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Abstract
Agreement computation is one of the pillars of language comprehension. In this fMRI

PT

study, we investigated the neuro-cognitive processes of agreement associated with
number feature covariance in subject-verb agreement and determiner-noun concord in

RI

Spanish by creating mismatches (ella/*ellas corre, she/*they dances vs. el/*los anillo,
thesg/*thepl ring). The results evidenced the engagement of a common bilateral fronto-

SC

parietal monitoring system, not language specific, and a left fronto-temporal system that
seems to be specifically related to different aspects of phrase and sentence processing.

NU

In particular, the major difference was found in the anterior portion of the left MTGSTG, which we relate to fine-grained syntactic-combinatorial building mechanisms

MA

apparently controlled by the pars opercularis within the LIFG. These results suggest that
general conflict-monitoring processes operate in parallel with language-specific
mechanisms that are sensitive to the specificity of agreement type for the detection of

D

feature covariance among sentence constituents. Specifically, the coupling between

TE

these frontal and temporal regions seems to be flexible enough to show sensitivity to the
fine-grained combinatorial mechanisms that underlie nominal and subject-verb
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agreement.
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Introduction
Languages differ in the devices used to signal relations among words but not in the
ultimate goal that these devices have, which is to maximize the expressive power of

PT

language (Miyagawa et al., 2013) by signaling referents and their roles to the
reader/hearer. For example, languages such as Japanese identify participants in the

RI

event, their roles (e.g. agent, patient) and their attributes (e.g. definiteness) through
discourse-based devices such as topic-marking, i.e. by morphologically marking the

SC

element that represents the topic of the sentence. On the other hand, Romance languages
such as Spanish and Italian efficiently rely on agreement and agreement features: the

NU

gender, number and person information carried by nouns is displayed in several other
sentence parts (e.g. verbs, determiners, adjectives, pronouns), as exemplified in (1)

MA

below.

(1) Los3.pl.masc libros3.pl.masc que ella3.sg. fem. quiere3.sg. son3.pl. míos3.pl.masc.
The books3.pl.masc that she3.sg.fem wants3.sg are3.pl mine.

D

Agreement manifests itself as a systematic feature sharing or co-varying between the

TE

members of structural relations (Steele, 1978). Successful identification of agreement
feature covariance allows the reader to establish relations among sentence parts that are
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not adjacent (e.g. libros/míos, books/mine). Observing how these functional relations
are captured and analyzed by readers/hearers clearly represents a major issue in the
study of language, that can provide insight into the fundamental mechanisms guiding
language comprehension. Here we focus on agreement in Spanish and how it is
processed in two different syntactic domains: subject-verb (as in "El corre", he runs)
and determiner-noun (as in "La casa", the house) configurations. Our goal is to
investigate whether the processing of these two types of dependencies differs as a
function of the different syntactic domains and interpretive properties characterizing
nominal and verbal agreement.
Descriptively, subject-verb and determiner-noun agreement are conceptualized as two
different phenomena: agreement and concord respectively. They occur in different
syntactic domains and involve different features and different interpretive properties.
Thus, agreement usually involves subject-verb dependencies (henceforth, subject-verb
agreement), while concord takes place in the noun-phrase (NP) domain, i.e. within the
same constituent. Moreover, subject-verb agreement usually involves only one or two
elements, that is, the verb and its argument(s) (e.g. el gato3.sg duerme3.sg, the cat sleeps),
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while concord generally applies to several different elements in several syntactic
positions, which can be in a local as well as a non-local relation with the lexical head:
determiners, adjectives and nouns (e.g. Lafem.sg casa fem.sg rojafem.sg que estaba

PT

abandonada fem.sg fue vendida fem.sg, The red house that was abandoned was sold). Also,
different features are usually involved: in Spanish, subject-verb agreement involves

RI

person and number features, while number and gender are implicated in concord.
Finally, the analysis of the two types of configurations implies decoding underlying

SC

syntactic and semantic representations that significantly differ in complexity. On the
one hand, analysis of a subject-verb agreement relation implies not only the extraction

NU

of morpho-syntactic information from the input, but also the projection of a complex
representation in which the subject noun is associated to a specific role (e.g. agent,

MA

patient) in the unfolding of an event, e.g. él (he) in the dancing event described in Él
baila (He dances). In contrast, the interpretation of a concord structure in isolation, such
as “la casa” (the house) simply implies matching a noun with its real-world referent,

D

without building any thematic representation.

TE

The main goal of the current study is to investigate whether subject-verb and nominal
agreement hinge on similar or different neural mechanisms in the processing of a
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common feature, i.e. number. Number is a grammatical category that expresses the
cardinality of referents (a single entity vs. a plurality). Although many languages have
complex number systems, nouns usually vary between singular and plural number
(Corbett, 2000), with Spanish adhering to this binary system and showing
singular/plural number marking on articles (elsg/lospl, ella/ellas, thesg/thepl),
demonstratives (estesg/estospl, this/these), possessives (míosg/miospl, mysg/mypl),
adjectives (blancosg/blancospl, whitesg/whitepl), nouns (anillosg /anillos pl, ring/rings) and
verbs (baila3.sg/bailan3.pl, dances/dance). In this study, agreement was manipulated in
subject-verb and nominal structures to create number anomalies (number match vs.
number mismatch) in word pairs such as “ella baila/*ellas baila” (she
dances/*they3.pl.fem dances3.sg.)1 and “el anillo/*los anillo” (thesg ringsg/*thepl ringsg). No
research to date has investigated whether nominal and verbal agreement follow similar
comprehension processes. The use of word pairs makes it possible to compare the two
types of agreement in strictly local configurations without the intervention of contextual
constraints.
1

Asterisks (*) indicate ungrammaticality.
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Psycho-linguistic theories of concord and subject-verb agreement
From the point of view of linguistic theories, different views can be identified that either

PT

describe agreement and concord as two inherently similar or two inherently different
structural relations. On the one hand, Pollard (1994) and Wechsler and Zlatić (2003)

RI

emphasize the intrinsic differences characterizing these two types of relations. In their

SC

view, there exist two different types of features: index features, which contain semantic
information concerning the referent of a noun, and concord features, i.e. purely morphosyntactic features. Crucially, each type of feature is accessed by different sets of

NU

syntactic processes (Wechsler and Zlatić, 2003). Index features, with referential
properties, permit the identification of an argument referent: whether it is a male or

MA

female individual, a single entity or a multitude, a speaker, an addressee or a nonparticipant. In contrast, concord features do not involve referential indices, but only
morpho-syntactic properties: first, second or third person morphology, singular or

D

plural, masculine or feminine gender marking. This distinction gives rise to two

TE

grammatically different processes: index agreement, which applies to subject-verb and
anaphor-antecedent agreement, and concord agreement, which operates within noun
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phrases and relies on their set of morpho-syntactic features. Compatible features
between the members of agreement and concord relations are then unified.
This view contrasts with generative approaches, such as the standard Minimalist one
(Chomsky, 2000, 2001), which has provided a unified account of verbal and nominal
agreement. This analysis presupposes an asymmetrical view of agreement and hinges on
the presence of a common operation, namely Agree. The performance of Agree is aimed
at providing a value to those instances of features that are selected from the lexicon
without a person, number or gender value, i.e. without inflection, such as person,
number and gender features on determiners, adjectives and verbs. In verbal agreement, a
noun phrase (e.g. el gato, the cat) enters the process with valued person and number
features (3rd person, singular number), which will be properly copied by Agree onto the
unvalued verb, (e.g. el duerme, he sleeps). This perspective suggests that nominal
agreement does not require any specialized mechanism compared to verbal agreement
(Carstens, 2000, 2001).

5
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In sum, the two theoretical accounts differ in two important aspects: the equivalent or
distinct nature of the feature sets accessed during concord and agreement, and the
presence of similar or different syntactic operations dealing with such feature sets.

PT

Psycho-physiological evidence: ERP and fMRI studies
In the current neuro-cognitive literature on language processing, Molinaro et al. (2011)

RI

suggested that in agreement comprehension distinct phases can be identified as marked

SC

by different ERP components (see also Mancini et al., 2011a; 2011b for experimental
evidence). First, during a feature-checking stage, feature consistency between elements
is evaluated. This stage has often been related to an increased anterior negativity

NU

lateralized to the left hemisphere (LAN: Left Anterior Negativity arising between 300500 ms post-stimulus (Barber and Carreiras, 2003, 2005; Dowens et al., 2010; Hagoort

MA

and Brown, 2000; Hagoort et al., 1993; Mancini et al., 2011a; 2011b; see Molinaro et
al., 2011 for a review; Osterhout and Mobley, 1995; Rossi et al., 2005; Silva-Pereyra
and Carreiras, 2007). In a subsequent stage, an interpretation of the feature-consistent

D

syntactic object is assigned, or, if necessary, repair and reanalysis operations are

TE

performed. This later stage has normally been found to give rise to a positive deflection
starting around 600 ms post-stimulus onset (P600) (Barber and Carreiras, 2005;
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Mancini et al., 2011a; 2011b; Silva-Pereyra and Carreiras, 2007). The amplitude of this
ERP component can be different depending on the grammaticality of the sentence or the
feature that is being computed (e.g., gender, number or person) suggesting a relationship
between this effect and the effort of integrating the current word with the previous
context, probably based on both semantic and syntactic information, and/or with
reanalysis and repair processes (Friederici, 2011, 2012; Molinaro et al., 2011).
More specifically, two previous studies that investigated the electrophysiological
correlates of number agreement processing by comparing matching vs. mismatching
sentences separately in determiner-noun (Barber and Carreiras, 2005) and in subjectverb (Silva-Pereyra and Carreiras, 2007) manipulations showed similar effects
(LAN/P600) for verbal agreement and nominal concord across experiments.
Importantly, Barber and Carreiras (2005) explored the processing of number agreement
in determiner-noun pairs and found differences in the processing of this feature when
analyzed in word pairs or in sentence contexts. Specifically, for determiner-noun pairs,
they found a LAN/N400 effect followed by a P3 effect. The early LAN effect was
interpreted as reflecting the failure in the integration of the two words during the
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syntactic build-up of the noun-phrase structure, whereas they suggested a relationship
between the N400-like effect and lexical integration processes associated to the word
matching that participants have to carry out in order to perform the task. In addition,

PT

these authors also compared grammatical gender and number disagreement, reporting
differences after 300 ms in the processing of these two agreement features in both word

RI

pairs and sentence context. However, despite this ERP evidence, where similar and
different effects have been reported across experiments, it is difficult to extract a clear

SC

conclusion, due to the differences in the latencies, amplitude and topography of the
different components.

