on a different group of participants, where subjects
had to complete sentence fragments ending with the ambiguity (e.g.
“Zodra jullie bewijzen…”). The ambiguous sentences were constructed
such that both categories of the critical word fitted syntactically as
well as semantically with the initial part of the sentences (up to and
including the critical word); the sentences were disambiguated by the
subsequent part of the sentence (after the ambiguous word; see
Table 1 for an example). Word sequences were constructed from the
sentences by substituting every word (except the critical word) by a
different word, matched for length, frequency, and word category,
and subsequently scrambling the order of the words in the sequence
(except the critical word). For a full description of experimental
materials, see Snijders et al. (2009).

Procedure

Stimuli were presented using the serial visual presentation
method (i.e. word by word in the middle of the screen) using the
Presentation software (Version 9.13, www.neuro-bs.com). Every
word remained on the screen for 300 ms, with a 200 ms inter-
word-interval. Between the sequences of words (sentences or
random), a visual fixation cross was presented for 5–8 s (low-level
baseline). The participants were instructed to read each sentence/
sequence carefully and attentively, and were told that after the
experiment some questions concerning the experiment would have to
be answered. The participants' task was spotting the consonant-
strings (e.g., cdsnl), that were presented in 36 of the fillers (18
sentences and 18 sequences). This simple control task was added to
check whether subjects were paying attention. Subjects were defined
as poor task performers if they made more than five errors (missing
hits and false alarms) on the task, suggesting that these subjects did
not pay enough attention to the stimuli.

Every subject saw 68 sentences and 68 word sequences (ambig-
uous/unambiguous; in noun/verb version), intermingled with 56
fillers (28 sentences and 28 sequences). No subject encountered the
same critical word or context sentence/sequence more than once.
Stimuli were presented in mini-blocks of three to four sentences or

http://www.neuro-bs.com


Table 1
Example of the experimental materials, with the critical word bewijzen (evidence/to
prove).

SAn: sentence ambiguous (noun context)
Zodra jullie bewijzen(n/v) leveren kunnen we beginnen.
As-soon-as you evidence(n/v) provide can we start.
(As soon as you provide evidence(n/v) we can start.)

SUn: sentence unambiguous (noun context)
Zodra jullie kopij(n) leveren kunnen we beginnen.
As-soon-as you copy(n) provide can we start.
(As soon as you provide copy(n) we can start.)

SAv: sentence ambiguous (verb context)
Zodra jullie bewijzen(n/v) dat hij erbij betrokken is arresteren we hem.
As-soon-as you prove(n/v) that he in-it involved is arrest we him.
(As soon as you prove(n/v) that he is involved we will arrest him.)

SUv: sentence unambiguous (verb context)
Zodra jullie beweren(v) dat hij erbij betrokken is arresteren we hem.
As-soon-as you claim(v) that he in-it involved is arrest we him.
(As soon as you claim(v) that he is involved we will arrest him.)

WAn: words ambiguous (derived from SAn)
genoemd tegen bewijzen(n/v) uit helaas gezeten jullie
named against proof/prove(n/v) from alas seated you

WUn: words unambiguous (derived from SUn)
genoemd tegen kopij(n) uit helaas gezeten jullie
named against copy(n) from alas seated you

WAv: words ambiguous (derived from SAv)
in nogal bewijzen(n/v) meestal maar dit in struikelen hem verschil
opeens
in quite proof/prove(n/v) mostly but this in stumble him difference suddenly

WUv: words unambiguous (derived from SUv)
in nogal beweren(v) meestal maar dit in struikelen hem verschil opeens
in quite claim(v) mostly but this in stumble him difference suddenly

Critical words are underlined; the English translations are italicized.
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word sequences. All mini-blocks were shorter than 40 s. Before each
block the label “Zinnen:” (“Sentences:”) or “Woorden:” (“Words:”)
appeared on the screen (for 1.5 s) to indicate the condition of the
following mini-block, which started after a fixation cross of 1–3 s. We
expected the labels to encourage (“Sentences”) or discourage
(“Words”) attempts to syntactically/semantically integrate the
stimulus items in the upcoming mini-block. The ambiguous/unam-
biguous and verb/noun conditions were intertwined within the mini-
blocks in a pseudo-randomised presentation order.

fMRI data acquisition

During the sentence/sequence presentation we acquired T2*-
weighted EPI-BOLD fMRI data with a SIEMENS Trio 3 T MR-scanner in
one session, using an ascending slice acquisition sequence (∼1190 EPI
volumes, volume TR=2 s, TE=35ms, 90° flip-angle, 29 slices, slice-
matrix size=64×64, slice thickness=3 mm, slice gap=.5 mm,
FOV=224 mm, voxel size=3.5×3.5×3.0 mm). At the end of the
scanning session, a structuralMR image volumewas acquired for which
a high-resolution T1-weighted 3D MPRAGE sequence was used
(TE=3.93 ms, 8°flip-angle, 192 sagittal slices, slice thickness=1.0 mm,
voxel size=1×1×1 mm).

