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1 Introduction 
 
Recording the brain activity of subjects while they produce or comprehend sentences 
potentially provides valuable information about syntax. Like event-related potential (ERP) 
experiments using electroencephalography (EEG), neuroimaging methods are not limited to 
(nor even require) overt behavioral responses, as the brain signal itself serves as the dependent 
measure. Neuroimaging methods have an additional benefit when compared to traditional 
ERPs: spatial precision (hence, neuroimage). Spatial precision allows the experimenter to 
compare experimental conditions not only on magnitude or timing but also across brain space. 
This in turn potentially allows reverse inference: inference about the cognitive operations 
evoked by an experimental manipulation by examining these spatial patterns. While reverse 
inference is sharply limited by prior confidence in the function of brain areas (Poldrack, 2006; 
2011), linguistic questions can in principle be answered through this technique. Thus, 
neuroimaging methods should be of interest to those in search of non-traditional methods, and 
hopefully new insights, for the study of syntax. 
 
While few neuroimaging studies have attempted to discriminate among linguistic theories or 
even to address specifically linguistic questions more broadly, many studies have been 
conducted to attempt to determine brain regions underlying syntactic mechanisms. Much of 
this research has been hampered by a general disconnect between cognitive neuroscience and 
syntactic theory, or perhaps more pointedly a lack of explicit linking hypotheses between 
syntactic mechanisms, a processing model, and brain activity. However, recent research has 
started to bridge these gaps by using more explicit syntactic formalisms, processing models, 
and well-motivated linking hypotheses to brain responses (Pallier et al., 2011; Nelson et al., 
2017; Brennan et al., 2016; Brennan & Pylkkanen, 2017; Brennan & Hale, 2019; Bhattasali et al., 
2019; Matchin et al., 2018). 
 
The goal of identifying the localization of syntax is intimately connected to the use of 
neuroimaging to answer linguistic questions – this is because reverse inference is severely 
limited by prior confidence in the function of brain regions. To the extent that activation in a 
“syntax area” of the brain can be used to discriminate among syntactic theories, we must have 
good confidence in the localization of syntax to begin with. With this in mind, what seem like 
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separate interests – the linguist’s interest in using neuroimaging experiments to understand 
language, and the neuroscientist’s interest in spatial localization of language – are inseparable, 
with progress in the latter question fundamental to progress in the former. 
 
I will first (Section 2) introduce the reader to the various neuroimaging methods currently 
available, including major issues in experimental design, as well as provide a crash course in the 
cortical neuroanatomy relevant to language. Next (Section 3), I will review attempts to localize 
syntax in the brain through the use of neuroimaging methods. Following this (Section 4), I will 
discuss attempts to use neuroimaging data to adjudicate linguistic questions: the adequacy of 
syntactic theories, parsing models, and particular structural analyses. 
 
2 Methods & Neuroanatomy 
 
Functional neuroimaging methods are those that provide images of the brain related to 
changes in neural activity, in other words, spatial localization of function. There are two classes 
of such methods: (i) hemodynamic methods, which indirectly measure neural activity via 
changes in blood flow, and (ii) neurophysiological methods, which directly measure electrical or 
magnetic waves resulting from neural activity. The most widely used functional neuroimaging 
techniques, functional magnetic resonance imaging (fMRI), electroencephalography (EEG), 
electrocorticography (ECoG), and magnetoencephalography (MEG), all record signals associated 
mainly with the same neurophysiological processes: postsynaptic dendritic activity (Logothetis, 
2001), facilitating cross-methodological inferences. I will provide an overview of these methods, 
with a particular focus on considerations of experimental design, as well as a brief overview of 
the brain anatomy relevant to language. 
 
Table 1. Overview of neuroimaging methods. 
 

Method Brain signal Spatial resolution Temporal resolution 
fMRI  Local changes in blood 

flow (blood-oxygenation 
level-dependent signal, 
or BOLD) 

Very high (up to ~1 
mm3) 

Poor (~seconds) 

EEG (with 
source 
localization) 

Electrical fields 
associated with post-
synaptic dendritic 
activity 

Moderate (heavily 
contingent on 
electrode density, 
analysis technique 
and availability of 
structural and 
functional MRI) 

Very high (millisecond 
resolution) 

MEG (with 
source 
localization 
analysis) 

Magnetic fields 
associated with post-
synaptic dendritic 
activity 

High (contingent on 
analysis techniques & 
availability of 
structural and 
functional MRI) 

Very high (millisecond 
resolution) 
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ECoG  Electrical fields 
associated with post-
synaptic dendritic 
activity 

Very high (up to the 
millimeter level; 
dependent on patient 
availability, electrode 
grid type, and surgical 
location) 

Very high (millisecond 
resolution) 

 
2.1 Hemodynamic methods 
 
Hemodynamic methods are used to indirectly assess neural activity by measuring changes in 
blood flow in the brain. The most widely used neuroimaging technique affording high spatial 
resolution is functional magnetic resonance imaging (fMRI). fMRI, along with positron emission 
tomography (PET), has limited temporal resolution but allows precise localization of brain 
activity measured in small three-dimensional pixels, or voxels. While PET has been used in many 
neuroimaging studies on sentence processing, it has largely been supplanted by fMRI, which is 
more accurate in both the spatial and temporal dimensions, simpler to administer, and less 
invasive. 
 
fMRI uses high strength static magnetic fields, typically at 3 Tesla (3T), to align hydrogen 
molecules within the tissue being imaged. Then, three orthogonal gradient magnetic fields (in 
the x, y, and z directions) are applied, changing the resonance frequency of the molecules 
within defined regions of tissue and allowing for precise spatial localization. The current 
resolution of voxels ranges from several millimeters to a fraction of a millimeter in each 
dimension; current good-quality standards are 2mm3 for functional imaging and 1mm3 for 
structural imaging. To generate the MR signal, a radiofrequency pulse is generated using a coil 
mounted as a cage over the head of the subject, transmitting energy to the tissue. Hydrogen 
molecules absorb the energy, which perturbs them out of alignment with the magnetic field. As 
the molecules return to alignment, they release energy which is then received by the RF coil. 
The signal intensity of a voxel is therefore proportional to the density of hydrogen molecules 
within it, which varies across brain tissue types (e.g., gray and white matter). This allows for 
high contrast images of brain structure onto which functional images are overlaid. 
 
With respect to functional MR imaging, when neurons fire, they use up energy, and there is 
increased circulation of hemoglobin to and from these neurons. The rapid change of 
oxygenation of hemoglobin in active neural tissue has magnetic properties, producing small but 
detectable changes in the MR signal (the blood oxygenation level-dependent or BOLD signal). 
This allows the researcher to indirectly detect neural activity via changes in blood flow. 
 
The main limitation of the BOLD signal is its temporal resolution. A typical sampling rate of fMRI 
(the repetition time, or TR) is 2 seconds, which reflects the time needed to acquire an entire 
brain volume of data. More recently, researchers have been able to acquire images as fast as a 
TR of .7 seconds (Yourganov et al., 2018) without compromising spatial resolution. While 
researchers have been able to improve the temporal resolution of volume acquisition, the slow 
speed of the hemodynamic response itself is an in-principle limitation. While cognitive 
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processes and neural firing occur on the order of milliseconds, the typical peak hemodynamic 
response to a stimulus has a latency on the order of seconds, typically 6-8. This inherently limits 
inferences regarding the timing of brain activation in fMRI. This is unfortunate, as effects 
occurring on neighboring regions of a sentence (e.g., the subject, verb, or object of a sentence) 
are difficult to reliably differentiate. 
 