NU

From a neuro-anatomical perspective, a few studies have investigated the effects of
agreement on the BOLD signal (Carreiras et al., 2010; Hammer et al., 2007; Hernandez

MA

et al., 2004; Miceli et al., 2002; Nieuwland et al., 2012; Quiñones et al., 2014). In
particular, (Carreiras et al., 2010) investigated agreement in the processing of word
pairs, either determiner-noun or noun-adjective Spanish items. They reported increased

D

BOLD activity in the left premotor and left inferior frontal areas for the processing of

TE

both number and gender agreement violations as compared to the agreement baseline.
On the other hand, Nieuwland et al. (2012) reported increase of activation in parietal
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and dorsolateral prefrontal regions using sentences in Basque with subject-verb number
agreement violations. These findings were taken as evidence for the increased syntactic
demands of the mismatch conditions compared to the grammatical control. In addition,
a study by Newman et al. (2003a) explored the contribution of the inferior frontal cortex
during syntactic and semantic processing, comparing sentences with subject-verb
number mismatches (“syntactic violation”) and sentences including an extra verb
(“semantic-thematic violation”). They reported significant responses in the pars
opercularis within the left inferior frontal gyrus for syntactic violations, whereas the
pars triangularis was more sensitive to thematic-semantic violations. Additionally, they
observed increased activation in the left posterior temporal region for both types of
processing. Overall, these controversial results illustrate the idea that the regions
implicated in the processing of agreement computation and its specific role in sentence
comprehension are still uncertain. These differences could be due to significant
methodological differences across studies (e.g. the type of feature manipulated, the
presentation modality, as well as the language tested). Critically, no ERP or fMRI study
has yet directly compared verbal agreement and nominal concord within-participants in
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the same experiment. In the current neuro-cognitive literature on language processing
no hypothesis is formulated concerning a possible dissociation of nominal and verbal
agreement in comprehension.

PT

Neuro-cognitive models of sentence processing
Currently, no existing neuro-cognitive model of sentence comprehension explicitly

RI

describes the neural circuitry associated to agreement operations and little evidence on

SC

subject-verb agreement processing has been taken into account in recent proposals
regarding sentence processing. On the one hand, the Memory, Unification and Control
model (MUC) identifies the left inferior frontal gyrus (LIFG) as the locus of unification

NU

operations leading to the establishment of an agreement dependency (Hagoort, 2005). In
this model, each word in the mental lexicon is associated with a structural frame: during

MA

processing, structural frames are retrieved from semantic memory. According to this
model the neural substrate effectively involved in this storage and retrieval process is
the posterior portion of the left temporal cortex. Information extracted from the memory

D

system is successively integrated in the so-called "unification workspace" situated in the

TE

LIFG. Here, an anterior-ventral to posterior-dorsal unification gradient is found, with
BA47 and BA45 contributing to semantic processing, BA45 and BA44 being involved
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in syntactic processing, while BA44 and BA6 seems to be engaged in phonological
unification. Crucially, Hagoort (2003, 2005) points to the syntactic unification area as
the neural substrate supporting the checking of agreement features between elements of
an agreement relation. Finally, a network of areas consisting of the anterior cingulate
cortex and the dorsolateral prefrontal cortex subserves the control function necessary for
monitoring processes.

On the other hand, Friederici (2011, 2012) proposed a functional dissociation between
dorsal and ventral pathways, both functionally divided in two different sub-pathways
constrained by anatomical criteria. This model proposed that the ventral pathway I is
responsible for semantic processing via ventral connections between the middle and
posterior superior and middle temporal gyri (STG/MTG) [sometimes extending into the
anterior temporal cortex] and the IFG (BA 45/47), while the ventral pathway II was
proposed as responsible for initial local structure building processes via anterior STG to
left frontal operculum projections. According to this model, these two ventral streams
work in parallel computing semantic and syntactic relations, while the dorsal stream is
associated to subsequent higher-order processes. Whereas the dorsal pathway I, which
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connects temporal and premotor regions via the inferior parietal cortex, was proposed as
a mediator between sensory and motor functions, the dorsal pathway II, which connects
inferior frontal regions (BA 44) with temporal regions (posterior STS/STG), was

PT

proposed as a top-down stream relevant to assigning grammatical relations, especially
engaged during complex sentence structure processing. Friederici (2011) proposed that

RI

the different nodes of this fronto-temporal network are sequentially recruited during
acoustic processing of a sentence, following four critical processing stages: 1) acoustic

SC

phonological processes around 100 ms after acoustic stimulation [primary auditory
cortex and the planum temporale], 2) initial local structure building processes around

NU

120-200 ms [ventral pathway II], 3) the establishment of semantic [ventral pathway I]
and syntactic [dorsal pathway II] relations between 300 and 500 ms and 4) syntactic and

(see Friederici, 2011 page 1385).

MA

semantic integration processes around 600 ms [posterior STG and the basal ganglia]

More recently, Bornkessel-Schlesewsky and Schlesewsky (2013) proposed a functional

D

dissociation between syntactic and lexico-semantic processing supported by a dorsal

TE

and a ventral pathway. Specifically, this approach points to the anterior portion of the
left temporal gyrus in the ventral stream as the area responsible for the unification of
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actor-event schemata, i.e. the unification of conceptual information extracted from the
elements of a relation, such as for example a subject-verb relation. Such information
concerns the event and its participant, i.e. “who does what” in the sentence, while mere
syntactic combinatorial operations (i.e. merging a noun and a verb within the same
syntactic frame) are supported by the dorsal pathway, which connects (posterior)
temporal and parietal areas. The output of dorsal and ventral streams analysis is
eventually integrated and evaluated by left inferior frontal regions, in line with the
working memory and cognitive control functions associated with this area (Novick et
al., 2005; 2005; Thompson-Schill et al., 1997). From the perspective of agreement
processing, left-inferior frontal areas could therefore be involved in the evaluation of the
grammaticality of a subject-verb or determiner-noun relation. Crucially, however, no
hypothesis has been formulated by these authors concerning different kinds of
agreement constructions, or their underlying processes and related neural substrates.
The current study
So far it has been difficult to reach any conclusions about whether verbal and nominal
agreement operations are using the same or different processing mechanisms. Thus,
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verbal and nominal agreement needs to be investigated using the same experimental
procedure with the same participants. This is the aim of the present study, in which
number violations will be created within both nominal and subject-verb agreement

PT

structures, to examine the neural substrates associated with their processing.
Specifically, by comparing number matching and mismatching patterns, we hope to

RI

gain insight into feature-consistency and integration procedures as well as into the
repair/reanalysis operations that finding a number anomaly triggers in both nominal and

SC

subject-verb agreement structures. It is important to highlight that the main goal of the
present study was to investigate the brain regions involved in number agreement

NU

computation in two different constructions, and not to look at the processing differences
between verb and noun processing per se. Since nouns and verbs differ in many

MA

dimensions, we did not contrast them directly2 (see review in Vigliocco et al., 2011). In
the following, we proceed to detail our predictions emphasizing the distinction between
different mechanisms supporting the establishment of an agreement relation.

D

The processing of a noun-phrase structure [e.g. “el anillo” / the ring] implies matching a

TE

noun with its real-world referent based on its morphological markers, without building
any thematic representations. However, the analysis of a subject-verb structure [e.g. Él
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baila / He dances] implies not only the extraction of morpho-syntactic markers from the
input, but also the projection of a complex representation in which the subject noun is
associated to a specific role.

On the one hand, if the two types of agreement operate with similar mechanisms, as the
generative approaches predict (Chomsky, 2000, 2001), comprehending an instance of
nominal or verbal agreement should not make any difference to the processor. In this
case, the processing of the two types of agreement is expected to recruit overlapping
neural networks related to syntactic integration, feature checking and interpretation, as
well as conflict-monitoring and repair-reanalysis operations.
On the other hand, in accordance with the analysis proposed by Pollard (1994) and
Wechsler and Zlatić (2003), different checking operations might be shaped because of
the different syntactic domains and features that the two types of agreement encompass.

2

It should be noticed that a direct comparison between a noun and a verb– e.g. anillo and baila - would
have been inappropriate, since they are two inherently different lexical categories. As such, their analysis
implies accessing different types of grammatical and referential information. While nouns refer to
entities, verbs denote actions or states that can develop in specific time frames (tense information),
progressively or punctually (aspect information), by means of agents or patients (thematic roles).
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It could therefore be that the reading of a number mismatch between a determiner and a
noun blocks the building of a basic syntactic unit, impeding further analytical steps such
as conceptual and lexical integration of the two words (cf. Barber and Carreiras, 2005).

PT

In contrast, the more complex representation underlying subject-verb pairs could
facilitate the establishment of a relation between the two words even in the presence of

RI

mismatching number values, since the processing system would be still able to
determine that the ill-formed pair refers to a dancing event. From a neuro-anatomical

SC

perspective, the qualitative differences between the two dependencies predicted by these
theoretical accounts can emerge in qualitative and/or quantitative terms. In the former

NU

case, difference should be reflected in the engagement of distinct neural networks that
support the two types of agreement, while in the latter, greater or lesser neural responses

MA

within the same network would be found.