Data analysis

To enable comparisonswith the published conventional analysis of
this study (Snijders et al., 2009) we preprocessed the data in the
identical manner. See Snijders et al. (2009) for the results of the
conventional subtraction analysis. The group results of this analysis
were used for choosing the regions of interest (ROIs) for the
connectivity analysis.

Image preprocessing and statistical analysis were performed using
Statistical Parametric Mapping (SPM2; www.fil.ion.ucl.ac.uk/spm).
The first five image volumeswere discarded in order to avoid transient
non-saturation effects. The functional EPI-BOLD images were re-
aligned, slice-time corrected, and the subject-mean functional MR
images were co-registered with the corresponding structural MR
images using mutual information optimization. Subsequently, func-
tional images were normalized to a Montreal Neurological Institute
(MNI)-aligned echo planar imaging template (based on 28male brains
acquired on the Siemens Trio at the Donders Centre) and resampled to
an isotropic voxel size of 2 mm3. Finally, the normalized images were
spatially filtered by convolving the functional imageswith an isotropic
3D Gaussian kernel (10 mm full width at half maximum).

The fMRI data were proportionally scaled to account for various
global effects, and analyzed statistically using the general linearmodel
and statistical parametric mapping, using a mixed-design procedure
(Friston et al., 2007). At the first-level, single-subject fixed effect
analyses were conducted. The linear model included mini-block
regressors to model the sentence/sequence presentation from the
onset of the critical word to the offset of the sentence/sequence-final
word. The beginnings of sentences/sequences and filler items were
modeled together as a regressor of no interest (other words, OW), and
the presentation of the fixation cross (FIX) was modeled as explicit
baseline.We temporally convolved the explanatory variables with the
canonical hemodynamic response function provided by SPM2. We
included the realignment parameters for movement artifact correc-
tion and a temporal high-pass filter (cut-off 128 s) to account for
various low-frequency effects as effects of no interest. Temporal
autocorrelation was modeled as a first-order plus white noise
autoregressive process.

For the second-levelwhole brain subtraction analysis, we generated
single-subject contrast images for the SAn, WAn, SUn, WUn, SAv, WAv,
SUv, andWUv items relative to thebaseline FIX, andused these in a one-
way random effects repeated measures ANOVA (including the factors:
condition [8] and subject [28]). SPM[T] volumes were generated for the
effect of grammaticality (i.e., sentencesNwords) and the effect of
ambiguity (ambiguousNunambiguous). Additionally, SPM[T] volumes
were created for the effect of ambiguity within the sentences or word
sequences context separately (SANSU andWANWU). For the results of
this subtraction analysis, see Snijders et al. (2009).

Regions of interest (ROIs)
Regions of interest were chosen based on involvement in the

syntactic unification process (Snijders et al., 2009). Seven regions of
interest (ROIs) were specified for each individual: the left posterior
inferior frontal gyrus (LpIFG, BA 44/6/9), the left anterior inferior
frontal gyrus (LaIFG, BA 45/47), the left posterior middle temporal
gyrus (LpMTGi, BA 37/20/21), the right inferior frontal gyrus (RIFG, BA
45), the right mid-posterior middle temporal gyrus (RpMTG, BA 20),
the right striatum (Rstriatum), and the left striatum (Lstriatum). Fig. 1
illustrates the spatial location of these ROIs on a model brain. The ROIs
were defined as 8-mm radius spheres with the origin at specific
coordinates based on the group-analysis results of Snijders et al.
(2009). For LpIFG, RIFG, and RpMTGpeak coordinateswere taken from
the sentence-ambiguousNsentence-unambiguous (SANSU) contrast.
For both the SANSU contrast and the main effect of ambiguity (ANU)
the peak voxel in LpMTG was at [−52 −50 −8], which was taken as
ROI centre for LpMTG. As this ROI was located on the border of the
inferior temporal sulcus, wewill refer to it as LpMTGi fromnowon. The
right striatumshowed amain effect of ambiguity (Snijders et al., 2009),
we used the peak voxel ([24 0 8]) for ROI definition. Additionally the
left hemispheric counterpart of the right striatumROIwas added as ROI
(Lstriatum). Furthermore we added a more anterior part of the LIFG as
a control ROI (LaIFG, [−42 26 6]). Ameta-analysis (Bookheimer, 2002)
suggests that activations related to semantic processing in LIFG are
centered around these coordinates (Petersson et al., 2004). All ROIs are
displayed in Fig. 1; see the figure caption for MNI coordinates.