In fMRI, there are two main types of experimental design: block and event-related (ER). Block 
designs date back to the origins of neuroimaging. These approaches begin with the rough 
observation that repeated stimuli produce additive responses to the BOLD signal – e.g., the 
BOLD response to two sequential tones in auditory cortex can be predicted accurately by 
summing the expected hemodynamic responses to each tone in isolation. Blocked stimuli, with 
a typical duration of 20 seconds per block, thus ideally induce a rise in BOLD signal over a few 
seconds followed by a long period of sustained activation and then a return to baseline. The 
experiment alternates blocks of stimulation for each condition and “baseline” or rest periods, 
during which the brain activation in absence of stimulus can be measured. The BOLD signal can 
then be averaged starting a few seconds after stimulus onset for the duration of the stimulus, 
and then statistical analysis can be performed (modern techniques actually model the HRF 
itself). The standard analysis approach is subtraction: the magnitude of the BOLD response 
measured across all voxels in the brain for one condition is subtracted from another condition 
(i.e., a statistical pairwise contrast). Such comparisons can be done with the rest periods, 
creating maps of activation for a particular condition relative to “baseline”1. 
 
Event-related (ER) fMRI involves the rapid, randomized presentation of isolated stimuli from 
different conditions. ER designs are useful because they avoid the issues of subject habituation 
and prediction associated with repetitions of stimuli from the same condition, and they are 
more powerful statistically, as the BOLD signal in a given brain region tends to attenuate with 
repetition (Grill-Spector et al., 2006). With rapid alternating stimuli from different conditions, 
the hemodynamic responses will overlap. Thus, a deconvolution analysis must be performed, in 
which the strength of the hemodynamic response associated with each condition within each 
voxel must be recovered from the combined BOLD signal. An experimenter may assume a 
canonical HRF and estimate a single parameter regarding the strength of activation for that 
condition within each voxel. However, more sophisticated techniques can be used to estimate a 
set of parameters to determine the actual shape of the HRF as well. 
 

 
1 Many researchers historically and currently assume that a statistical map of a condition vs. rest reflects the 
brain’s response to that condition. However, a critical issue is whether the “baseline” period actually reflects an 
absence of relevant cognitive processes. Early research by Raichle and colleagues (2001) noticed a consistent 
pattern of negative activation to a stimulus vs. rest – that is, brain areas more active during rest than during 
stimulation. Binder and colleagues (1999; 2012; McKiernan et al., 2006) have shown overlap between this “default 
mode” network and regions involved in conceptual-semantic processing, implying that much of the activity during 
baseline reflects spontaneous thought with rich conceptual representations. It is critical for neuroimaging 
experiments of lexical, syntactic, conceptual, semantic and other levels of representation and processing to 
potentially account for this issue, e.g. by comparing two experimental conditions to each other rather than to rest. 
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For both of these techniques, statistical analysis is often performed using subtraction; more 
generally, researchers use a general linear model (GLM) in which a set of statistical regressors 
are added to best account for the data. This typically includes subject motion parameters, 
behavioral responses, and filters to account for scanner drift. More recently, many researchers 
have begun to expand upon comparing gross measures of activation strength among conditions 
by performing multivariate (or multivoxel) pattern analyses (MVPA; Haxby, 2012). MVPA 
analyses determine whether a computer model can be trained to discriminate the patterns of 
activity across voxels within a given cortical region (often a sphere or cube of voxels) among 
conditions. Thus, a given brain area might not be more engaged overall, but the finer grained 
pattern of activity might encode information about the stimulus or condition. 
 
The scanner adds substantial auditory noise to any stimulus, even with ear protection. For 
experiments aimed at isolating higher linguistic processes (e.g. syntax), acoustic noise is 
typically not seen as a problem. However, if the researcher is interested in lower level acoustic 
or phonological representations, this issue must be addressed. One such approach is sparse 
sampling. Sparse sampling capitalizes on the slow BOLD response be presenting auditory stimuli 
in silence with the scanner turned off. Following acoustic stimulation, the scanner is turned on 
and a brain volume is acquired, optimally around the peak of the hemodynamic response. 
Unfortunately, isolated brain volumes are unable to model the shape of the HRF, potentially 
missing the peak, and provide less data and correspondingly weaker statistical power. More 
recently, researchers have begun to use clustered-sparse designs, in which multiple volumes are 
collected rather than one, allowing for better estimation of the hemodynamic response and 
statistical robustness. 
 
There are several additional practical limitations of fMRI. Given the time required to install the 
subject into the scanner, set up the scanner protocol and acquire calibration and structural 
data, overall limitations on subject comfort, scanner heating concerns, and financial cost, 
experiments cannot last much more than 1.5 hours (ideally half that) and must be divided into 
runs of ~5-10 minutes each. Effective scanning requires the subject not to move their body, 
particularly their head, otherwise data distortion results, and data are often lost due to subject 
motion. Finally, subject responses produce brain activity in motor cortex that could 
contaminate responses in language-related areas. These factors constrain experimental 
designs; for instance, it is difficult to do studies on overt production or include large amounts of 
filler items that increase the duration of the experiment. 
 
2.2 Neurophysiological methods 
 
In contrast to hemodynamic methods, neurophysiological methods more directly assess neural 
activity by measuring electrical signals or magnetic waves. This means much more precise 
temporal resolution, on the order of milliseconds. Historically, neurophysiological methods for 
use in humans were restricted to electroencephalography (EEG), which has very limited spatial 
resolution. However, in recent years methodological advances in magnetoencephalography 
(MEG), intracranial EEG (iEEG) or electrocorticography (ECoG), and cortical localization methods 
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in EEG, allow for much greater spatial precision with neurophysiological data, providing 
powerful techniques for investigating syntax in the brain. 
 
The most widespread (and affordable) technique is EEG, in which the experimenter places a cap 
with a number of electrodes (typically 32, 64 or 128) on the head of the subject. The electrodes 
are sensitive to changes in electrical activity occurring on the scalp, some of which are driven by 
the brain. However, cortical localization of these signals is greatly hampered by the presence of 
intervening tissue (e.g., hair, skin, skull, meninges) between the brain and the electrodes that 
greatly distorts the signal. Additionally, the cortical sources must be aligned parallel to the 
electrodes in order to the electrical waves to be detected, meaning most signals are derived 
from gyri (cortical bumps) and preventing the recording of signals from within sulci (cortical 
grooves) that are oriented perpendicular to the scalp. However, recently researchers have 
attempted to model these intervening tissues, allowing them to account for the distortion 
effect and determine more precisely where the signals are generated from. These methods 
have substantially improved source localization in EEG (see, e.g. Meyer et al., 2015 for an 
example of EEG source localization in the context of sentence comprehension). However, these 
methods are computationally intense, still limited compared to other methods, and optimal 
when using the subject’s own MRI, which greatly increases expense. 
 
Another technique used for language is magnetoencephalography (MEG). MEG is sensitive to 
the magnetic fields that are generated orthogonally to electrical waves. Thus, it essentially 
detects the same underlying neural activity as EEG. However, given the orthogonal orientation 
of the fields, MEG is mostly sensitive to sulci rather than gyri, giving it complementary 
neuroanatomical coverage to EEG. The major advantage of MEG over EEG is that magnetic 
fields, unlike electrical waves, are not distorted by intervening head tissue. Thus, by applying 
appropriate computational methods the MEG signal can be much more precisely localized to 
the brain than the EEG signal, particularly when supplemented with the subject’s own structural 
MRI. However, there is still a limit to the spatial precision of MEG, giving it an effective 
resolution of 2-3 centimeters in the best case. In addition, currently MEG scanners are 
somewhat rare and expensive to purchase and maintain, particularly so given recent limitations 
of helium supply, limiting its widespread adoption for language research. 
 