In addition, differences between the two patterns (nominal and subject-verb agreement)
may also arise from the different interpretive outcomes that the syntactic integration of

D

these two types of structures produces. While in the former case interpretation leads to

TE

associating a linguistic stimulus (“El anillo”) to a referent in the external world (a
circle-shaped object), interpretation of a subject-verb agreement relation (“Él baila”)

AC
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implies building a richer semantic representation that encompasses not only the
identification of entities in the external world, but also their thematic and discourse roles
in the dancing event that the agreement relation describes. This could therefore lead to
differential patterns of activation that qualitatively and/or quantitatively differ across
nominal and subject-verb agreement in areas that have been associated with semantic
integration and conceptual processing, such as the anterior temporal cortex and/or the
angular gyrus (Binder and Desai, 2011; Binder et al., 2009; Bornkessel-Schlesewsky
and Schlesewsky, 2013; Lau et al., 2008; Quiñones et al., 2014).
In parallel to these language-specific operations, an amodal conflict-monitoring system
operates, whose function is to prevent behavioral mistakes by monitoring the presence
of conflicting cues (for a discussion of this topic see 2011; 2010; van de Meerendonk et
al., 2009). Previous findings point to the anterior cingulate cortex (Carter and van Veen,
2007; Taylor et al., 2007; 2011; 2010; van de Meerendonk et al., 2009) as the core area
of this bilateral fronto-parietal network (e.g. Kuperberg et al., 2003; 2008; Nieuwland et
al., 2012; Quiñones et al., 2014). Similarly to checking and integration, according to
these theories conflict-monitoring processes could hence lead to qualitative and/or
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quantitative differences in the neural responses associated with nominal and subjectverb agreement.
Method

PT

Participants

RI

A total of 32 (19 females) right handed, undergraduate student volunteers participated in
the study. All were native speakers of Spanish aged between 18 and 37 years and all

SC

gave informed consent as stipulated in the ethics approval procedure of the BCBL3
Research Ethics Committee. Each participant was paid for participating. Participants

NU

were assessed for handedness by means of an abridged Spanish version of the
Edinburgh Handedness Inventory (Oldfield, 1971). The participants were also asked
about claustrophobia, or any other criteria that could exclude them from participating in

MA

an fMRI experiment. All subjects had normal or corrected vision with no history of
neurological disorders or reading impairments.

D

Stimuli

TE

The present experimental design manipulated number agreement (number match vs.
number mismatch) and type of word pair (determiner-noun pairs vs. subject-verb pairs)

AC
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in a 2x2 factorial within-subject design. The stimuli consisted of 128 word pairs divided
in four experimental conditions (in the proportion of 1:1:1:1): determiner-noun
agreement pairs; determiner-number violation pairs; subject-verb agreement pairs and
subject-verb violation pairs (see examples below). These word pairs were made up of a
determiner article plus a noun (such as in (1a) below), or a personal pronoun plus an
inflected verb (such as in (2a) below). All the nouns included in the determiner-noun
word pairs were selected such that their corresponding plural form incorporates a
morphological mark (in Spanish the canonical suffixes “-s” or “-es”). All four
conditions contained 32 word pairs each. In every condition, half of the nouns or verbs
were presented in their singular form, and the other half in their plural form. All nouns
and verbs were of medium lexical frequency [nouns: mean = 38.37 per million, SD =
54.25; verbs: mean = 22.67 per million, SD = 61.65] and 4 to 9 letters long [nouns:
mean = 5.69, SD = 0.91; verbs: mean = 6.41, SD = 1.65] according to the Spanish
ESPaL database (Duchon et al., 2013) (see Table 1).
(1) Determiner-Noun word pairs
3

Basque Center on Cognition, Brain and Language
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(a) Number Match: e.g., El anillo (Thesingular ringsingular)
(b) Number Mismatch: e.g., *Los anillo (Theplural ringsingular)

PT

(2) Subject-Verb word pairs
(a) Number Match: e.g., Ella baila (Shesingular dancessingular)

RI

(b) Number Mismatch: e.g., *Ellas baila (Theyplural dancesingular)

SC

Insert Table 1 about here

In addition to number agreement, in Spanish it is mandatory that determiners and nouns

NU

also agree in grammatical gender. To avoid possible gender effects, the grammatical
gender agreement was strictly controlled: a) all nouns used are inanimate nouns; b) all
the word pairs agree in gender; c) all nouns are morphologically marked for gender, that

MA

is, they end with the canonical suffixes in Spanish for gender (“–o” for masculine and
“–a” for feminine). All the subject-verb word pairs used in the present study were

D

constructed such that a third person plural subject is followed by a third person plural

TE

verb.

Two lists of 128 experimental word pairs were generated depending on the agreement
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manipulation. Assignment of word pairs to the agreement conditions (Number Match –
Number Mismatch) in each list was counterbalanced across participants. Thus, each pair
occurred twice across subjects, once in the match condition and once in the mismatch
condition, so that each participant only saw one form of each pair during the experiment
(see Appendix 1 for the list of all the stimuli per condition).
Procedure

In each trial, participants were visually presented with two words on the same slide. As
described in the materials, the pairs of words could be article-noun (“El anillo” [The
ring]) or subject-verb word pairs (“Él baila” [He dances]), which could match or
mismatch in number agreement (match: “El anillo” [The ring] vs. Él baila [He dances];
mismatch: “*Los anillo” [Theplural ringsingular] vs. “Ellos baila” [Theyplural dancessingular]).
Participants were instructed to judge the grammaticality of each pair by pressing either
one of two buttons (YES: grammatical; NO: ungrammatical).
Specifically, each trial began with a cross “+” as a visual cue, presented for a variable
time between a minimum of 2000 msec. and a maximum of 8000 msec. (mean = 6870
msec.; SD = 1840 msec.), followed by the two words for 300 msec., followed by a
13
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blank screen for 2000 msec. The inter-stimulus interval was varied in order to
counteract expectation effects that might diminish or change participants’ strategies. In
addition, varying these times also helped to ensure that brain activity was sampled at

PT

different points of the BOLD response. An event-related design was used in which a
different randomization of trials was used for each participant.

RI

Data Acquisition

SC

Scanning was done on a 3-T Siemens TrioTrim scanner, using a thirty-two channel
phased-array surface coil (Siemens, Erlangen, Germany). In all subjects BOLDcontrast-weighted echoplanar images for functional event-related scans consisted of 32

NU

axial slices of 3 mm thickness that completely covered the brain. In-plane resolution
was 3 x 3.75 mm, with the following parameters: field of view (FOV) = 1152 x 1152

MA

mm; matrix = 64 x 64; echo time (TE) = 30 ms; repetition time (TR) = 2s with no time
gap; flip angle = 78°. The first six (dummy) volumes of each run were discarded to
allow for T1 equilibration effects. A total of 480 volume images were taken in one run.

D

After the functional run, a T1-weighted anatomical volume image (1 x 1 x 1 mm

TE

resolution) was acquired from all participants. This image was recorded with the
following parameters: TE = 2.97 ms, TR = 2530 ms, flip angle = 7° and FOV = 256 x
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256 x 160 mm3. This yielded 176 contiguous 1 mm thick slices.
Data Analysis

Functional data were analyzed using statistical parametric mapping: SPM8 and related
toolboxes (http://www.fil.ion.ucl.ac.uk/spm). As we mentioned above, the fMRI data of
each individual subject were explored using the Artifact Repair toolbox. After that, the
images were slice-time corrected taking the middle slice as reference, spatially
realigned, unwarped, coregistered with the anatomical T1 (Collignon et al., 1995),
normalized to the MNI space using the unified normalization segmentation procedure
and smoothed using an isotropic 8mm Gaussian kernel. Resulting time series from each
voxel were high-pass filtered (128s cut-off period).
At the subject level, statistical parametric maps were generated by modeling a
univariate general linear model, using for each stimulus type a regressor obtained by
convolving the canonical hemodynamic response function with delta functions at
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stimulus onsets4, and also including the six motion-correction parameters as regressors.
Parameters of the GLM were estimated with a robust regression using weighted-leastsquares that also corrected for temporal autocorrelation in the data

PT

(http://www.bangor.ac.uk/~pss412/imaging/robustWLS.html: Diedrichsen and
Shadmehr, 2005). A pair-wise contrast comparing activity to each phrase type relative

RI

to the fixation baseline was then submitted into a second level design analysis to enable
population inferences. A 2x2 Factorial design was performed with Agreement Pattern

SC

(Number Match vs. Number Mismatch) and Type of Word Pairs (Determiner-noun
pairs vs. Subject-verb pairs) as factors, looking for the main effects and possible

NU

interactions. Those local maxima with a p-value corrected for multiple comparisons
with family wise error (FWE: Nichols and Hayasaka, 2003) and/or false discovery rate

MA

(FDR: Genovese et al., 2002) and those local maxima that reach the FWE criteria at the
cluster level were considered as significant and reported in the tables of results.
Subsequently, in order to determine whether number agreement computation (tested by

D

the contrast Mismatch vs. Match) engages a common neural circuitry for the two types

TE

of construction (Determiner-Noun pairs and Subject-Verb pairs), we tested the
conjunction null hypothesis [both tails of the comparison Mismatch vs. Match for
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Determiner-Noun pairs & Mismatch vs. Match for Subject-Verb pairs] (Friston et al.,
2005; Nichols et al., 2005). This test allows us to isolate those regions where both
effects were significantly present and did not differ in magnitude (Results concerning
this analysis are included in the Supplementary Material).
In order to disentangle whether differential effects (Mismatch vs. Match) between
nominal and subject-verb agreement are related to language-specific or to general
attentional mechanisms associated to increases of the task difficulty, two additional
analyses were carried out. On the one hand, a series of correlation analyses between the
behavioural measures (RT and error rates) and the BOLD responses corresponding to
those regions that exhibited a significant interaction effect were conducted as an
exploratory approach. This analysis allows us to explore whether the response of the
critical neural regions is modulated by task difficulty. On the other hand, a series of