Psychophysiological interactions analysis
In the current study we explored whether the ROIs show

differential coupling with other brain regions depending on the
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Fig. 1. Regions of interest (ROIs). Cortical ROIs projected onto a rendered template brain surface in MNI stereotactic space (left), and striatal ROIs displayed on a coronal view of the
brain (right). All ROIs are 8 mm spheres around certain peak coordinates. (1) LpIFG [−44 0 22]; (2) LpMTGi [−52 −50 −8]; (3) LaIFG [−42 26 6]; (4) RpMTG [48 −34 −14];
(5) RIFG [46 28 6]; (6) Rstriatum [24 0 8]; (7) Lstriatum [−24 0 8].
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experimental conditions, using the psychophysiological interactions
(PPI) described by Friston et al. (1997). The statistical model testing
for psychophysiological interactions is a simple regression model of
effective connectivity (Friston, 2002). Friston et al. define the
contribution of a seed region to another region as the degree to
which the activity in the second region can be predicted on the basis
of activity of the first. A psychophysiological interaction reflects the
change in this contribution depending on an experimental manipula-
tion (Friston et al., 1997; Friston, 2002). Thus, a psychophysiological
interaction expresses which brain regions (on a voxel-by-voxel basis)
show an enhanced coupling (as evidenced by a steeper regression
slope) with a region of interest (seed region) during one experimental
condition compared to another condition (Friston et al., 1997). There
are two possible interpretations of a PPI (see Friston et al., 1997): a
condition change (in our case: ambiguity) modulates the degree to
which activity in one region can be predicted on the basis of activity in
the seed region, or, the seed regionmodulates the response of another
region to the psychological factor (ambiguity).

For every ROI, two PPI analyses were performed: one looking for
enhanced coupling of the seed region with other regions in the brain
for sentence-ambiguous compared to sentence-unambiguous condi-
tions (SANSU), and one looking for enhanced coupling of the seed
region with other regions in the brain for word-ambiguous compared
to word-unambiguous conditions (WANWU).

For each subject and for each ROI, the physiological activity of the
seed regions was summarized as the first eigenvariates of the time
series of all active voxels within an 8 mm radius sphere centered on
the most significant voxel within the ROI. Significance of voxels was
based on the following contrasts: for LIFG and RIFG we used the
sentencesNwords contrast to identify active voxels, while for LpMTGi,
RpMTG, and the striatum the ambiguousNunambiguous contrast was
used (both pb .05 uncorrected). When there were less than 5 voxels in
the ROI that met the above criteria, the statistical threshold was eased
on an individual subject basis (see Supplementary Table 1). To
estimate underlying neuronal activity the physiological activity of the
seed region was deconvolved (Gitelman et al., 2003).

The PPI regressor was obtained by multiplying the estimated
neuronal activity from the seed region with a vector coding for effects
of ambiguity withinword lists or sentences (SANSU: 1 for ambiguous-
sentence condition, −1 for unambiguous-sentence condition;
WANWU: 1 for ambiguous-word condition, −1 for unambiguous-
word condition; see above). Then, a whole brain analysis (single-
subject level) was performed using the general linear model in SPM2,
using as predictor variables the PPI regressor, the experimental
contrast (SANSU or WANWU), and the estimated neuronal activity
from the seed region. We temporally (re)convolved the explanatory
variables with the canonical hemodynamic response function pro-
vided by SPM2. We included the realignment parameters for
movement artifact correction and a temporal high-pass filter (cut-
off 128 s) to account for various low-frequency effects as effects of no
interest. Temporal autocorrelation was modeled as a first-order plus
white noise autoregressive process. For each ROI, participant specific
PPI models were run, and contrast images were generated for the PPI
regressor. The identified regions have greater connectivity with the
seed region for ambiguous than unambiguous conditions.

Finally, for each seed region, individual PPI contrast images were
entered into a one-sample t-test at the second (group) level. Whole
brain family-wise error correction for multiple comparisons was
applied by combining a significance level of pb .005, uncorrected at
the voxel-level, with a cluster extent threshold of pb .05 corrected for
multiple comparisons (Forman et al., 1995; Friston et al., 1996).

Anatomical inference
All local maxima are reported as MNI coordinates (Evans et al.,

1993). Relevant anatomical landmarks were identified and Brodmann
areas were defined using the Atlas of the Human Brain (Mai et al.,
2004) and MRIcro (Rorden and Brett, 2000) using the AAL template
(Tzourio-Mazoyer et al., 2002) and the Talairach Daemon (Lancaster
et al., 2000).

Results

Left hemisphere

Seed region: LpIFG
We hypothesized that the LpIFG would modulate the activity in

the LpMTG in response to the unification process. Indeed, LpIFG
showed an enhanced coupling during sentence-ambiguous compared
to sentence-unambiguous conditions with a region in LpMTG,
bordering the superior temporal sulcus (LpMTGs; see Fig. 2A and
Table 2). The activated region in LpMTGs was slightly superior to our
region of interest in LpMTG (our ROI, LpMTGi, being located on the
border of the inferior temporal sulcus). See Fig. 3A for a comparison of
the two regions. No regions showed larger connectivity with LpIFG for
word-ambiguous compared to word-unambiguous conditions. Thus,
only in a sentence context the LpIFG is modulating activity in LpMTGs
more for ambiguous than unambiguous items.