An important issue affecting both EEG and MEG source localization is the inverse problem: the 
fact that there is no unique solution to determining cortical sources from patterns of activity 
across sensors at the scalp surface. Thus, non-trivial assumptions about how to resolve 
ambiguities about cortical localization must be made. 
 
More recently, many studies have used intracranial electrodes (iEEG/ECoG) in order to obtain 
highly spatially precise measures of neural activity during language tasks. ECoG is impossible to 
use in healthy subjects, given that it requires surgical opening of the skull to allow electrode 
implantation onto the cortical surface. However, patients undergoing brain surgery for epilepsy 
often have electrode grids inserted in order to identify and avoid brain areas critical for 
language. This affords an opportunity for researchers to present these patients with various 
language tasks, typically “naturalistic” paradigms such as watching movies or listening to 
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audiobooks. The advantage of ECoG over EEG and MEG is that the location of the electrode is 
directly on the brain itself, allowing for precise localization to that exact region without 
sacrificing any temporal information. In addition, depth electrodes can be implanted into sulci, 
allowing for recordings from both gyri and sulci within the general implanted area. 
 
2.3 Neuroanatomy of language 
 
There are three main parts to the human brain: the cerebrum, the brainstem, and the 
cerebellum; we focus here on the cerebrum, the major structure sitting atop the brainstem and 
cerebellum2. The cerebrum itself is divided into the cortex and subcortex. The cortex consists of 
a large, thick, and folded sheet of gray matter (cell bodies) that forms the most visible surface 
of the brain. The folds create the sulci and gyri that form the major anatomical landmarks of the 
cortex. Underneath this sheet is the corresponding white matter, comprised of myelinated 
axons, allowing for local and long-range transfer of information among gray matter regions of 
the cortex. The subcortex consists of pockets of gray matter buried deeper in the white matter 
of the cortex, chiefly the basal ganglia and thalamus. The thalamus, basal ganglia, and the 
cortex are interconnected with localized circuit loops running through them (Alexander et al., 
1986). 
 
The cortex consists roughly of a fundamental division between sensory-motor cortex, regions 
specialized for processing a particular modality (e.g., auditory cortex in the superior temporal 
gyrus, sensory-motor cortex in the supramarginal gyrus) receiving inputs from subcortical 
structures connecting to peripheral organs (e.g. retina, cochlea, muscle fibers), and association 
cortex, nested in-between sensory-motor areas that is less specialized for a particular modality 
and likely processes more abstract information such as syntax and semantics (e.g., middle 
temporal gyrus, angular gyrus). Figure 1 illustrates the anatomical regions (in colors) and 
functional regions (circled in white) relevant for language that will be discussed in subsequent 
sections of this chapter. 
 

 
2 We focus on the cerebrum adopting the standard assumption that higher-order faculties rely primarily on the 
cortex. This assumption is useful for focusing discussion but clearly false in the sense that language behavior, 
defined broadly, certainly crucially relies on the brainstem and cerebellum to some degree. We set this issue aside 
in order to provide clear insight about neuroimaging studies of syntax to the reader. 
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Figure 1. Cortical anatomy relevant to language. IFG = inferior frontal gyrus. The superior 
temporal sulcus (STS) lies deep in-between the superior and middle temporal gyri. ATL: anterior 
temporal lobe; PTL: posterior temporal lobe; TPJ: temporal-parietal junction. 
 
Regions relevant for abstract linguistic processing have been identified by neuroimaging studies 
identifying effects independent of modality of presentation, such as auditory speech, 
orthography, and sign language (Binder et al., 2009; Fedorenko et al., 2010; 2011; Leonard et 
al., 2012; Huth et al., 2016; Matchin et al., 2017b; Wilson et al., 2018). For instance, a recent 
fMRI study by Wilson et al. (2017) using MVPA illustrated that association cortex within the 
temporal lobe, particularly the ventral bank of the superior temporal sulcus and the middle 
temporal gyrus, did not discriminate between auditory and written language, likely reflecting 
more abstract processing, whereas surrounding areas did discriminate these modalities. 
Classical models of language and the brain typically include brain areas such as the posterior 
superior temporal gyrus (sometimes called Wernicke’s area3) highly associated with speech 
perception (Figure 1), but most modern models clarify that deeper linguistic processing (i.e., at 
lexical, syntactic, and semantic levels) actually occurs in association cortex (Hickok & Poeppel, 
2007; Rauschecker & Scott, 2009; Bornkessel-Schlesewsky & Schlesewsky, 2013; Binder, 2016; 
Matchin & Hickok, 2018). 
 

 
3 The term “Wernicke’s area” has historically been poorly defined and has been used to refer to an unusually wide 
variety of cortical regions (Tremblay & Dick, 2016; Binder, 2017). Experts recommend not using this term given this 
confusion and danger of conflating distinct regions with each other. There are similar concerns for the term 
“Broca’s area”, but most researchers agree that this term refers to the posterior 2/3 of the left inferior frontal 
gyrus, the pars opercularis and pars triangularis (Tremblay & Dick, 2016), making it a much more reliable 
anatomical label. 
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3 Syntax & the brain: localization 
 
While the set of cortical regions relevant for language is fairly well-established, which regions (if 
any) are specialized for syntax is a matter of substantial debate, particularly concerning Broca’s 
area (Kaan & Swaab, 2002; Grodzinsky & Santi, 2008; Rogalsky & Hickok, 2011; Bornkessel-
Schlesewsky & Schlesewsky, 2013; Goucha et al., 2017). Most experiments using neuroimaging 
methods to study syntax have attempted to localize syntactic representations or operations (or 
combinatory processing defined in a more general way) to one or more of the brain regions 
listed above; to put it bluntly, to find a “syntax area”4. This search has been hampered by a lack 
of linking hypotheses among competence theories, performance models, and brain activity. 
Perhaps an even greater issue is that neuroimaging experiments often eschew theoretical 
insights at all, with unstated and perhaps unanalyzed assumptions about what is meant by the 
word syntax. Fortunately, recent work has paid closer attention to these issues, and these new 
developments may lead to greater interaction between linguists and neuroscientists in 
answering questions of relevance to syntactic theory (Boeckx, 2013; Matchin, 20165; Brennan, 
2016; Goucha et al., 2017). 
 
This review is divided into two broad categories of studies: (i) processing complexity studies 
aimed at isolating brain responses correlated with well-studied behavioral costs (i.e. reaction 
time, accuracy) associated with certain structural manipulations such as clausal embedding and 
non-canonical word order; and (ii) combinatorial complexity studies aimed at isolating brain 
responses correlated with the constituent size or (with some additional assumptions) the 
number of structure-building operations needed to parse the material. Interestingly, while the 
two categories focus on two different aspects (roughly, performance and competence), they do 
converge on brain areas important for syntax. 
 