4

In order to homogenize the way in which the BOLD response associated with the fixation baseline and
the other four critical conditions are estimated forty-two fixation points were randomly chosen and
estimated as events of interest (i.e. this condition was called in the manuscript Fixation Baseline). In
addition, the duration of these events were defined as zero similar to the other critical conditions. The rest
of the fixation points were also included in the statistical matrices as a different regressor.
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causal mediation analyses5 was performed in order to corroborate the previous
correlation results in a more deterministic way. This analysis allows us to determine the
causal relationship of the differential effects between nominal and subject-verb

PT

agreement at the neural level and the task difficulty effect arising from the behavioral
results. This mediation analysis quantifies the extent to which the treatment [critical

RI

manipulation: Mismatch vs. Match in Determiner-Noun pairs and Mismatch vs. Match
in Subject-Verb pairs] affects the outcome [interaction effect at the neural response

SC

level] through the mediator(s) [behavioural measures: RT and error rates] (Baron and
Kenny, 1986; Carreiras et al., 2014; Imai et al., 2010a; 2010b; MacKinnon, 2008;

NU

Shadish and Chacón-moscoso, 2001; Tingley et al., 2013)

Two different statistical models were tested for each neural region independently: a) the

MA

mediator model, where the behavioral measures are influenced by the manipulation of
the treatment, with this relationship mediating the causal effect between the treatment
and the brain response; and b) the response model, where the behavioral measures and

D

the critical manipulation act as predictors of the brain response (dependent variable).

TE

For each model we estimated the average causal mediation effect (a particular
mechanism acting through the mediator of interest [Average Causal Mediation effect:
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ACME]) and the direct effect (which includes all other possible mechanisms [Average
Direct Effect: ADE]). To improve the statistical power of these estimations, both
measures (ACME and ADE) were expressed as a population average estimated through
1000 bootstrap random samples extracted from the data.
Results

Behavioural data

Mean reaction times (RT) and error rates for each condition are presented in Table 2,
with the corresponding standard error between parentheses. Trials with incorrect
responses and/or reaction times below or above 2.0 standard deviations from the mean
were excluded from the latency analysis. 2x2 ANOVAs on mean response times and
error rates were performed using Agreement Pattern (Number Match and Number
Mismatch) and Type of Word Pair (Determiner-noun pairs and Subject-verb pairs) as
factors.

5

The series of causal mediation analyses was estimated using a hierarchical multilevel regression model
where all repeated measures will be the first hierarchical level and subjects the second one.
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For RTs, a significant main effect of Type of Word Pair [F(1,31) = 119.70, p<.0001],
was found indicating that reaction times were faster in the Determiner-noun pairs than
in the Subject-verb noun pairs. The main effect of Agreement Pattern was also

PT

significant [F(1,31) = 102.70, p<.0001] suggesting that grammaticality judgment in the
Number Match condition was faster than the Number Mismatch. Importantly, the

RI

interaction between these two factors was also significant [F(1,21) = 18.30,
p<.0001].,Number Match was faster than Number Mismatch both in the determiner-

but larger in the case of determiner-noun pairs.

SC

noun pairs [t (31) = 10.28, p<.001], and in the verb-noun pairs [t (31) = 7.05, p<.001]

NU

Regarding the error rate analysis, an analogous pattern was found. The 2x2 ANOVA
showed a main effect of Type of Word Pair [F(1,31) = 29.69, p<.001], indicating that

MA

the percentage of errors was larger in the Subject-verb pairs than in the Determinernoun pairs. The main effect of Agreement Pattern was also significant [F(1,31)= 61.83,
p<.001], indicating that the percentage of errors was larger in the Number Mismatch

D

condition than in the Number Match condition. The interaction was not significant

TE

[F(1,31) = 0.46, p<.83].

Insert Table 2 about here
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FMRI data: All phrases vs. the fixation baseline condition
To characterize the functional neuro-anatomical network that was recruited by the
processing of different types of word pairs, independently of their grammatical pattern,
we extracted the effect of all the stimuli used from the 2x2 Factorial design (Type of
Word Pair: Determiner-noun pairs and Subject-verb pairs; Agreement Pattern: Number
Match and Number Mismatch), comparing all the word pairs with the fixation point
condition. The F-statistical parametric map resulting from the main effect is displayed
in Figure 1, overlaid on the surface of the MNI single-subject T1 image.
This analysis reveals the significant response of a widespread fronto-parieto-temporal
network bilaterally distributed (Figure 1A). This network includes brain regions such as
the left pars opercularis and triangularis within the IFG, as well as the anterior and
posterior part of the left middle temporal cortex, the left superior temporal sulcus, the
superior parietal gyrus and the basal nuclei (the right pallidum, the right and left
thalamus and the right and left putamen), previously related to language processing.
Additionally, the left and right fusiform gyrus and the left and right inferior, middle and
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superior occipital cortex, associated to early stages of visual word perception, showed
significant activation for all phrases compared to the fixation baseline condition. Also,
regions involved in the planning and execution of motor behavioral responses, such as

PT

the supplementary motor area and the precentral and postcentral cortex in both
hemispheres exhibited a higher activation.

RI

A similar bilateral network was found when we tested the effect of the Determiner-noun
pairs and the Subject-verb pairs independently (Determiner-noun agreement pairs +

SC

Determiner-noun violation pairs vs. Fixation baseline; Subject-verb agreement pairs +
Subject-verb violation pairs vs. Fixation baseline), suggesting that some of these neuro-

NU

anatomical regions are recruited independently of the type of construction involved
(Figure 1B and 1C, see also Table 1S for an anatomical description and all the statistical

MA

details).

Insert Figure 1 about here

D

FMRI data: Grammaticality effect (Number Match vs. Number Mismatch condition)

TE

To characterize the neural correlates corresponding to common procedures across the
two configurations (Subject-verb pairs and Determiner-noun pairs) we extracted the
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main effect of Agreement Pattern (Number Match vs. Number Mismatch) from the 2x2
Factorial design. This effect allows us to dissociate between those processes evoked
independently of the grammatical constructions (e.g. syntactic integration, feature
checking, conflict-monitoring and reanalysis) from those dependent on the types of
structures (e.g. semantic integration and/or conceptual processing). The significant
effects included regions with higher responses for the Number Mismatch condition than
the Number Match condition and regions that exhibited the opposite pattern, i.e. higher
activation for Number Match than Number Mismatch condition.
Significant activation increases emerged from the Number Mismatch > Number Match
contrast, including regions such as the right and left insula, the left pars orbitalis,
opercularis and triangularis within the IFG, the left precentral, the left supplementary
motor area, and the left inferior parietal (see Table 3 and Figure 2A and 2B for details).
On the other hand, the contrast Number Match > Number Mismatch produced higher
brain response in regions such as the angular gyrus, anterior cingulate cortex,
precuneus, middle temporal gyrus (MTG) and orbitofrontal cortex bilaterally and the
left occipital and left superior frontal cortex (see Table 3 and Figure 2A and 2C for a
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detailed list of regions and its response pattern [activation or de-activation with respect
to the fixation baseline]). In addition to the main effect, we carried out a conjunction
analysis to establish those regions that equally responded to both types of constructions,

conjunction analyses.

RI

Insert Table 3 about here

PT

concord and subject-verb agreement. See Figure 1S and Table 2S for the results of the

SC

Insert Figure 2 about here

FMRI data: Interaction between Type of Word Pair and Agreement Pattern

NU

Importantly, the main goal of the present study was to investigate the brain areas
involved in number agreement computation in two different constructions (nominal and

MA

subject-verb agreement). Thus, with this aim we tested the interaction between the Type
of Word Pair (Determiner-noun and Subject-verb pairs) and the Agreement Pattern
(Number Mismatch and Number Match). Interestingly, we found significant interaction

D

effects in three different clusters (Figure 3 and Table 4). A significant differential effect

TE

emerging from the contrast mismatch vs. match in the left frontal lobule, including
voxels in the precentral cortex and voxels in the pars opercularis within the IFG, was
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found only for determiner-noun pairs. No significant differential effects were found in
this region for subject-verb pairs. Furthermore, the contrast match vs. mismatch showed
significant response for determiner-noun pairs in the left temporal cortex (including
voxels in the superior temporal and in the middle temporal cortex) and in the parietal
lobule (including voxels in the right and left precuneus/cuneus). In contrast, no
significant effects emerge from this contrast for subject-verb pairs.
Insert Figure 3 about here
Insert Table 4 about here
In order to determine whether this interaction effect between the Type of Word Pair
(Determiner-noun and Subject-verb pairs) and the Agreement Pattern (Number
Mismatch and Number Match) are related to general attentional mechanisms associated
to increases of the task difficulty for subject-verb agreement, we carried out two further
analyses: 1) a series of correlation analyses and 2) a series of causal mediation analyses.
The correlation analyses between the neural responses associated to each cluster
exhibiting significant interaction effects and the corresponding behavioural effects were
not significant (p > 0.6; R2 < 0.2) either for RT and error rates (see Figure 3B).
19

ACCEPTED MANUSCRIPT
In the case of the mediation analyses, both models (the mediator model and the response
model) were tested for the three clusters (left inferior frontal, left temporal and
precuneus-cuneus). These analyses allow us to identify the potential effect of the task

PT

difficulty over the causal pathway between the treatment [critical manipulation:
Mismatch vs. Match in Determiner-Noun pairs and Mismatch vs. Match in Subject-Verb

RI

pairs] and the brain response [interaction effect at the neural response level]. The
mediator model is represented by the semi-circle in the causal diagram (Figure 2S),

SC

where the causal effect of the treatment on the outcome is transmitted through an
intermediate variable or a mediator [behavioural measures: RT or error rates]. The