Seed region: LaIFG
To explore whether other regions within LIFG are in a similar way

modulating posterior regions during unification, we included another
region of the LIFG, which was located more anterior than LpIFG, to
serve as a control ROI (LaIFG, see Materials and methods). LaIFG
showed no enhanced coupling with other brain regions for sentence-
ambiguous compared to sentence-unambiguous conditions, nor for
word-ambiguous compared to word-unambiguous conditions (see
Table 2). Thus, the enhanced connectivity between LpIFG and LpMTGs
is specific to the posterior part of LIFG.

image of Fig.�1


Fig. 2. PPI connectivity analysis results for left hemispheric cortical seed regions. Enhanced connectivity with the seed region (S, blue) for sentence-ambiguous (SA) compared to
sentence-unambiguous (SU) conditions shown in yellow/red, and enhanced connectivity with the seed region for word-ambiguous (WA) compared to word-unambiguous (WU)
conditions in green. Seed regions: (A) LpIFG; (B) LpMTGi. Significant activations projected onto a rendered template brain surface in MNI stereotactic space (left), and displayed on
an axial view of the brain (right). The left side of the axial image corresponds to the left side of the brain. Activations shown at voxel-level Puncorrb .005, cluster-level PFWEb .05.
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Seed region: LpMTGi
LpMTGi showed more connectivity for sentence-ambiguous than

for sentence-unambiguous conditions with left inferior frontal gyrus
(LIFG), as well as with left middle temporal gyrus (LMTG, superior to
ROI), right anterior middle temporal gyrus (RaMTG), left posterior
inferior temporal gyrus (LpITG) and right occipital gyrus (ROcG; see
Fig. 2B and Table 2). The activated region in LpITG coincides with the
so-called visual word form area (VWFA, see e.g. McCandliss et al.,
Fig. 3. Comparison of activations in LpMTGi and LpMTGs. (A) Main effect of ambiguity in LpM
by LpIFG for sentence-ambiguous (SA) compared to sentence-unambiguous (SU) condition
voxel-level Puncorrb .005. (B) Peri-stimulus time histograms for LpMTGs (red) and LpMTGi (
sentence (left) and word sequence (right) context. Peri-stimulus time histograms were ext
marsbar.sourceforge.net/). Every time bin consists of 1 TR (2 s).
2003). For word-ambiguous compared to word-unambiguous condi-
tions LpMTGi showed enhanced coupling with a region in left mid-
MTG/posterior STG (see Fig. 2B (green) and Table 2).

Thus, for ambiguous sentences there is more connectivity
between LpMTG and LIFG than for unambiguous sentences. The
enhanced connectivity between LIFG and LpMTG as a result of word-
category ambiguity (or ambiguity resolution) was only evident in
the sentence, but not in the word sequence, condition. Both LpIFG
TGi is shown in blue (see Snijders et al., 2009). The region in LpMTGs that is modulated
s is shown in red (see Fig. 2A). Activations are displayed on a template, sagittal view,
blue), showing ambiguous (solid lines) and unambiguous (striped lines) conditions in
racted using a finite impulse response (FIR) method implemented in MarsBaR (http://

image of Fig.�2
image of Fig.�3
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Table 2
PPI connectivity results for left hemispheric cortical seed regions (LpIFG, LpMTGi, and LaIFG).

Seed PPI Region BA Cluster
size

Cluster p
(corrected)

Voxel
T27 value x y z

LpIFG SANSU L posterior MTG/STS 443 .002
[−44 0 22]
BA 44/6/9

L post-MTG/STS 22 4.76 −68 −40 6
L post-MTG 21 3.91 −54 −50 6
L mid-MTG 21 3.73 −68 −28 0

WANWU No significant clusters

LpMTGi SANSU LMTG 2383 b.001
[−52 −50 −8]
BA 37/20/21

L mid-M/ITG 20/21 6.21 −56 −24 −14
L ant-MTG 21 5.32 −56 −2 −24
L mid/post-MTG 21/22 4.93 −62 −34 0

LIFG 1005 b.001
L post-IFG(Oper) 44 4.54 −46 12 20
L ant-IFG(Orb) 47 4.50 −38 36 −20
L IFG(Tri) 45 4.46 −54 28 2

R anterior M/ITG 679 b.001
R ant-M/ITG 20/21 5.99 52 −6 −26
R ant-MTG/TempPole 21 5.43 62 4 −18
R mid-M/ITG 20/21 4.87 50 −16 −20

LpITG/LFuG 573 .001
L post-ITG/IOcG/FuG 37 4.79 −44 −62 −10
L FuG 37 4.51 −42 −56 −20
L FuG 19/37 4.19 −40 −64 −18

ROcG 439 .006
R IOcG 19 4.24 42 −82 −10
R IOcG 18/19 4.20 36 −92 −4
R OcG/post-ITG 19 3.77 52 −78 −2

WANWU L mid/post-M/STG 382 .013
L post-M/STG 22/42 4.25 −56 −38 12
L mid-MTG 21 4.00 −60 −28 −4
L mid-M/STG 21/22 3.28 −56 −30 4