3.1 Studies of processing complexity 
 
 
 
Two of the earliest neuroimaging studies investigating syntax in the brain (Just et al., 1996; 
Stromswold et al., 1996) performed contrasts identified brain activations related to “…‘thinking 
harder’ in the course of sentence comprehension…” (Just et al., 1996), operationalized as 
increased reaction times and/or increased error rates for a task such as sentence 
comprehension (Just & Carpenter, 1992). A crucial assumption of these studies is that contrasts 
of processing complexity involve an increased demand on syntactic resources (we will assess 
this assumption below). Just et al. (1996) compared brain activation during sentence 
comprehension in the fMRI scanner to three conditions that matched for lexical items and 

 
4 The idea of localizing syntax in the brain itself involves several potentially invalid assumptions, most crucially that 
there in fact is a congruous chunk of brain tissue corresponding to syntax. Poeppel & Embick (2005; Embick & 
Poeppel, 2015) discuss the issues with such assumptions in the context of brain mapping, such as the possibility 
that the cortical area is the wrong level of neural granularity to correspond to such things as phrase structure rules 
or syntactic features. 
5 Faculty of Language blog post: http://facultyoflanguage.blogspot.com/2016/09/brains-and-syntax.html. 

http://facultyoflanguage.blogspot.com/2016/09/brains-and-syntax.html
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roughly matched for complexity and content of semantic interpretation, but differing on 
syntactic dimensions and behavioral measures: (i) conjoined active sentences (e.g., the reporter 
attacked the senator and admitted the error), (ii) subject-relative sentences (e.g., the reporter 
that attacked the senator admitted the error), and (iii) object-relative sentences (e.g., the 
reporter that the senator attacked admitted the error). Stromswold et al. (1996) in PET critically 
compared two conditions: (i) center-embedded sentences, all object-relative constructions in 
which the relative clause was attached to the subject of the main clause, (e.g. the juice that the 
child spilled stained the rug) and (ii) right-branching sentences, in which the relative clause 
(with subject extraction) was attached to the object of the main clause (e.g., the child spilled the 
juice that stained the rug). Such comparisons have been heavily studied in the experimental 
literature, in which relative clauses and center-embedding reduce behavioral performance 
relative to sentences without (such as conjoined actives), and object-relatives increase 
processing costs relative to subject-relatives (Just et al., 1996; see Gibson et al., 2013 for a 
review). 
 
Both of these neuroimaging studies found increased brain activation for processing complexity 
in the pars opercularis (the posterior portion of Broca’s area) while Just et al. (1996) found 
additional activation in the pars triangularis (the anterior portion of Broca’s area), as well as the 
posterior temporal lobe (PTL, Figure 2, left). While some studies report effects in other brain 
areas, such as the anterior temporal lobe (Den Ouden et al., 2012; Blank et al., 2016), increased 
activity in Broca’s area and the PTL is the most reliable general pattern found across studies, 
confirmed by a recent meta-analysis (Meyer & Friederici, 2016) (Figure 2, right). Recent 
neuroimaging studies have directly investigated correlations between such processing costs 
(operationalized as reaction time) and brain activation during sentence comprehension and 
identified similar activation patterns, with additional effects in (pre-)motor cortex likely related 
to response preparation (Wilson et al., 2010; 2014; 2016). 
 

  
Figure 2. LEFT: Results of Just et al. (1996). RIGHT: Meta-analysis by Meyer & Friederici (2016). 
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Without plausible linking theories, it is difficult to understand what this activation pattern 
means with respect to syntax. Some authors have interpreted such results as reflecting a 
syntactic computation such as phrase structure generation and/or transformation, particularly 
in Broca’s area (Ben-Shachar et al., 2003; Santi & Grodzinsky, 2007; Makuuchi et al., 2009; 
Meyer et al., 2012; Wilson et al., 2014). However, many authors, including Just et al. and 
Stromswold et al., have highlighted two possibilities for what increased activation for 
processing complexity reflects: (i) structure-building/transformation processes and (ii) working 
memory resources needed to maintain information for processing (Stromswold et al., 1996; 
Just et al., 1996; Caplan et al., 2000; Rogalsky et al., 2008). The issue of syntactic computation 
vs. memory resources pervades discussion of neuroimaging studies on syntax up through today, 
with many studies performed aimed at dissociating the two (Caplan et al., 2000; Cooke et al., 
2002; Fiebach et al., 2005; Santi & Grodzinsky, 2007; Rogalsky et al., 2008; Makuuchi et al., 
2009; Meyer et al., 2012). 
 
One line of research has sought to dissociate structural computation from memory load by 
crossing the factors word order canonicity and linear distance of syntactic dependencies (Cooke 
et al., 2002; Fiebach et al., 2005; Makuuchi et al., 2009; Meyer et al., 2012), with mixed results. 
For example, the Meyer et al. (2012) performed an fMRI study in German crossing the factors 
order (canonical subject-first vs. non-canonical object-first) and distance (whether an adjunct 
clause intervened between the two arguments of the sentence or not). The main effect of order 
activated the posterior portion of Broca’s area, the pars opercularis (bordering on the pars 
triangularis) while the main effect of distance activated the posterior superior temporal lobe 
and inferior parietal lobe (supramarginal gyrus), suggesting a more specialized role for Broca’s 
area in structural processing as opposed to memory. However, this result differs from Fiebach 
et al. (2005) which found that object-first sentences only engendered increased activation in 
Broca’s area (pars triangularis) relative to subject-first sentences when there was a long 
distance between dependent elements; for short distances, the activation levels were 
equivalent. 
 
Relatedly, Santi & Grodzinsky (2007) sought to examine the specificity of complexity effects in 
Broca’s area to syntactic transformation operations (i.e., movement) as opposed to any kind of 
long-distance dependency that might induce memory demands, such as anaphoric binding (e.g., 
the relation between a reflexive and its antecedent). They crossed the factors dependency type 
(movement vs. binding) and distance (one, two, or three noun phrases intervening between the 
dependent elements), with the assumption that general memory resources would be taxed for 
distance regardless of dependency type, whereas a syntactic transformation function would be 
taxed for distance selectively for movement. They found a distance effect for movement but 
not binding in the pars triangularis, suggesting a role specifically for syntactic processing in this 
region not attributable to more general memory demands. 
 
A key issue overlooked in this study is the processing dynamics of the two constructions. 
Anaphoric dependencies are typically unpredictable – that is, the reflexive refers to a 
previously-encountered antecedent. E.g., in the sentence John knows that Mary1 pinched 
herself1, herself refers to Mary, and the fact that such a long-distance dependency exists at all is 
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not clear until the reflexive herself is encountered. Movement dependencies are different – 
once the filler is encountered, the gap location is predictable. E.g., in the sentence John loves 
the woman1 who Mary pinched __1, the relative pronoun who cues the comprehender to the 
existence of a future noun phrase gap. Behavioral experiments have shown that subjects use 
this information to actively predict gaps, the so-called filled-gap effect (Stowe, 1986; Crain & 
Fodor, 1985; Frazier & Flores d’Arcais, 1989). Thus, canonical anaphora are processed passively 
while filer-gap dependencies are processed actively, a potentially confounding factor with 
respect to Broca’s area activation. 
 
Interestingly, there is a class of anaphoric dependencies that shares this predictive processing 
profile – backward anaphora, or cataphora. In backward anaphora, the anaphor precedes the 
antecedent, resulting in predictability of the anaphoric dependency e.g. when he1 was fed up, 
the boy1 visited the girl in the hospital. Behavioral experiments have shown that subjects expect 
the gender of the first full noun phrase in these types of sentences to agree with the anaphor, 
exhibiting a processing cost if this pronoun does not agree (e.g., when he1 was fed up, the girl 
visited the boy1 in the hospital).  (van Gompel & Liversedge, 2003; Kazanina et al., 2007). 
Matchin et al. (2014) performed a similar fMRI study to Santi & Grodzinsky (2007) but used 
backward anaphora, finding a robust effect of distance for backward anaphora in the same 
subregion of Broca’s area that was identified for distance in movement dependencies, the pars 
triangularis. Thus, the activation profile in this region appears to reflect the processing of long-
distance syntactic dependencies generally (e.g., a contribution of working memory resources) 
rather than a specific syntactic computation such as movement. 
 