NU

response model is represented by the triangle, where the behavioural measures and the
critical manipulation act as predictors of the brain response. The effects of RT and error

MA

rates as mediator variables were estimated separately, represented by the black and the
grey lines respectively. However, similar results emerged for the two analyses. The
causal response effect between the treatment and the brain response outcome was

D

significant for the three clusters. In contrast, no significant direct effect was found

TE

between the behavioural measures and the brain response outcome. Similarly, for the
three clusters, the mediator model effects considering the RT as a mediator variable
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between treatment and neural response were not significant (p > 0.05). These results
suggest that the interaction effect between the Type of Word Pair and the Agreement
Pattern found at the neural level are not biased by the task difficulty.
Discussion

The main purpose of the current study was to investigate whether the neural substrates
underlying number agreement processing in determiner-noun concord and subject-verb
agreement differs as a function of the different syntactic domains and interpretive
properties characterizing these two dependencies. The distinction between these two
types of agreement patterns was measured using the differential response between
correct grammatical and ungrammatical word pairs (two tails of the contrast Number
Match vs. Number Mismatch in Determiner-Noun pairs & Subject-Verb pairs [resulting
from the main effect of Agreement Pattern]). It is important to stress that the
experimental design and procedure adopted in this study, where the processing of
nominal and verbal agreement configurations were included in the same experimental
design, allowed us to characterize the neural network underlying number agreement
operations. But more importantly, this procedure allowed us to distinguish between
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those common circuits that exhibited a similar pattern of activation across the two types
of agreement construction (two tails of the contrast Number Match vs. Number
Mismatch in Determiner-Noun pairs & Number Match vs. Number Mismatch in

PT

Subject-Verb pairs [resulting from the main effect of Agreement Pattern and the
conjunction analysis]) from those that showed a differential effect between them (two

RI

tails of the contrast Number Match vs. Number Mismatch in Determiner-Noun pairs vs.
Number Match vs. Number Mismatch in Subject-Verb pairs [resulting from the

SC

interaction between Agreement Pattern and Types of Word Pair]).

Overall, the word pairs used in the current design produce the activation of a

NU

widespread left lateralized neural network, similarly activated for both determiner-noun
nominal and subject-verb agreement. This general fronto-parieto-temporal network was

MA

comprised of cortical and sub-cortical regions. This network includes cortical regions
such as the left pars opercularis, triangularis and orbitalis within the IFG, as well as the
anterior and posterior part of the left middle and superior temporal cortex [STG/MTG],

D

the supramarginal cortex and the inferior and superior parietal gyrus, typically related to

TE

different stages of language processing. Additionally, the left and right fusiform gyrus
and the left and right inferior and middle occipital cortex, associated to early stages of
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visual word perception have shown significant activation for both types of word pairs.
Also, regions involved in the planning and execution of motor behavioral responses,
such as the supplementary motor area and the precentral and postcentral cortex in both
hemispheres were recruited for these two types of constructions. Interestingly, as we
mentioned above, the word pairs used here elicited bilateral significant BOLD responses
in sub-cortical regions, including areas such as the thalamus and the basal ganglia
(putamen and pallidum).

In addition, the comparison between these data and previous studies available in the
agreement processing literature suggests that the presentation of nominal and subjectverb agreement word pairs elicits patterns of activation similar to those produced by the
reading of these two types of agreement relations in larger sentential contexts (see also
Friederici, 2011 for a review; Van Berkum et al., 1999). In general terms, the
recruitment of this network has been replicated across languages and syntactic
dependencies: referential violations between subjects and pronouns (Nieuwland et al.,
2007); gender violations between determiners and nouns (Folia et al., 2009) [in Dutch];
gender violations between determiners-nouns (Carreiras et al., 2012) [in Dutch]; gender

21

ACCEPTED MANUSCRIPT
and number violations (Carreiras et al., 2012) [in Spanish]; finiteness violations
(Kuperberg et al., 2003; 2008; Newman et al., 2003b) [in English]; number violations
between verb and objects (Nieuwland et al., 2012) [in Basque]; and person violation

2014 for a discussion abot the differences across studies).

PT

between subjects and verbs (Quiñones et al., 2014) [in Spanish] (see Quiñones et al.,

RI

Regarding the distinction between the neural regions that exhibited similar response

SC

patterns for both subject-verb agreement and determiner-noun concord, from those that
showed different sensitivity for these two types of dependencies, a widespread frontoparieto-temporal network emerges from the main effect of Agreement Pattern,

NU

independently of the Type of Word Pair6. This effect includes regions that exhibited
higher activation for number mismatch than for number match and also regions that

MA

exhibited the opposite pattern, higher response for number match than for number
mismatch. Interestingly, these significant neural responses capture the effects that were
similarly present for both nominal and subject-verb agreement, and no effects were

TE

determiner-noun).

D

uniquely associated to only one of the two agreement relations (subject-verb and
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It is important to stress that although the processing of determiner-noun concord and
subject-verb agreement drew upon largely overlapping neural circuits, some important
differences were found. Significant interactions between the type of dependency and the
agreement pattern emerged in a subset of those regions exhibiting the main effect: a) the
left and right precuneus-cuneus, b) the left anterior part of the MTG-STG and c) the left
pars opercularis within the IFG. These interactions were driven by different activation
patterns between determiner-noun concord and subject-verb agreement both in the
match vs. mismatch and in the mismatch vs. match contrasts. Critically, these
interactions effects emerging at the neural level replicated the interaction effect found

6

In addition to the main effect we have estimated the conjunction analysis in order to establish those
regions that equally responded to both types of constructions, concord and subject-verb agreement. The
conjunction null hypothesis was implemented in order to identify those regions significantly activated for
two different contrasts (i.e. common regions), with no significant difference between the amplitude of the
signal (Friston, K.J., 2005. Models of brain function in neuroimaging. Annu Rev Psychol 56, 57-87.),
testing in a very restrictive way the following alternatives: H0 = At least one effect present; H1= All
effects present. This approach showed that whereas the left inferior and middle occipital cortex, the left
parahippocampal gyrus, the left superior and superior medial frontal gyrus, the right medial orbitofrontal
cortex and the right angular gyrus exhibited higher responses for number match than for number
mismatch, only the left anterior and medial portion of SMA showed higher response for number
mismatch than number match in both concord and subject-verb agreement.
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for the response times. In the following paragraphs we discuss how these main effects
and interactions resulting from the current design fit with previous evidence concerning
agreement processing, emphasizing the three different circuits where the interactions

PT

emerged.

RI

Conflict-monitoring system

Firstly, a bilateral widespread network results from the contrast Number Match >

SC

Number Mismatch, including regions such as the anterior and middle cingulate cortex,
the precuneus-cuneus, the dorsal part of the middle frontal gyrus and the angular gyrus.

NU

It is not surprising that different kinds of agreement dependency share this pattern of
response. The increases in the activation of the dorsal part of the middle frontal gyrus
often covaries with significant increases in the de-activation patterns of the anterior

MA

cingulate cortex (the hub of the conflict monitoring system, Carter and van Veen, 2007;
Taylor et al., 2007) and the angular gyrus (the sub-region associated with the default

D

mode network, (see Seghier et al., 2012 for a revision of this topic). The coupling
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between these regions probably reflects the engagement of conflict monitoring
mechanisms and the subsequent re-analysis and repair processes triggered by the
grammatical error detection, a common process taking place for both types of
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dependencies. The involvement of this monitoring system in the processing of
mismatches7 is consistent with previous evidence (Bambini et al., 2011; Kerns et al.,
2004; Kuperberg et al., 2003; Kuperberg et al., 2008; Lauro et al., 2008; Ni et al., 2000;
Novick et al., 2005; Quiñones et al., 2014; 2011; 2010; van de Meerendonk et al., 2009;
Ye and Zhou, 2009) and may subserve the generation of the P600 effect typically
reported for this type of manipulations (Aron and Poldrack, 2006; Mancini et al., 2011b;
Molinaro et al., 2011; Silva-Pereyra and Carreiras, 2007). In line with this hypothesis,
previous evidence has demonstrated the contribution of the anterior cingulate cortex in
the generation of this late positive response (Du et al., 2013; Olichney et al., 2010). This
amodal monitoring system, probably working in parallel to the language-specific
machinery, seems to be enhanced whenever an inconsistency is detected, independently
of its nature, in order to prevent behavioural mistakes. The involvement of this
monitoring system during the processing of these two types of dependencies is also
7

These regions exhibited negative responses patterns (de-activation) compared to the fixation baseline
condition, with greater de-activation for mismatching than matching constructions. Note that in the
anterior cingulate cortex, one of the core regions of this monitoring system, no significant responses were
found associated with the match conditions in both nominal and subject-verb agreement.
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compatible with the MUC model of sentence processing (Hagoort, 2003), which
included a Control component mediating behavioural responses through a direct link
between language-specific and domain-general mechanisms.