LaIFG SANSU No significant clusters
[−42 26 6]
BA 45/47

WANWU No significant clusters

Note. Significant activation peaks N8 mm apart (voxel-level pb .005 uncorrected, cluster-level pb .05 FWE corrected). Multiple peaks within a single activation cluster (italicized) are
shown indented. BA=Brodmann area; T27 value=T value for 27 degrees of freedom; x,y,z=the original SPM x,y,z coordinates in millimeters of the MNI space; SA=sentence-
ambiguous; SU=sentence-unambiguous; WA=word-ambiguous; WU=word-unambiguous; L=left; R=right, post=posterior; ant=anterior; I=inferior; M=middle;
S=superior; TG=temporal gyrus; FG=frontal gyrus, Oper=pars opercularis; Orb=pars orbitalis; Tri=pars triangularis; TS=temporal sulcus; TempPole=temporal pole;
FuG=fusiform gyrus; OcG=occipital gyrus.
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and LpMTGi are modulating the activity of a region that is situated
slightly posterior to our ROI in LpMTGi (see Fig. 3A). Fig. 3B displays
the time-course of LpMTGi and the more superior LpMTGs for SA,
SU, WA, and WU conditions. An ANOVA on the mean contrast
estimates of LpMTGi and LpMTGs showed that LpMTGs was
activated more strongly than LpMTGi for both word sequence and
sentence conditions (Fregion (1,27)=31.71, pb .001, see Fig. 3B).
Furthermore, the grammaticality effect (sentencesNword sequences)
was larger in LpMTGs (Fregion × gram (1,27)=11.36, p=.002;
FLpMTGi: gram (1,27)=50.72; pb .001; FLpMTGs: gram (1,27)=111.97;
pb .001), while the main effect of ambiguity was only significant in
LpMTGi (Fregion×amb (1,27)=8.65, p=.007; FLpMTGi: amb (1,27)
=13.38; p=.001; FLpMTGs: amb (1,27)=1.20; p=.283). For both
regions there was an ambiguity by grammaticality interaction (F-
region×amb×gramb1; FLpMTGi: amb×gram=6.98, p=.014; FLpMTGs: amb×-
gram=7.47, p=.011), with a significant effect of ambiguity in the
sentence condition (SANSU: LpMTGi: T(27)=4.72, pb .001; LpMTGs: T
(27)=2.53, p=.009; WANWU: LpMTGi: T(27)=1.40, p=.086;
LpMTGs: T(27)=−1.18, p=.125).

Right hemisphere

Seed region: RIFG
The RIFG showed more connectivity for sentence-ambiguous

compared to sentence-unambiguous conditions with the precuneus,
LpMTGs, RpMTGs, and R anterior/mid-MTG (see Table 3 and Fig. 4A).
Note that the coupling between RIFG and LIFG was not modulated by
sentence ambiguity. RIFG did not show larger connectivity to other
brain regions for word-ambiguous compared to word-unambiguous
conditions.

Seed region: RpMTG
RpMTG showed enhanced coupling for sentence-ambiguous com-

pared to sentence-unambiguous conditions with LMTG, LIFG, the left
fusiform gyrus (LFuG, VWFA), and Rmid-MTG (see Table 3 and Fig. 4B).
RpMTG showed no larger connectivity with other brain regions for
word-ambiguous compared to word-unambiguous conditions.

Subcortical regions

Seed regions: striatum
The PPI results for the L+R striatum can be seen in Table 4 and

Fig. 5. Both right and left striata showed enhanced coupling with
several brain regions for ambiguous compared to unambiguous
conditions.

For sentence-ambiguous compared to sentence-unambiguous
conditions Rstriatum showed a larger connectivity with LpMTGs
and ROcG, while the enhanced coupling with LIFG did not survive
multiple comparisons correction. Lstriatum showed a larger connec-
tivity with LpMTGs, RMTG, and LpIFG for sentence-ambiguous
compared to sentence-unambiguous conditions. For word-ambiguous
compared to word-unambiguous conditions, connectivity was



Table 3
PPI connectivity results for right hemispheric cortical seed regions (RIFG and RpMTG).

Seed PPI Region BA Cluster
size

Cluster p
(corrected)

Voxel
T27 value x y z

RIFG SANSU Calcarine gyrus/Pcun 1299 b.001
[46 28 6]
BA 45

L CalcG 17/18 4.79 −12 −70 12
Lingual G/CalcG 17 4.76 0 −64 10
Pcun/CalcG 30/17/23 4.00 −4 −56 12

L posterior M/STG 853 b.001
L post-MTG 39/21/37 4.37 −50 −60 20
L post-MTG/STS 21/22 4.01 −52 −50 8
L post-MTG/STS 21/37 3.98 −56 −54 14

R posterior M/STG 541 .001
R post-M/STG 39 4.88 58 −66 22
R post-MTG 37 4.67 58 −62 10
R post-MTG/AngG 39 3.46 52 −72 26

R anterior/mid-MTG 346 .018
R ant-MTG 21 3.98 52 −2 −24
R mid-MTG 20/21 3.75 68 −22 −18
R ant-ITG 20/21 3.72 58 −6 −30

WANWU No significant clusters

RpMTG SANSU LMTG 2232 b.001
[48 −34 −14]
BA 20

L mid-MTG 20 5.57 −50 −20 −16
L mid/post-MTG 21 5.47 −56 −32 −6
L post-MTG 21/37 4.96 −48 −48 2