A separate line of research has sought to examine the relationship between processing 
complexity effects in Broca’s area and phonological working memory via the use of a secondary 
articulatory rehearsal task (Caplan et al., 2000; Rogalsky et al., 2008). The logic is that if the 
processing complexity effects in Broca’s area reflects verbal working memory resources needed 
to maintain information for processing, then (a) a purely phonological working memory task 
(i.e., subvocal articulatory rehearsal) should activate this region, and (b) concurrent articulatory 
rehearsal during sentence comprehension should saturate these resources and eliminate the 
processing complexity effect, given that articulatory suppression can eliminate behavioral 
processing complexity effects (Baddeley, 1981; Rogalsky et al., 2008). Rogalsky et al. (2008) 
observed that the processing complexity effect in the pars opercularis was eliminated during 
concurrent articulatory rehearsal & that the articulatory rehearsal task on its own robustly 
activated this region. However, while both Rogalsky et al. (2008) and Caplan et al. (2000) found 
no complexity effect in the pars opercularis during articulatory rehearsal, these studies did 
observe a complexity effect in the pars triangularis that was not eliminated by articulatory 
rehearsal. This leaves open the possibility that the pars triangularis performs some function 
more specific to syntax, possibly syntactic computation6. 
 

 
6 It is worth noting that many advocates of a syntactic function in Broca’s area focus on the pars opercularis and 
not the pars triangularis (Friederici et al., 2017). 
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Overall, processing complexity studies have provided useful data regarding the brain systems 
involved in sentence processing, but the relation to syntactic theory remains opaque. This is 
chiefly because these studies do not spell out the links among syntactic representations and 
computations, real-time parsing models, and brain signals. It is also unclear whether the 
contrast of sentences which share a high degree of syntactic representation, e.g. subject- and 
object-relatives, is even the right measure with which to examine syntax in the brain. Such 
sentences are highly similar in the number of syntactic features and nodes, making contrasts of 
the two sentences quite subtle with respect to syntactic representation. 
 
As a final note, while most processing complexity studies focus on activation in Broca’s area, 
many of these studies report similar (or even more robust) activation in the posterior temporal 
lobe (Figure 2). The overall similarity of response profile of Broca’s area and the posterior 
temporal lobe pervades the neuroimaging literature on syntax. However, neuropsychological 
studies aiming to identify correlations between brain damage and language deficits reveal 
striking differences between these two regions – the posterior temporal lobe is robustly 
associated with sentence comprehension and syntactic comprehension deficits, while Broca’s 
area damage is not (see Matchin & Hickok, in review for a review). We will return to this issue 
below. 
 
3.2 Studies of combinatorial complexity 
 
Unlike neuroimaging studies of processing complexity, studies of combinatorial complexity 
focus instead on the representational complexity of the stimulus, regardless of the behavioral 
data. The informal linking hypotheses are generally of the form (a) that the number syntactic 
and/or semantic operations (e.g., phrase structure rules, merge, function application) is 
correlated with the structural complexity of the stimulus itself, and (b) that the brain signal is 
also roughly linearly related to the number of operations. For example, starting with the 
seminal PET study by Mazoyer et al. (1993), many researchers using hemodynamic methods 
have contrasted sentences or phrases and unstructured word lists (Stowe et al., 1998; Friederici 
et al., 2000; Humphries et al., 2005; 2006; MacSweeney et al., 2006; Rogalsky & Hickok, 2008; 
Fedorenko et al., 2010; Goucha et al., 2015; Zaccarella et al., 2017; Zaccarella & Friederici, 
2015; Matchin et al., 2017a)7. While the subject may actually perform worse on word lists for 
tasks such as lexical recall (Matchin et al., 2017a), increased activation for sentences is reported 
broadly and consistently across left hemisphere language areas, although individual studies 
vary somewhat (see the review and meta-analysis by Zaccarella et al., 2017). 
 

 
7 Subjects themselves could impose structure on putatively unstructured sequences of words, thereby 
complicating the sentences vs. word list contrast. This is particularly an issue when creating word lists by 
scrambling the order of words within a sentence to control for lexical items. This issue is enhanced for languages 
relatively free word order, such as German or American Sign Language, when scrambling a sentence could even 
result in a grammatical expression. Researchers have sometimes avoided this issue by using a sequence of nouns, 
limiting combinatorial possibilities but also eschewing a lexical control (e.g., MacSweeney et al., 2006; Rogalsky & 
Hickok, 2009). 



Neuroimaging  14 

The fMRI study by Pallier et al. (2011) is particularly worth reviewing, both for its novelty as well 
as the explicit nature of its linking hypotheses (Figures 3 & 4). Rather than simply contrasting 
sentences and word lists, Pallier et al. (2011) parametrically varied the maximum constituent 
size within 12-word stimuli across six conditions, from unconnected word lists (maximum 
constituent size = 1) to 12-word sentences (maximum constituent size = 12) (Figure 3). The 
linking hypothesis was that neural activity linearly scales with constituent size, such that activity 
is sustained during the processing of connected constituents and drops back to zero after the 
completion of a constituent. They convolved this model with a standard HRF to generate 
quantitative activation predictions for each condition in brain areas involved in structure-
building. The results revealed that essentially all left hemisphere language-related regions 
(except for the pars opercularis) showed a positive correlation of activity with constituent size 
(Figure 4). 
 

 
Figure 3. Stimulus design of Pallier et al. (2011) (originally Table 1). The stimuli were 12 items long sequences 
obtained by concatenating constituents of fixed sizes extracted from natural or jabberwocky right-branching 
sentences. In jabberwocky, all content words were replaced with pseudowords (italics). Examples are only 
illustrative, because the original stimuli were in French. 
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Figure 4. Results of Pallier et al. (2011). Brain regions showing a significant increase in activation with constituent 
size. (A) fMRI results from the normal-prose group who read sequences with actual French words (group analysis 
thresholded at T > 4.5, P < 0.05 FWE, spatial extent > 10). (B) Areas in blue show a significant constituent size effect 
in the jabberwocky group listening to delexicalized stimuli, whereas regions in red show a significant group by 
constituent size interaction (reflecting a stronger effect of constituent size in normal prose than in jabberwocky) 
(maps thresholded at T > 3.2, P < 0.001 uncorrected, spatial extent > 50). (C) Amplitude of activations across 
conditions in the six regions of interest (error bars represent ± 1 SEM). Conditions c01 to c12 are organized 
according to a logarithmic scale of constituent size, thus a line on this graph indicates a logarithmic increase of 
activation. The fitting lines are from a regression analysis including linear and logarithmic predictors.  

 
Pallier et al. (2011) also had jabberwocky versions of each level of structure. The term 
jabberwocky is the name of a famous poem by Lewis Carroll (1871), containing sentences that 
were syntactically well-formed but semantically empty by replacing content words with 
nonwords. Neuroimaging researchers interested in syntax have used jabberwocky since 
Mazoyer et al. (1993) to attempt to dissociate conceptual-semantic from syntactic processes. 
The assumption is that real sentences involve both conceptual-semantic and syntactic 
processes, while jabberwocky primarily highlights syntactic ones8. Pallier et al. (2011) found 
that only some regions showed a correlation with constituent size in jabberwocky materials: (i) 
the inferior frontal gyrus, pars triangularis (anterior Broca’s area); (ii) the inferior frontal gyrus, 
pars orbitalis; and (iii) the posterior superior temporal sulcus (pSTS). These regions roughly 
correspond to the regions typically identified for processing complexity (Broca’s area and the 
posterior temporal lobe)9. This pattern was essentially replicated by Matchin et al. (2017), 
generally consistent with other studies of combinatorial complexity, sometimes including pars 
opercularis activity (Zaccarella & Friederici, 2015; Goucha et al., 2015; Fedorenko et al., 2012). 
 