PT

As we mentioned above, in spite of these commonalities between determiner-noun and
subject-verb number agreement processing, some important differences were also found

RI

in a particular node of this network. Specifically, a significant interaction between type
of dependency and grammaticality emerged in the bilateral precuneus-cuneus. The

SC

differential effect [difference between match and mismatch] found here at the neural
level was higher for determiner-noun pairs than for subject-verb pairs. Importantly, the

NU

differential effect in this node for subject-verb dependencies did not reach the statistical
threshold. Interestingly, the differential effect at the behavioral level was also higher for

MA

determiner-noun pairs than for subject-verb pairs, which could suggest a direct link
between the interaction found in this parietal region and the behavioral results.
However, when causal mediation analyses were performed to determine whether these

D

interaction effects8 were driven by the task related mechanisms, no significant relation

TE

was found between treatments and predictors.
In sum, the current set of data shows that general conflict-monitoring processes are at
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work in the computation of grammatical relations such as nominal and subject-verb
agreement. However, in contrast with our hypothesis, they show that in spite of their
general nature, such fundamental processes appear to be modulated by the type of
grammatical relation, at least for the two agreement patterns considered in our
experiment: determiner-noun concord and subject-verb agreement. This modulation
could be related to general task-related mechanisms affecting the two types of
dependencies in different ways. Recently, (Zhang et al., 2012) explored how the
precuneus resting state connectivity pattern could explain the functional heterogeneity
of this region. Using k-means algorithm, these authors corroborated the existence of
three different functional sub-regions: dorsal-anterior, dorsal-posterior and ventral.
Interestingly, the ventral sub-region, which contains the significant activation cluster
found in the current study, showed positive connectivity with other regions resulting
from the Match vs. Mismatch contrast, the orbito-frontal cortex, the rectus, the anterior,
middle and posterior cingulate cortex and the angular gyrus, as well as some nuclei of
8

The mediation analyses were performed for the three clusters where the interaction effect emerged
between the type of dependency and the agreement pattern, but no significant mediation effects were
found.
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the basal ganglia and the middle frontal gyrus. These authors extensively discuss the
engagement of this ventral sub-region as part as the default mode network and its
involvement in task related mechanisms Its specific role, however, is still unknown.

PT

Further studies should aim to functionally characterize each node within this amodal
network, establishing how this network interacts with language specific mechanisms.

RI

Anterior part of the left middle temporal gyrus

SC

In addition to this monitoring system, we found increase of activation in the anterior
portions of the left MTG-STG extended to the middle and superior temporal pole, for
number match in both agreement dependencies. The posterior portion of this region and

NU

the adjacent areas corresponding to the posterior part of the left MTG-STG exhibited
similar responses for the four conditions included in the present design (the 2

MA

Agreement Pattern and the 2 Types of Word Pairs). Critically, in line with our
hypothesis, in addition to the main effect presented in the anterior part of the left MTGSTG, we also found a significant interaction effect between the type of dependency

D

(determiner-noun concord and subject-verb agreement) and the type of agreement

TE

pattern (match and mismatch) in the same region. This interaction was restricted to the
anterior portion of the left MTG-STG, whereas no significant interaction was found in
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the middle and superior temporal pole. This interaction was driven by different
activation patterns between nominal and subject-verb agreement in the Match >
Mismatch contrast: while the differential activation for subject-verb pairs in the Match
> Mismatch contrast did not reach the statistical threshold, this differential activation
was very strong in the determiner-noun pair.
Summarizing the left temporal response, a posterior to anterior functional gradient
emerged from our results: a) the posterior portion of the left MTG-STG did not
(Hagoort, 2003) distinguish between determiner-noun and subject-verb dependencies or
even between incongruent and congruent trials; b) the anterior part of the left MTGSTG distinguished between determiner-noun and subject-verb dependencies, showing
significant differential [differences between Match and Mismatch conditions] response
only for determiner-noun pairs and c) the left middle and superior temporal pole
exhibited greater responses for congruent than incongruent trials independently of the
type of dependency (Figure 4).
Insert Figure 4

25

ACCEPTED MANUSCRIPT
This pattern of activation in the left temporal cortex is in line with previous evidence
showing that the involvement of this region seems to be extended to different domains
of language processing. Previous evidence supports a posterior- to- anterior functional

PT

gradient within this anatomical region, proposing a distinction between syntactic and
semantic processes. However, the specific role of each functional sub-region is still

RI

under dispute (see Friederici, 2011 for a revision of this topic). For instance, some
authors argue that the anterior temporal cortex (STG-MTG) plays a particular role in

SC

storing, activating and retrieving lexico-semantic, categorical and contextual
information (Kuperberg et al., 2008), in contrast to the syntactic structure building

NU

processes attributed to the posterior portion of the left temporal cortex (see BornkesselSchlesewsky and Schlesewsky, 2013 for a review). However, there is also evidence that

MA

supports a completely opposite point of view, where lexico-semantic processes are
represented in the most posterior portion of the left MTG (Acheson and Hagoort, 2013;
Baggio and Hagoort, 2013; Hagoort, 2003; Lau et al., 2008); , whereas the anterior part

D

of this region subserves syntactic processing (Rogalsky and Hickok, 2009). Other

TE

authors, attempting to reconcile the conflicting evidence, have suggested that the most
anterior part of the left temporal cortex is involved in the integration of syntactic and
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semantic information (Lau et al., 2008).
The inclusion of both nominal and subject-verb agreement in the same experimental
design has allowed us to distinguish between these contradictory perspectives. The
processing of these two different types of dependencies implies the detection of local
relations among constituents to construct syntactic structures (i.e. syntactic building
processing). This process implies the retrieval of lexical and morpho-syntactic
information from the elements forming both types of dependencies. Despite the
difference in the nature of these two types of information, our results point to the
posterior part of the MTG-STG as the major candidate to mediate these common
operations, as no differential response emerged in this region from the mismatch vs.
match contrast. This idea is consistent with previous results (Acheson and Hagoort,
2013; Baggio and Hagoort, 2013; Hagoort, 2003) and corroborates the claim advanced
by Hagoort (2003) in the MUC model of sentence processing about the critical role of
the left posterior temporal cortex during the storage and retrieval of lexico-syntactic
information.
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Subsequently, this lexical and morpho-syntactic information is provided to the anterior
part of the MTG-STG, where plausible syntactic units are formed by means of a looping
operation that takes incoming material and merges it with previously analyzed stimuli

PT

incrementally. Importantly, this looping operation equally applies to subject-verb and
determiner-noun patterns, but different outcomes are generated depending on the

RI

grammaticality of the patterns (see Figure 3, middle panel). While the building of nounverb pairs produces a similar response whether the two constituents match in number or

SC

not, the construction of a determiner-noun relation does not, with the mismatching pair
generating a significant reduction in the response pattern of this region, leading to the

NU

observed interaction between Type of Word Pairs and Agreement Pattern. A possible
explanation for this difference between the two types of agreement resides in the nature

MA

of these two relations. As pointed out in the Introduction, given the essentially syntactic
nature of determiner-noun relations, the reading of a number mismatch in such a
configuration can block subsequent analysis steps, preventing this pair from receiving

D

an interpretation. In contrast, the reading of a number mismatch within a subject-verb

TE

configuration yields an equivalent activation pattern compared to a matching pair,
suggesting that a dependency can be successfully built regardless of the mismatch.
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The engagement of this anterior temporal region in the building of the syntactic
structure underlying a linguistic input is consistent with previous ERP and neuroanatomical findings. In their ERP study, Barber and Carreiras (2005) investigated the
processing of determiner-noun agreement patterns both in isolated word pairs and in
sentential contexts and showed that the electrophysiological response to a number
violation could be modulated by the presence (or absence) of a richer linguistic context.
Specifically, when embedded in a sentential context, determiner-noun number
anomalies engendered the classical biphasic LAN/P600 pattern. In contrast, when
presented in isolation, determiner-noun number anomalies generated a composite
LAN/N400/P600 pattern. While LAN effects can be attributed to the discovery of a
number mismatch between the two elements, regardless of the linguistic context in
which they are presented, the presence of N400 effects for isolated presentation only
was associated by the authors to difficulties in integrating the lexical and conceptual
features of the words. It is therefore possible that the anterior portion of the MTG-STG
contributes to the generation of the N400 effect associated with the processing of
number anomalies between determiner and noun in isolated word pairs, although this
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hypothesis requires further evidence (see Lau et al., 2008 for a revision of the N400
generators). Moreover, Brennan et al. (2012) recently demonstrated anterior temporal
lobe involvement (including portions of the MTG and STG) in syntactic structure

PT

building. These authors reported a positive correlation between the anterior temporal
response and the amount of syntactic nodes needed to integrate each word into the input

RI

being processed during the passive listening of a story fragment (see Methods in
Brennan et al., 2012; Pallier et al., 2011).

SC

After this syntactic building process, the system seems to recognize that while the
grammatical word pairs for both types of dependencies can be further mapped to a

NU

congruent semantic representation, the number violation included in the mismatch
conditions blocks such mapping process. These processes seem to be working in both

MA

nominal and subject-verb agreement. In the case of a noun-phrase structure this process
implies matching a noun with its real-world referent, without building any thematic
representation, whereas the processing of a subject-verb structure implies the projection

D

of a complex representation in which the subject noun is associated to a specific role in

TE

the event being described. Despite this difference, the two dependencies did not differ in
terms of differential activation found in the left middle and superior temporal pole,
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suggesting an equivalent processing disruption.
It is worth noticing that the posterior to anterior functional gradient within the left
temporal cortex that we report here points to the involvement of this region in multiple
domains of linguistic processing. More specifically, our results suggest that it is not
possible to distinguish between a syntactic and a semantic specialization of this region,
since the patterns of activation found in this area can be related to several processes,
including retrieval of morpho-syntactic and lexical information from the input, as well
as structure building and form-to-meaning mapping mechanisms. Evidence consistent
with this multi-functional hypothesis has been recently reported by Pallier et al. (2011) ,
who observed a functional distinction within the temporal lobe during sentence
processing. Specifically, while posterior temporal areas demonstrated similar correlation
patterns between normal prose and jabberwocky sentences, the temporal pole evidenced
sensitivity only to complete (or nearly complete) sentences in normal prose stimuli but
not in jabberwocky ones. The authors therefore took these data as suggestive of the key
role that the temporal pole may be playing in linking form to meaning during sentence
processing (see also Brennan et al., 2012). Moreover, Turken and Dronkers (2011)
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using anatomical and functional connectivity, demonstrated that these different regions
within the temporal lobe are part of an interconnected network which also comprises
frontal and parietal areas (see also Griffiths et al., 2012). More recently, Molinaro et al.