LIFG 1017 b.001
L post-IFG(Tri/Oper) 44/45 4.80 −44 22 18
L post-IFG/FOp 44/45 3.96 −36 18 18
L ant-IFG(Orb) 47 3.82 −42 36 −24

LFuG 626 b.001
L FuG/L ITG 37 4.82 −46 −60 −18
L IOcG 37/19 4.32 −48 −68 −14
L FuG 37 3.90 −34 −56 −16

R mid-MTG 599 b.001
R mid-MTG 20/21 5.18 56 −22 −14
R mid-MTG 20/21 4.22 48 −26 −10
R mid-MTG 21/20/37 3.98 48 −34 −8

WANWU No significant clusters

Note. Significant activation peaksN8 mm apart (voxel-level pb .005 uncorrected, cluster-level pb .05 FWE corrected). Multiple peaks within a single activation cluster are shown
indented. Pcun=precuneus; CalcG=calcarine gyrus; AngG=angular gyrus; FOp=frontal operculum; for additional abbreviations see Table 2.

Table 4
PPI connectivity results for subcortical seed regions (Rstriatum and Lstriatum).

PPI Region BA Cluster
size

Cluster p
(corrected)

Voxel
T27 value x y z

R striatum SANSU LpMTG/STS 910 b.001
[24 0 8] L post-STS 39/21 5.31 −40 −50 16

L post-STS 21 4.31 −44 −44 8
L post-MTG 37/21 4.18 −44 −52 0

ROcG 468 .001
R IOcG 18 4.67 30 −94 −4
R IOcG 19 4.37 44 −86 −10
R IOCG/lingual G 18 4.35 28 −90 −12

WANWU No significant clusters

L striatum SANSU L posterior MTG 1244 b.001
[−24 0 8] L post-MTG 21/37 5.38 −54 −52 0

L post-MTG 21/37 5.14 −46 −50 2
L post-MTG/STS 21 4.57 −50 −52 12

R mid-posterior MTG 417 .005
R mid-MTG 20/21 4.77 50 −22 −10
R mid-M/ITG 20/37 4.27 46 −30 −14
R post-MTG 21 3.76 50 −46 −2

L posterior IFG 337 .015
L post-IFG(Oper) 44 4.72 −38 10 28
L post-IFG(Oper/Tri) 44 3.93 −46 12 28

WANWU L OcG/L posterior ITG 627 .001
L IOcG 18/19 4.36 −38 −88 −10
L IOcG/FuG 19 4.34 −44 −82 −12
L FuG/post-ITG 37/19 4.23 −42 −62 −18

Note. Significant clusters (voxel-level pb .005 uncorrected, cluster-level pb .05 FWE corrected). For abbreviations see Table 2.
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Fig. 4. PPI connectivity analysis results for right hemispheric cortical seed regions. Enhanced connectivity with the seed region (S, blue) for sentence-ambiguous (SA) compared to
sentence-unambiguous (SU) conditions shown in yellow/red. Seed regions: (A) RIFG; (B) RpMTG. Significant activations projected onto a rendered template brain surface in MNI
stereotactic space (left), and displayed on an axial view of the brain (right). The left side of the axial image corresponds to the left side of the brain. Activations shown at voxel-level
Puncorrb .005, cluster-level PFWEb .05.
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significantly enhanced between Lstriatum and LOcG/LpITG only (see
Table 4 and Fig. 5A).
Discussion

The main goal of the current study was to identify whether
unification processes in language modulate the connectivity between
left frontal and temporal brain regions. We hypothesized that in
word-category ambiguous sentences the effective connectivity be-
tween LIFG and LpMTG would be larger than in unambiguous
sentences, while this ambiguity effect would not be present in word
sequences. Our results showed that this was the case. For sentence
ambiguous compared to sentence unambiguous conditions, LpIFG
showed larger connectivity to LpMTGs, while LpMTGi showed larger
connectivity to LIFG (and several other regions in the sentence
processing network). No such enhanced coupling with ambiguity was
observed between LIFG and LMTG in the context of word sequences.
Thus, our results support the hypothesis of enhanced connectivity
between left frontal and temporal regions during the unification
process. However, we did not see direct effective connectivity
between LpIFG and LpMTGi; instead both regions were modulating
a separate brain region slightly superior to LpMTGi: LpMTGs (see
Fig. 3). As Fig. 3B shows, LpMTGs was highly activated for words and
even more so for sentences. Interestingly, in addition to the seed
regions in LpIFG and LpMTGi, LpMTGs also showed enhanced coupling
with the seed regions in RIFG, RpMTG, and the striatum for sentence
ambiguous compared to sentence unambiguous words (see Figs. 4–5
and Tables 2–4). Therefore, this region seems to serve as a hub in the
language processing network.
The roles of LpMTGi and LpMTGs