A separate body of work, mostly performed by Pylkkanen and colleagues, has used MEG to 
study combinatorial effects in minimal two-word phrasal contexts, e.g. comparing the brain 
activity occurring at the second word of the phrase red boat (i.e., at boat) relative to xkq boat 
(Bemis & Pylkkanen, 2011; 2012; 2013a; 2013b; Westerlund & Pylkkanen, 2014; Westerlund et 
al., 2015; Pylkkanen et al., 2014; Del Prato & Pylkkanen, 2014; see Pylkkanen, 2016 for a 
review). These studies have often reported increased activation for phrasal composition in the 
left anterior temporal lobe, although the location of significant activation varies across studies 
and other regions are also sometimes reported, including the ventromedial prefrontal cortex, 
the posterior temporal lobe, and the angular gyrus. 
 
The results of these studies indicate that language-related regions of the left hemisphere are 
sensitive to syntactic structure in sentences with all real words, while the inferior frontal gyrus 
and the posterior temporal lobe alone are sensitive to jabberwocky structure as well. Less clear 
is what exactly this sensitivity reflects. Most of these studies did not explicitly articulate the 
linking hypotheses connecting syntactic and/or semantic operations posited in linguistic theory 
with online processing models and brain activity. Also, most of these studies have used 

 
8 The semanticist will surely point out that function words contribute to semantic interpretation. The point is not 
to eliminate semantic processes but rather to greatly reduce the richness of the conceptual representation. 
9 Although processing complexity studies mostly highlight the pars opercularis, this region was not identified by 
Pallier et al. (2011). 
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hemodynamic methods or have focused on particular positions within short phrases, thereby 
providing little insight into the temporal dynamics of processing. 
 
Such temporal dynamics have begun to be addressed through the use of neurophysiological 
methods, MEG and ECoG (Brennan & Pylkkanen, 2017; Fedorenko et al., 2016;  Nelson et al., 
2017; Matchin et al., in press). For instance, we (Matchin et al., in press; 201810) performed a 
parallel fMRI and MEG experiment on sentence comprehension, with the particular goal of 
determining whether any language region(s) showed effects of structural prediction. Much 
evidence suggests that the parser builds structure in advance of the input, given observations 
about the difficulty of parsing left-branching structures relative to right-branching structures 
(Abney & Johnson, 1991) and psycholinguistic effects indicative of structural prediction (Hale, 
2001; Levy & Keller, 2013; Lau et al., 2006). To the extent that a language area showed such a 
predictive effect, this would both provide evidence in favor a syntactic function for this region 
in addition to helping align the linguistic, psycholinguistic, and neurolinguistics levels of 
representation. 
 
With fMRI, statistical analysis is simplified by the slow hemodynamic response; essentially, the 
BOLD response is integrated across the entire sentence. However, in neurophysiological 
methods like MEG the response is isolated on a millisecond-by-millisecond basis. This makes 
the typical approach of e.g. comparing a sentence to a scrambled sentence much less feasible. 
because comparisons at the word level may be contaminated by various factors. We (Matchin 
et al., in press) attempted to circumvent some of these issues by comparing natural 6-word 
sentences (e.g., the poet might recite a verse) to a well-matched control condition, a sequence 
of three 2-word sequences/phrases. Critically, our comparison controlled for the function vs. 
content word distinction, which has been previously shown to have large ramifications on 
word-level evoked responses in language areas (Halgren et al., 2002). We also heavily cued 
subjects to the structural nature of the upcoming stimuli as much as possible, displaying labels 
that identified the condition to the subjects before the onset of each block. This was intended 
both to minimize erroneous parsing and to magnify the effect of structural predictions. Using 
fMRI, we localized language-sensitive regions in individual subjects and then analyzed MEG 
data from within those regions. We identified multiple effects, but notably found a substantial 
increase of activation in the posterior temporal lobe (PTL) at the end of the subject noun 
phrase, before the onset of the modal auxiliary and verb phrase (e.g., at the end of poet in the 
Natural Sentence condition relative to fencer in the Natural Phrase condition) (Figure 5). Our 
results could be tentatively interpreted as structural processes involved in predictively building 
the verb phrase of the Natural Sentence condition at the end of the subject (similar to a left-
corner parser). These processes would be absent in the natural phrase condition given subjects’ 
expectations about the different structures present in these conditions – i.e., the subjects knew 
that the natural phrase condition never contained sentences. This is consistent with a recent 
focus on the PTL as a core region for syntax (Matchin, 2017; Matchin & Hickok, in review; 
Matchin, 201811). 

 
10 Talk presented at CUNY 2018. http://ats.ucdavis.edu/ats-video/?kpid=0_pnanun9p  
11 Talk presented at the Center for the Study of Aphasia Recovery (C-STAR). https://youtu.be/vGTjV1HxyBA 

http://ats.ucdavis.edu/ats-video/?kpid=0_pnanun9p
https://youtu.be/vGTjV1HxyBA
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Figure 5 (modified from Matchin et al., in press). Analyses of structure within the posterior temporal lobe (PTL) 
(dSPM). Red: natural sentence, blue: jabberwocky sentence. Gray lines indicate significant main effects of structure 
in the word-level analyses, and green lines represent significant effects of structure in the sentence-level analyses. 
X axis is time in milliseconds relative to onset of the first word in each six-word trial. Shading indicates the within-
subject standard error (Loftus and Masson, 1994). Gray bars reflect a main effect of structure in the word-level 
analysis. Green bars reflect a main effect of structure in the sentence-level analysis. Light blue arrow points 
towards the effect of structural prediction discussed in this chapter. 

 
To address the issue about the specificity of linking hypotheses between linguistic theory, 
parsing models and brain activity, several authors have also begun to use explicit computational 
parsing models with assumptions about corresponding neural responses to investigate syntax in 
the brain (Figure 6; Brennan, 2016). Rather than performing controlled experiments with 
carefully selected and balanced materials across conditions, these studies typically present 
large sections of auditory or written linguistic material taken from published books or podcasts; 
so called “naturalistic” designs that are increasingly used in neuroimaging studies12. The stimuli 
are then tagged (typically at the word level) with numerous regressor variables for modeling 
sensory aspects of the materials (e.g. word length, acoustic power) and any potentially relevant 
cognitive aspects, such as lexical, syntactic, semantic, pragmatic, or other dimensions (see e.g. 
Wehbe et al., 2014). 
 

 
12 Although these designs are typically labeled naturalistic, it is worth noting that they involve passive 
comprehension of lengthy scripted materials. This situation does not resemble the typical use of language, 
involving spontaneous language production, turn taking, false starts and stops, noisy environments, etc. 
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Figure 6 (From Brennan, 2016). An illustration of the model-based approach. The top of the figure shows a 
segment of a naturalistic audiobook stimulus. Word boundaries are indicated in blue. (1) The parser defines word-
by-word mental states that reflect syntactic constituency and expectations for upcoming words, shown in the gray 
probability distributions. Here, the grammar G is set to a context-free phrase structure grammar, the algorithm A is 
set to top-down enumeration, and the oracle O is set to resolve temporary ambiguities to the structures that are 
ultimately correct. (2) These mental states are quantified to derive processing predictions by applying the surprisal 
complexity metric, C, shown in green. This quantity reflects the conditional probability of each word in the stimulus 
and is higher when words are unexpected. A response function R aligns word-by-word complexity values with 
fMRI-measured brain signals. The overlapping gray traces show the result of convolving each word’s surprisal with 
the hemodynamic response function. The sum of these, shown in blue, is an estimate of the time-course of fMRI 
signals that reflect syntactic expectation. (3) The data for this illustration come from recordings while participants 
passively listened to the audiobook. (4) The measured signal from a particular region of interest is extracted (red 
trace) and correlated against the estimated signal (blue trace) to test how well the estimated fMRI signal aligns 
with the recorded fMRI signal. 