PT

(2013a), compared magneto-encephalographic responses associated with determinernoun matching and mismatching patterns, including both gender and number agreement

RI

violations. These authors found a left temporal response between 200 and 400 ms with
some functional differences emerging at different time intervals. While posterior

SC

temporal regions were activated around 220 ms, the response of the left temporal pole
(the more anterior part of the left temporal cortex) was elicited around 400 ms after the

NU

stimulus onset (Molinaro et al., 2013a). Further studies combining the high temporal
resolution of the magneto-encephalographic recording and the high spatial resolution of

MA

the fMRI techniques would be the keystone to corroborate this theory and reconcile the
contradictory evidence about the role of the temporal regions during phrase and

Left inferior frontal gyrus

D

sentence comprehension.

TE

A left lateralized fronto-parietal network emerges from the contrast Number Mismatch
> Number Match independently of the type of dependency. This network includes
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regions such as the LIFG [pars triangularis, orbitalis and opercularis], the left insula and
the left inferior parietal cortex. However, in spite of this main effect, we also found a
significant interaction between the type of dependency (determiner-noun concord and
subject-verb agreement) and the type of agreement pattern (match and mismatch) in the
pars opercularis within the LIFG including the frontal operculum, a critical node of this
network.

Regarding the main effect, there are two different explanations for this common
activation. First, from a language-specific perspective, the large differential activation in
the LIFG resulting from the Mismatch vs. Match contrast for both nominal and subjectverb agreement is consistent with evidence that points to the critical role of this region
in the processing of different language-relevant information. For instance, while the
pars opercularis, within the IFG appears to underlie syntactic processes, the pars
triangularis and orbitalis seem to be involved in the processing of semantic-related
information (see Friederici, 2011 for a revision of this topic; 2012). More specifically,
activation of the left pars opercularis and the frontal operculum have been consistently
reported in the presence of phrase structure violations and have therefore been linked to
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different stages of syntactic processing such as phrase structure building (Friederici,
2012; Grodzinsky and Friederici, 2006) and/or syntactic complexity processing (see
Grodzinsky, 2000 for a syntactic movement manipulation).

PT

Second, from a more domain-general perspective, it may be that the left inferior frontal
response reflects the involvement of cognitive control functions (see Novick et al., 2005

RI

for a discussion about the role of the LIFG in cognitive control), probably engaged
when the system is confronted with conflicting cues such as the ones we are considering

SC

here (i.e. determiner-noun and subject-verb number agreement violations). In line with
this hypothesis, the inferior frontal cortex, including the anterior insula, has been related

NU

to cognitive mechanisms shared by different types of tasks, language-specific or not,
such as response inhibition, task switching and attentional interference control (Aron et

MA

al., 2003; Aron and Poldrack, 2006; 2004; Levy and Wagner, 2011; Michael et al.,
2006; see also Wager and Barrett, 2004; Wager et al., 2007; 2005). In this respect, the
coupling found here between the left inferior frontal and inferior parietal regions may

D

also be considered as a key piece of evidence sustaining this idea. The modulation of the

TE

parietal cortex activation by attention mechanisms has been previously demonstrated
(see Corbetta and Shulman, 2002 for a review about the role of the parietal regions as
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part as the attentional network; and also see Ravizza et al., 2004).
Based on this second hypothesis, it is plausible to expect a parallelism between the
predominant activation of this left fronto-parietal network for the mismatch condition
and the behavioural results. Interestingly, the behavioral data showed that the mismatch
conditions, for both nominal and subject-verb agreement, were more difficult to detect
compared to their correct counterpart. However, following this perspective we would
also expect a distinction between nominal and subject-verb agreement in some of these
regions, based on the interaction found at the behavioral level. In addition to the main
effect of agreement pattern found for the RT and the error rates, our results show that
readers are more accurate and need less time to evaluate the well-formedness of a
concord dependency, compared to a relation that is built on a more complex syntactic
structure that encompasses different levels of analysis, such as subject-verb agreement.
A closer look at the RT pattern shows that the processing penalty generated by the
evaluation of a determiner-noun number mismatch (relative to its match counterpart) is
significantly greater than the cost generated by the evaluation of a subject-verb number
anomaly (207 ms vs. 125 ms, respectively). As the interaction in the pars opercularis
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within the LIFG reflects, the impossibility of constructing a reliable phrase structure in
the concord violation pairs could block subsequent interpretative steps, making the
evaluation of the ungrammaticality of the pattern difficult and leading to a greater

PT

difference between mismatch and match for determiner-noun pairs than for subject-verb
agreement9.
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In line with this idea, Molinaro et al. (2013a) distinguished between two different stages
related to the processing of number agreement relations: an earlier stage starting around

SC

220 ms involving left anterior temporal regions, and a later stage starting around 300 ms
involving the pars opercularis within the inferior frontal cortex. These authors suggested

NU

that the left temporal activity would reflect initial compositional operations, whereas the
subsequent left inferior frontal response would be involved in more general and high-

MA

level mechanism related with task resolution (Molinaro et al., 2013b). This
interpretation is also compatible with a recent proposal by Bornkessel-Schlesewsky &
Schlesewsky (2013), according to which, activation in these left inferior frontal areas

D

would reflect the involvement of more general top-down processes that link linguistic

TE

processing to behavior, such as in the evaluation of the grammaticality of a sentence.
It is feasible to find a merger between the involvement of the pars opercularis/frontal
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operculum, within the LIFG, during the processing of local structural dependencies
(Friederici et al., 2006); and its role coordinating syntactic operations in a more
controlled mode (see Bornkessel-Schlesewsky and Schlesewsky, 2013 for an in-depth
discussion; and see alsoFriederici, 2001). Recent evidence has demonstrated that within
the LIFG two functional sub-regions coexist (Fedorenko et al., 2012; Fedorenko et al.,
2013), one specifically engaged in language processing (e.g. sentence processing) and
another that is recruited by different domain-general mechanisms (e.g. arithmetic,
spatial and verbal working memory and cognitive control). This evidence could
reconcile the two contradictory points of view about the role of the LIFG, suggesting

9

As noted by an anonymous Reviewer, the difference between concord and subject-verb agreement pairs
that we found in this study, and the interpretation that we give to it, seem to be supported also by
language acquisition data showing that Spanish speaking children tend to learn determiner-noun pairs
such as “el anillo” as single items, that is including the determiner in the lexical representation of the
noun (Demuth, K., 2007. Acquisition at the prosody-morphology interface. Proceedings of the 2nd
conference on generative approaches to language acquisition North America (GALANA), pp. 84-91.).
Under this account, a number violation such as “los anillo” would not be considered entirely syntactic,
but also lexical in nature. This would account for the greater differential activation found for concord
pairs in left inferior frontal and temporo-parietal areas. While we found this alternative interpretation
appealing and relevant for the purposes of our study, we believe that a broader discussion of this issue
would be beyond the scope of the current study.
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that this region could be the junction between a language specific system and an amodal
control monitoring system.
Fitting our results into theoretical frameworks

PT

In sum, the data discussed here show that two different but closely related systems seem
to be working in parallel during the processing of nominal and subject-verb agreement:

RI

a) a bilateral fronto-parietal monitoring system not language specific and b) a left

SC

fronto-temporal system that seems to be specifically related to different aspects of
phrase and sentence processing (see Figure 4). Consistently with existing neurocognitive models of sentence comprehension (Bornkessel-Schlesewsky and

NU

Schlesewsky, 2013; Friederici, 2011, 2012; Hagoort, 2005, 2013, 2014; Hagoort and
Indefrey, 2014), the experimental evidence reported in the current study pointed out the

MA

crucial role of the left frontal and temporal regions in the establishment of relations
among words. Critically, however, the comparison between verbal and nominal
agreement allowed us to isolate neural substrates supporting the operations involved in

D

agreement comprehension, which have not been described in previous models. Our data

TE

show that the processing of verbal and nominal agreement relies on common
mechanisms, as shown by the overlapping brain activation networks. However, at the
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same time, brain activation in some critical areas is modulated by the specific type of
agreement. These differential strengths of activation may be accounted for by some
specific linguistic differences between them. The major difference between these two
dependencies was found in the anterior portion of the left MTG-STG, which we relate
to syntactic-combinatorial building mechanisms apparently controlled by the pars
opercularis within the LIFG. In contrast, lexical and morpho-syntactic information,
represented in the posterior portion of the left MTG-STG, seems to feed into this
syntactic building machinery, with no difference between subject-verb and nominal
agreement. The subsequent form-to-meaning mapping processes take place in the most
anterior part of the left temporal cortex, corresponding with the middle and superior
temporal pole. In contrast to the proposal by Bornkessel-Schlesewsky & Schlesewsky
(2013), we do not find the involvement of parietal regions in the processing of these two
types of relations (but see Quiñones et al., 2014 for parietal region engagement in the
processing of Unagreement patterns). Further investigation is needed to shed light onto
the functional role of parietal regions in sentence comprehension.
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The commonalities and the differences found here between nominal and subject-verb
agreement may be accounted for by some specific linguistic properties of these two
dependencies. As we pointed out in the introduction, two different approaches have

PT

been proposed to characterize how agreement computation operates in nominal and
subject-verb dependencies: the index-concord approach (Wechsler and Zlatić, 2003) and

RI

the standard minimalist generative approach (Chomsky, 2000, 2001). On the one hand,
the index-concord account, which sees agreement as the result of accumulating partial

SC

information from both elements involved in the dependency, would predict distinct
processing for verbal agreement and nominal concord, given their different referential

NU

properties. Specifically, the unification of the semantic features of “el” and “corre”
(e.g. non-participant, single entity) would yield index agreement, while the unification

MA

of matching morpho-syntactic features between “la” and “casa” (e.g. feminine
grammatical gender and singular number) would give rise to concord. On the other
hand, according to the standard minimalist approach, the Agree operation is applied in

D

verbal as well as in nominal agreement, since in both cases there are unvalued features