Both LpMTGi and LpMTGs are known to be involved in the
activation of meanings of words stored in long-term memory1 (e.g.
Vandenberghe et al., 1996; Gold and Buckner, 2002; Bedny et al.,
2008a). Frequently studies have found LpMTGs involvementwhen the
preceding sentence or discourse context results in increased semantic
unification load of a word (e.g. Ni et al., 2000; Kuperberg et al., 2003;
Xu et al., 2005; Willems et al., 2007; Ferstl et al., 2008; Willems et al.,
2008; see Hagoort et al. (2009) for a review). This LpMTGs
involvement in semantic unification might be the result of the
conceptual representation of the individual words in LpMTGs being
constantly maintained and updated by LIFG when newwords come in
(see also Humphries et al., 2007). While LpMTGi has been implicated
in the processing of (semantic) ambiguity in sentences (Rodd et al.,
2005; Davis et al., 2007; Zempleni et al., 2007), LpMTGs seems to be
especially involvedwhen different sources of information converge on
a common conceptual memory representation (Beauchamp et al.,
2004; Hein et al., 2007; Hagoort et al., 2009; Willems et al., 2009).

Furthermore, LpMTGs is involved in the processing of syntacti-
cally complex sentences, which has been attributed to the integra-
tion of lexical–semantic and syntactic information during sentence
comprehension (Friederici et al., 2009). Note that here also dif-
ferent sources of information converge on a common memory
representation.

Both LpMTGi and LpMTGs are activated more for verbs than for
nouns (both: (Grossman et al., 2002; Davis et al., 2004; Bedny et al.,
2008b), LpMTGi: (Warburton et al., 1996), LpMTGs: (Shapiro et al.,
2006)) and more for mental verbs than for motion verbs (Grossman
et al., 2002). Furthermore, LpMTGi is activated more for verbs with
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Fig. 5. PPI connectivity analysis results for subcortical seed regions. Enhanced connectivity with the seed region (S, blue) for sentence-ambiguous (SA) compared to sentence-
unambiguous (SU) conditions shown in yellow/red, and enhanced connectivity with the seed region for word-ambiguous (WA) compared to word-unambiguous (WU) conditions
in green. Seed regions: (A) Lstriatum; (B) Rstriatum. Significant activations projected onto a rendered template brain surface in MNI stereotactic space (left), and displayed on an
axial view of the brain (right). The left side of the axial image corresponds to the left side of the brain. Activations shown at voxel-level Puncorrb .005, cluster-level PFWEb .05.
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multiple verb arguments (den Ouden et al., 2009). This verb effect
might be related to either the more difficult semantic (event)
structure or the more complex lexical–syntactic information of
(mental) verbs (Bedny et al., 2008b). For example, mental verbs
such as believe often carry embedded S-nodes (X believes that Y), and
are thereby syntactically more complex than e.g. action verbs. We
hypothesize that LpMTGi activation reflects the retrieval of lexical–
syntactic frames associated with different word categories (noun,
verb, determiners, etc.). Results of Davis et al. indicate that in LpMTGs
the syntactic word-class effect is presumably more dependent on the
semantic rather than syntactic properties of the experimental items
(Davis et al., 2004). LpMTGi and LpMTGsmight cooperate for retrieval
of lexical–syntactic information and activation of appropriate word
meanings.

The left hemisphere unification network

Our interpretation of the present PPI results is as follows: when a
word-category ambiguous word is presented, lexical–syntactic infor-
mation (syntactic templates for noun and verb) is retrieved from
memory. This process is subserved by LpMTGi (Snijders et al., 2009).
LpMTGi and LpMTGs work in concert for activating the conceptual
representation of the word (both in sentence and word sequence
context). If the ambiguous word is presented in a sentence context,
the lexical–syntactic information given by LpMTGi is used by LpIFG for
syntactic unification. During this process, the conceptual representa-
tion in LpMTGs is updated and maintained by feedback from inferior
frontal gyrus. Future studies will need to give evidence about the
precise division of labor for LpMTGi and LpMTGs between activating
lexical–syntactic versus conceptual representations.

Both LIFG and LpMTG activation has been described in response to
syntactically complex sentences (Keller et al., 2001; Fiebach et al.,
2005), even if stimuli were matched for lexical content (Peelle et al.,
2010). One possible interpretation of this pattern of results is that
LpMTG plays a role in unification that is similar to that of LIFG.
However, we favor an alternative interpretation: Sentence processing
requires sustained activation of lexical–syntactic information (Snijders
et al., 2009). The lexical–syntactic information is most likely not
‘copied’ from the area necessary for its retrieval (LpMTG) to the area
necessary for unification (LIFG). Instead, the sustained activation of
lexical–syntactic information could be triggered by feedback from the
LIFG to the LpMTG (see Vosse and Kempen (2009) for a computational
implementation hereof). The amount and/or duration of lexical–
syntactic activation is a function of the unification load imposed by the
combinatorial operations necessary for unification. Although we
suggest a certain division of labor between LpMTG and LIFG in the
retrieval and unification of lexical–syntactic information respectively,
we hypothesized that the continuous interplay between these regions
is needed for successful syntactic unification (Snijders et al., 2009). The
current study found direct evidence for LIFG and LpMTG working in
concert during syntactic unification processes.