 
These studies (using fMRI, MEG, and ECoG) have largely found effects of parsing complexity in 
similar regions as controlled experiments, including the anterior and posterior temporal lobe, 
the angular gyrus/temporal-parietal junction, and the pars triangularis of the inferior frontal 
gyrus (Brennan et al., 2012; 2016; Wehbe et al., 2014; Brennan & Pylkkanen, 2016; Nelson et 
al., 2017; Bhattasali et al., 2018). Notable differences include less robust activation of the 
inferior frontal gyrus and occasional bilateral or right-lateralized patterns of activity, unlike 
what is typically reported in hemodynamic studies of sentence comprehension using controlled 
stimuli and explicit tasks; that is, left-lateralized activity and Broca’s area activation. Right 
hemisphere activity and the less robust activation of Broca’s area could reflect the underlying 
reality of syntax and semantics in the brain, supported by authors who have previously argued 
for a right hemisphere role in language comprehension, as well as a limited role for Broca’s area 
in comprehension, due to certain patterns of comprehension in aphasia (Hickok, 2000; Hickok & 
Poeppel, 2004; 2007; Rogalsky & Hickok, 2011). However, it is clear that aphasia 
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overwhelmingly results from left hemisphere brain damage rather than from right hemisphere 
damage generally (Damasio, 1992): it is not straightforward how to reconcile these 
neuroimaging results with this fact. 
 
4 Neuroimaging informs syntactic theory 
 
Syntactic theories differ in their structural analyses. Parsing models differ in how they build 
structure over time. Abstracting across syntactic or parsing theories, the appropriate analysis of 
particular constructions can be uncertain. Data bearing on these questions can, at least in 
principle, be obtained from neuroimaging studies. Crucially, this requires adopting specific 
linking hypotheses regarding how these mechanisms relate to brain activity, and then testing 
whether different theories and/or models make better predictions about the observed pattern 
of brain activity in language areas during sentence comprehension. 
 
4.1 Neuroimaging informs syntactic competence and performance models 
 
The goal of assessing alternative syntactic theories and parsing models has been exceptionally 
undertaken by Brennan, Hale & colleagues in a series of recent neuroimaging publications 
(Brennan & Pylkkanen, 2016; Brennan et al., 2016; Bhattasalli et al., 2018), following the 
approach detailed in Figure 6. Brennan et al. (2016) using fMRI, and Nelson et al. (2017) using 
ECoG (intracranial EEG), form an excellent complementary pair of studies in this context. 
 
Brennan et al. (2016) sought to address the competence hypothesis, first advocated by Chomsky 
(1965), that the detailed linguistic representations developed by abstracting away from online 
processing (i.e., competence models) are in fact directly applicable to producing and 
comprehending sentences (i.e., performance models). Several authors have criticized the 
competence hypothesis, using certain patterns of psycho- and neuro-linguistic data to motivate 
the perspective that the detailed syntactic structures posited by theorists may not be routinely 
used during online sentence processing (or indeed, at all used) (Ferreira & Patson, 2007; 
Sanford & Sturt, 2002; Frank & Bod, 2011; Culicover & Jackendoff, 2006). In order to evaluate 
the competence hypothesis, they tested whether three broad levels of syntactic representation 
contributed to the BOLD signal generated from within language-response brain areas 
(essentially, the functional brain areas outlined in figure 1): (i) linear models (without phrase 
structure), (ii) phrase structure grammars (without movement and empty categories), and (iii) 
minimalist grammars (Stabler, 1997), incorporating the fullest level of detail typically found in 
syntactic theories (e.g., Chomsky, 1995). These three categories reflect essentially a gradient of 
complexity, from completely non-hierarchical to heavily detailed hierarchical and 
transformational representation. 
 
Brennan et al. (2016) first localized language-sensitive regions on an individual subject basis by 
roughly identifying brain regions responsive to words. They then evaluated the fit of models 
associated with each level of hierarchical structure to the BOLD signal generated within these 
areas during sentence comprehension. They found that only language areas of the left temporal 
lobe, the ATL and PTL, showed effects of both phrase structure grammar as well as minimalist 
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grammars. These results suggest that the detailed structures (including transformations and 
empty categories) posited in many syntactic theories (Chomsky, 1981; 1995; Stabler, 1997; 
Frank, 2004) contribute to brain activations within temporal lobe language areas (though 
notably not Broca’s area) during real-time sentence processing. This neuroimaging result 
converges with a series of psycholinguistic experiments illustrating that representations 
developed in competence theories contribute to real-time processing dynamics (see Lewis & 
Phillips, 2015 for a review). 
 
Brennan et al. (2016) discuss the conflict of their results with those of Frank & Bod (2011) and 
Frank et al. (2015), who found that hierarchical models of syntactic representation did not 
provide better fits for eye movements or EEG scalp potentials better than linear models. They 
suggested that the main difference lies in the spatial selectivity of fMRI – only the core language 
regions of the temporal lobe (ATL and PTL) showed effects of hierarchical representation 
(including the detailed contributions of transformational grammar), while Broca’s area (among 
other regions) only showed linear effects. This result illustrates a powerful unique appeal of 
functional neuroimaging, particularly fMRI, over other methods: small but reliable signals 
associated with intricate grammatical representation can be detected when the signal can be 
associated with a specific language region. 
 
Importantly, Brennan et al. identified effects of hierarchical syntax in the temporal lobe but not 
Broca’s area. This result breaks the general alignment of neuroimaging effects discussed in the 
previous sections between Broca’s area and the PTL, providing additional evidence in favor of a 
PTL model of hierarchical syntax (Matchin & Hickok, in review). This result also illustrates the 
powerful bi-directional possibilities between neuroimaging and linguistic theory: linguistic 
theory can benefit from spatially-specific brain signals in areas known to be important for 
language, and neuroscience can benefit from the quantitative predictions regarding brain 
activity generated by competence models and suitable linking hypotheses. 
 
Nelson et al. (2017) sought to address a different but related question: which parsing algorithm 
builds the structures posited in competence models? They used ECoG to obtain high spatial and 
temporal resolution data during sentence comprehension, identifying brain regions responding 
to structural complexity. While they found that the PTL was responsive to linear, non-
hierarchical parsing models, their results converge with Brennan et al. (2016) (as well as a host 
of other neuroimaging studies) by finding that all language areas of the left hemisphere, 
including PTL. are sensitive to the hierarchical structure of sentences13. 
 
Critically, the temporal precision afforded by ECoG allowed them to test subtle differences in 
timing dynamics posited by different parsing models. They tested three general parsing models: 
bottom-up parsing, where all the rules of a grammar are applied whenever called for by an 
incoming word; top-down parsing, where a maximum number of rules are applied in advance of 
each word; and left-corner parsing, which is a mix of bottom-up and top-down procedures. 
Their results revealed that different language-sensitive regions were best fit by different 

 
13 To clarify, the PTL responded to both linear and hierarchical information. 
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models: anterior temporal and inferior frontal regions were best fit by bottom-up and left-
corner parsing models, while the PTL was best fit by a top-down parsing model. 
 
Overall, the ECoG study by Nelson et al. (2017) underscores the complexity of human sentence 
processing, likely incorporating elements of both linear and hierarchical relations as well as 
both bottom-up and top-down temporal parsing dynamics. Crucially, these effects occurred in 
nearby yet distinct cortical regions, making the spatial specificity of this neuroimaging 
technique crucial in revealing this complexity, whereas behavioral methods or EEG analysis at 
the sensor level might have missed these differential responses by essentially averaging across 
them. 
 