TE

to be supplied with a number value. Crucially, even across different syntactic
configurations, the nature of the features on which Agree operates is the same, i.e.
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morpho-syntactic, while the semantic content of each syntactic object is indeed taken
into account in a subsequent analysis stage.
The current results allow us to contrast these theoretical frameworks by taking into
account the difference between nominal and subject-verb agreement in the thematicsemantic information associated to the verbs, which is required to properly compute
subject-verb syntactic relations. Our data suggest that these two theories are not
mutually exclusive. In accordance with Chomsky (2000, 2001), the computation of
nominal and subject-verb agreement implies similar computational processes supported
by an overalapping neural network, as evidenced by the failure to find qualitative
differences between the two patterns. However, in partial agreement with Wechsler &
Zlatic (2003), some nodes within this network show differences between nominal and
subject-verb agreement, although this difference is quantitative in nature and may
reflect the structural difference between them (within-constituent vs. sentence-level
structure), and not the type of features involved (index and concord features). Indeed,
the current set of data show a major difference between these two dependencies in the
anterior middle temporal and opercular inferior frontal regions. Critically, the coupling
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between these two regions seems to be mediating the control of syntactic building
mechanisms that take place in the anterior portion of the left temporal cortex. A lexicosyntactic-semantic gradient appears to emerge in this region, which is critical for the

PT

integration of the two words into a congruent syntactic-semantic representation.
Overall, the current findings demonstrate that the coupling between the frontal and

RI

temporal regions typically supporting language processing is flexible enough to show
sensitivity to the fine-grained combinatorial mechanisms that underlie nominal and

SC

subject-verb agreement. Crucially, this property represents an aspect of language
processing that needs to be taken into account in the elaboration of a comprehensive

NU

neuro-cognitive framework. So far, none of the current neuro-cognitive models can
account for the current set of results; determiner noun and subject verb agreement

MA

recruit the same brain circuits, but with some functional specificities depending on the
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type of dependency involved.
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Figure Captions
Figure 1. Significant activation clusters resulting from three different contrasts were

PT

projected on the MNI single-subject T1 image (sagittal slices). All clusters depicted at
p<0.001 corrected for multiple comparisons. A) Contrast between each type of word

RI

pair including the two types of dependencies – determiner-noun and subject-verb pairs –
and the two types of agreement patterns – match and mismatch – and the fixation

SC

baseline condition. B) Contrast between determiner-noun pairs including both
agreement patterns – match and mismatch – and the fixation baseline condition. C)

NU

Contrast between subject-verb pairs including both agreement patterns – match and
mismatch – and the fixation baseline condition. 1: x = -56; 2: x = -46; 3: x = -36; 4: x =

MA

34; 5: x = 44; 6: x = 54.

Figure 2. Statistical results emerging from the comparison between Mismatch and
Match conditions (main effect) were projected on the MNI single-subject T1 image

D

(axial slices). All clusters depicted at p<0.001 corrected for multiple comparisons. A)

TE

Significant activation clusters resulting from the contrasts Mismatch > Match (yellow)
and Match > Mismatch (blue) superimposed on on the MNI single-subject T1 image.
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The bar graphs (lowest part) display the contrast estimates and 90% of confidence
intervals at different maximum peaks representative of the significant activated clusters
in the B) Mismatch > Match and C) Match > Mismatch contrasts. DN: Determiner-noun
pairs; SV: Subject-verb pairs; M: Match; MM: Mismatch; Orb: Orbitalis; Tri:
Triangularis; Mid: Middle; Inf: Inferior; Supp: Supplementary. 1: z = -17; 2: z = -14; 3:
z = -11; 4: z = 5; 5: z = 24; 6: z = 27; 7: z = 30; 8: z = 60.
Figure 3. Significant clusters resulting from the interaction between the type of word
pair and the type of agreement pattern were projected on the MNI single-subject T1
image. A) The three significant clusters (p<0.001 corrected for multiple comparisons)
were projected on the MNI single-subject T1 image (left side). The colours represent the
tail of the interaction regarding the agreement pattern: Mismatch > Match (yellow) and
Match > Mismatch (blue). The bar graphs (right side) display the contrast estimates and
90% of confidence intervals. B) Series of correlation analyses between the magnitudes
of the neural response and the behavioural results for each condition. The left and the
right panels represent the probability values and the correlation coefficients
respectively. PS: Phrase structure; DN: Determiner-noun pairs; SV: Subject-verb pairs;
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M: Match; MM: Mismatch; L_IFG: Left inferior frontal gyrus; L_Prec: Left precuneus;
R_Prec: Right precuneus; L_MTG: Left middle temporal gyrus.
Figure 4. Schematic representation of the main results which include five different

PT

regions: 1) left posterior portion of the MTG-STG; 2) left anterior portion of the MTGSTG; 3) pars opercularis within the LIFG; 4) left temporal pole and 5) pars triangularis-

RI

orbitalis within the LIFG. DN: Determiner-noun pairs; SV: Subject-verb pairs; M:
Match; MM: Mismatch. Dark and light blue distinguish between the temporal pole
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(dark blue) and the rest of the left temporal cortex (light blue).
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Table 1. Mean of the frequency, length and neighbors for both agreement patterns, match and
mismatch in the two types of word pairs (determiner-noun and subject-verb) with the standard
deviation between parenthesis.
Determiner-Noun
Match

1.27 (0.58)

1.23 (0.57)

Length

5.5 (0.80)

5.88 (1.01)

Lev Neighbors

1.45 (0.32)

1.56 (0.35)

0.81 (0.66)

Match
0.83 (0.61)

6.63 (1.79)

6.22 (1.60)

1.56 (0.27)

1.47 (0.32)
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Log (frequency)

Mismatch

RI

Mismatch

Subject-Verb
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Table 2. Percentage of error and mean decision times (in ms) for both agreement patterns
(match and mismatch) in the two types of word pairs (determiner-noun and subject-verb) with
standard error between parenthesis.

DeterminerNoun

Mismatch

890.66
(34.61)
987.66
(36.81)

683.92
(26.25)
862.71
(31.74)

Match

17.86 (1.81)

6.36 (1.05)

23.5 (1.55)

12.5 (1.19)
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Subject-Verb

Match
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Mismatch

Error rates

RI

Mean reaction times
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Region

x,y,z {mm}

RI

Contrast

Peak
level

PT

Table 3. Brain activation for agreement pattern (Mismatch vs. Match and Match
vs. Mismatch) including both word pairs, determiner-noun and subject-verb.

Insula_R
Putamen_R

4.11
5.42
4.48
4.07
3.93
4.83
5.16

360
2172

32 -92 -10
58 -12 -22
44 12 -30
46 -72 36
2 -36 40
8 -52 38
6 28 -12
2 56 -4

5.24
4.85
3.94
4.73
5.78
5.04
4.69
3.86

279
420

-26 -96 -4
-34 -90 -12
0 -52 36
-60 -8 -16
-60 -20 -24
-22 -18 -26
-44 -66 48
-24 38 46
-24 30 54
-4 46 -18
-6 36 -12
-4 50 8

5.19
4.49
5.00
4.84
3.85
5.03
4.14
5.19
4.71
4.26
5.57
3.80

-36 -42 42
-28 24 0
-50 10 26
-42 20 -4
-40 14 28
-46 -2 48
-6 4 62
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Occipital_Inf_R
Temporal_Mid_R
Temporal_Pole_Mid_R
Angular_R
Cingulum_Mid_R
Precuneus_R
Frontal_Med_Orb_R
Cingulum_Ant_R

338

NU

Parietal_Inf_L
Insula_L
Frontal_Inf_Oper_L
Frontal_Inf_Orb_L
Frontal_Inf_Tri_L
Precentral_L
Supp_Motor_Area_L

Match >
Mismatch

Occipital_Mid_L
Lingual_L
Precuneus_L
Ant_Temporal_Mid_L
Ant_Temporal_Inf_L
ParaHippocampal_L
Angular_L
Frontal_Sup_L
Frontal_Mid_L
Rectus_L
Frontal_Med_Orb_L
Cingulum_Ant_L

No.
Vox

4.70
3.37

MA

Mismatch >
Match

32 26 -2
28 20 4

SC

T

Cluster
level

581

766
2473
1355

218

183
1227
692
363
1355

Only those clusters with an effect corrected with FWE or FDR criteria were
considered as significant and it was included in the table. x,y,z {mm}=
Coordinates in MNI space of local maxima. T = T scores. No.Vox. = Number of
voxels significantly activated inside the cluster belonging to each local
maximum. T scores at the peak level are reported in bold if they are significant
after FWE correction.
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Table 4. Interaction betweenType of Word Pairs (Determiner-Noun and Subject-Verb) and Agreement
Pattern (Mismatch and Match)

x,y,z
{mm}

T

No.
Vo
x.

Frontal_Inf_Op
er - Precentral
(L)

-46 0
24

3.2
6

114

PrecuneusCuneus (L/R)

-8 72 30

4.6
5

140
9

14 -52
36

Temporal_Mid
Temporal_Sup
(L)

-56 -6
-10

3.7
3

112

-58 -6
-14

T

No.
Vo
x.

5.6
9

137
3

5.3
2

112

Mismatch vs. Match in
Determiner-Noun pairs

x,y,z
{mm}
-48 6
30

T

No.
Vo
x.

5.3
7

114

MA

NU

x,y,z
{mm}

SC

Region

RI

Match vs. Mismatch in
Determiner-Noun pairs

Interaction
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Only those clusters with a significant interaction effect (p<0.001 uncorrected) were resported. x,y,z {mm}=
Coordinates in MNI space of local maxima. Vx = Number of voxels significantly activated inside the
cluster belonging to each local maximum. T = T scores. T scores are reported in bold if they are
significant at the peak level after FWE or FDR correction.
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Highlights
• neuro-cognitive processes of agreement in language comprehension
• Fronto-temporal network shows sensitivity to combinatorial mechanisms
in sentence processing
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• Bilateral fronto-parietal system underlies monitoring
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