Right hemisphere and the unification network

Second, in an exploratory fashion, we investigated how RIFG and
RpMTG are functionally connected to the unification network. Both
RH regions get involved in sentence processing when confronted with
a word-category ambiguity. For word-ambiguous compared to word-
unambiguous conditions RIFG and RpMTG did not show enhanced
connectivity to other brain regions. For sentence-ambiguous com-
pared to sentence-unambiguous conditions, RpMTG showed differ-
ential connectivity to the left hemispheric language processing
network. RIFG modulated the response of RpMTGs to sentence
ambiguity, in a similar way as LpIFG modulated the response of
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LpMTGs. This suggests that, at least for RIFG, involvement of right
hemisphere regions in the unification process is not solely due to
interhemispheric connections between homotopic regions. The
results are in agreement with data suggesting that the right
hemisphere gets involved with sentence processing when context is
needed for the disambiguation of alternative interpretations (see e.g.
Faust and Chiarello, 1998; Kircher et al., 2001; Bookheimer, 2002;
Grindrod and Baum, 2005; Menenti et al., 2009; Tesink et al., 2009).
Striatum and the unification network

Third, we investigated how the striatum is functionally connected
to the unification network. Does the striatum show enhanced
connectivity to LIFG and/or LpMTG during ambiguity processing,
and does this enhanced connectivity differ in a sentence versus a
word-list context? Although in the subtraction analysis there was no
difference in striatal ambiguity effect for sentence and word sequence
conditions (Snijders et al., 2009), the connectivity analysis showed
very different results for the striatum in the context of sentences
versus words. For word-ambiguous compared to word-unambiguous
conditions the striatummodulated activity in low-level visual regions
only. However, for sentence-ambiguous compared to sentence-
unambiguous conditions also regions in left and right MTG and in
LIFG showed enhanced coupling with the striatum (see Table 4 and
Fig. 5). Thus, the PPI analysis revealed that the striatum is functionally
connected to cortical regions for word and sentence-level ambiguities,
but, importantly, to a different network of cortical regions depending
on whether the context is a sentence or a sequence of words.

Syntactic unification requires the maintenance and on-line
integration of lexical–syntactic representations over time, and the
flexible and selective updating of these representations (selecting
among competing alternatives, see Hagoort (2005)). In the context of
working memory (WM) research, the focus has traditionally been on
the role of the prefrontal cortex (PFC) in maintenance and updating of
information. Recently also the striatum has been found to play a role
in the updating of representations (Frank et al., 2001; Gruber et al.,
2006; Cools, 2008; McNab and Klingberg, 2008). The basal ganglia
(BG) might provide a dynamic gating mechanism for WM by
momentarily inhibiting or disinhibiting the PFC, thus enabling (but
not directly causing) e.g. lexical–syntactic information to be actively
relayed to PFC (Hazy et al., 2007). This is much like the BG
involvement in gating the selection of actions in motor operations
(Mink, 1996) and in agreement with interpretations of BG contribu-
tion to language processing (e.g., Crosson et al., 2007).

How can we explain our results in the light of existing knowledge
on the basal ganglia? Salient events (such as in our case ambiguous
words) elicit dopamine release (Schultz et al., 1993; Zink et al., 2006),
thereby reducing the BG threshold for facilitating/suppressing a
cortical command in response to particular stimuli (Frank, 2005), and
thus providing a relevance signal for cortical areas involved in word
processing and unification. In word sequences, the saliency of
ambiguous lexical–syntactic representations is only relevant for
lower-level word processing regions, which results in higher
connectivity of the striatum to LpITG/LOcG (coinciding with the
visual word form area (McCandliss et al., 2003)). The unification
operations on the lexical–syntactic representations are essential only
in a sentence context. Thus, inferior frontal and striatal regions may
cooperate for performing unification operations on lexical–syntactic
representations retrieved from LpMTG only in this type of context.
Evidence that the striatum can modulate information transfer
between cortical regions comes from a recent study using dynamic
causal modeling (den Ouden et al., 2010).

Obviously, cortico-striatal loops function as an integrated system,
where it is difficult to segregate functional roles of nodes in the
system. Whether during sentence unification the striatum is directly
or indirectly modulating activity in LpIFG, LpMTG, or the connection
between these regions, remains a question for further research.

Conclusion: the unification network

In this study we investigated the unification brain network using
psychophysiological interactions. The results show that bilateral
inferior frontal and posterior temporal gyri are functionally connected
during unification. Furthermore, the striatum is functionally
connected to the cortical unification network. Connections between
LIFG and the striatummight control the extraction of lexical–syntactic
information from left posterior temporal regions in the service of the
unification operations subserved by LIFG (see also O'Reilly and Frank
2006; Dayan, 2008). RIFG and RpMTG get involved in unification
when context is needed for the disambiguation of alternative
interpretations.

Although language in the brain has been studied since the 19th
century, the study on network interactions during sentence compre-
hension has only just begun (Hampson et al., 2002; Homae et al.,
2003; Prat et al., 2007; Chow et al., 2008; Tyler and Marslen-Wilson,
2008). The current study adds important insights to this emerging
field, and provides important input for further studies on unification
dynamics, for example using dynamic causal modeling (Friston et al.,
2003).
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