4.2 Neuroimaging informs structural analyses 
 
Often the analysis of a particular phenomenon or sentence construction is uncertain and may 
be difficult to resolve using traditional acceptability judgment methods. Neuroimaging data can 
in principle bear on the appropriate analysis and have in fact been offered in a few cases using 
fMRI. I will discuss two: scrambling and island effects. Both illustrate the importance of serious 
considerations of linking hypotheses, crucially incorporating careful assumptions about the 
performance model. 
 
It is unclear whether certain word order variations exhibited in languages such as German or 
Japanese, called Scrambling (Ross, 1967), should also be analyzed as instances of movement 
(Saito, 1989; Webelhuth, 1989). Makuuchi et al. (2012) started with the assumption that the 
pars triangularis of Broca’s area specifically processes syntactic movement (as opposed to other 
long-distance dependencies such as anaphor binding, Santi & Grodzinsky, 2007) to provide 
evidence on this question. They performed a similar experiment to Santi & Grodzinsky (2007), 
parametrically manipulating the degree of distance (number of intervening noun phrases) 
between two kinds of syntactic dependencies in German: movement and scrambling. They 
observed an overall main effect of distance in several areas, most prominently Broca’s area 
(pars opercularis/triangularis) with a smaller cluster in the middle-posterior temporal lobe, and 
no interaction with construction type (i.e., the effect of distance was the same for both 
Movement and Scrambling within these areas). This is consistent with the fact that previous 
neuroimaging studies examining effects of processing complexity for both Movement and 
Scrambling have identified effects in (roughly) these areas (Ben-Shachar et al., 2003; Santi & 
Grodzinsky, 2007; 2010; Roder et al. 2002; Grewe et al. 2005; Friederici et al. 2006; Obleser et 
al. 2011). The authors therefore suggested that Scrambling is actually an instance of 
Movement. 
 
As discussed in section 3.1, though, the critical assumption of this study – that the pars 
triangularis is selective for movement – is not true, given distance effects for backward 
anaphora when the processing profile is matched to filler-gap dependencies (Matchin et al., 
2014). Crucially, insufficient attention was paid to the performance model, which acts as a filter 
between the competence model (syntactic operations) and brain activity (BOLD signal). In all of 
these constructions (Movement, Scrambling, Backward anaphora), the subject is cued to a 
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dependency and must hold the relevant syntactic representation in memory to resolve it. Thus, 
Broca’s area (in particular, the pars triangularis) appears to activate whenever syntactic working 
memory demands are high, regardless of the specific syntactic domain (Binding or Movement). 
 
Neuroimaging data have also been used to study island effects. Island effects are unacceptable 
sentences that appear to result from extraction out of so-called “islands”, a disparate set of 
constructions (Ross, 1967) that Chomsky attempted to unify under a single theoretical principle 
of Subjacency (1973; 1977; 1986). However, there is considerable debate over whether island 
effects result from syntactic ill-formedness or rather effects of processing load (Kluender & 
Kutas, 1993; Kluender, 2004; Hofmeister & Sag, 2010; Sprouse et al., 2012; Hofmeister et al., 
2012). The processing load hypothesis suggests that various island effects are unacceptable for 
the same reasons that long-distance object extraction (e.g., the object-relative construction) is 
unacceptable (relative to other constructions) – an overload of working memory resources 
(Hofmeister & Sag, 2010). 
 
While behavioral and ERP data have been used to assess this hypothesis for various island 
configurations (Kluender & Kutas, 1993; Hofmeister & Sag, 2010; Sprouse et al., 2012), fMRI has 
also recently been used. Matchin et al. (201814; in preparation) tested the processing load 
hypothesis by evaluating the spatial distribution of brain activity of two types of grammatical 
violations: phrase structure violations (PSV; e.g., which candidate1 does the moderator of the 
panel think __1 avoided the debate’s about questions healthcare?) and subject island effects, 
one specific case of island effects, involving extraction out of embedded subject position (SIE; 
e.g. which candidate1 does the moderator think the speech by __1 ruined the debate’s questions 
about healthcare?), relative to a matched control condition (e.g., which candidate1 does the 
moderator of the panel think __1 avoided the debate’s questions about healthcare?). They also 
included a condition with both phrase structure violations and subject islands, in order to 
complete the 2x2 design and maximize statistical power (e.g. which candidate1 does the 
moderator think the speech by __1 ruined the debate’s about questions healthcare?). 
 
The results revealed almost entirely non-overlapping activation patterns for the main effects of 
PSV and SIE. Namely, PSV activated a brain network quite similar to that previously described 
for processing complexity (posterior IFG and posterior temporal cortex, Meyer & Friederici, 
2016) as well as additional regions implicated in verbal working memory (inferior parietal and 
inferior temporal cortex, Buchsbaum et al., 2011). By contrast, SIE activated brain regions 
implicated in conceptual-semantic processing (i.e., brain regions more active for tasks involving 
conceptual judgments such as whether a word is an animal vs. phonological processing such as 
rhyme judgment, including anterior IFG, dorsomedial prefrontal cortex, angular gyrus, and 
anterior temporal lobe, Binder et al., 2009). The activations for SIE do not fit with the 
expectations for processing resource overload, casting additional doubt on this hypothesized 
explanation for SIE (Kluender, 2004; Hofmeister & Sag, 2010). The appropriate analysis of SIE is 
not resolved by this fMRI study, however. It is possible that SIE involve semantic and/or 
pragmatic ill-formedness, resulting in increased effort in brain regions involved in the 

 
14 Poster presented at CUNY 2018. https://osf.io/pu9tv/.  

https://osf.io/pu9tv/
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processing of meaning. It is also possible that SIE involve a parsing constraint that prevents the 
filler from being associated with the gap location inside of the island structure (Berwick & 
Weinberg, 1984). If so, the increased activation associated with brain regions involved in 
processing conceptual information could reflect a downstream semantic interpretability 
problem due to a syntactic problem. 
 
Overall, it is clear that while neuroimaging studies have provided some useful information 
concerning the appropriate analysis of linguistic phenomena, there are few successful examples 
and many difficulties in doing so. The most pressing obstacle is developing fully-fledged 
processing models for these phenomena and linking hypotheses for brain activity in particular 
brain systems. The processing complexity theory of SIE was testable mostly because there was 
an explicit set of linking hypotheses between working memory resources, syntactic structures, 
and brain activity, as well as relevant comparison cases that have already been studied in fMRI 
(e.g., pointing out that island phenomena are similar in important respects to long-distance 
object extraction; Hofmeister & Sag, 2010). Other cases could be similarly developed, especially 
with respect to relatively well-understand brain systems (e.g., systems for speech perception 
and production, Hickok & Poeppel, 2007; Guenther, 2006; Rauschecker & Scott, 2009; and 
conceptual-semantic systems, Binder et al., 2009). 
 
5 Conclusions 
 
In all, substantial progress has been made in the use of neuroimaging to inform the study of 
syntax, although this progress has occurred over a long period of time, with major 
breakthroughs very recently. Throughout this entire discussion has lain the question of 
specifying competence models, performance models, and linking hypotheses from these 
models to brain activation patterns. The approach pursued by Brennan, Hale and colleagues (as 
well as others) has sought to rigorously specify and test the various alternative choices for each 
of these domains, providing evidence regarding which brain areas are involved in syntax 
(temporal lobe structures, particularly PTL) as well as the appropriate competence and 
performance models (incorporating a high level of grammatical detail such as transformations; 
the presence of both top-down and bottom-up parsing components). Less progress has been 
made in the way of using reference inference to inform the appropriate analysis of a linguistic 
phenomenon. However, progress is certainly possible when specifying the full performance 
model and brain signal linking theories, and making clear predictions from alternative analyses 
regarding the magnitude of effects in regions involved in parsing and other domains of 
cognition, such as processing resources and/or conceptual-semantic processing. 
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