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Abstract: Sentence processing problems form a common consequence of left-hemisphere brain injury, in
some patients to such an extent that their pattern of language performance is characterized as ‘‘agram-
matic’’. However, the location of left-hemisphere damage that causes such problems remains controver-
sial. It has been suggested that the critical site for syntactic processing is Broca’s area of the frontal
cortex or, alternatively, that a more widely distributed network is responsible for syntactic processing.
The aim of this study was to identify brain regions that are required for successful sentence processing.
Voxel-based lesion-symptom mapping (VLSM) was used to identify brain regions where injury predicted
impaired sentence processing in 50 native speakers of Icelandic with left-hemisphere stroke. Sentence
processing was assessed by having individuals identify which picture corresponded to a verbally pre-
sented sentence. The VLSM analysis revealed that impaired sentence processing was best predicted by
damage to a large left-hemisphere temporo-parieto-occipital area. This is likely due to the multimodal
nature of the sentence processing task, which involves auditory and visual analysis, as well as lexical
and syntactic processing. Specifically impaired processing of noncanonical sentence types, when com-
pared with canonical sentence processing, was associated with damage to the left-hemisphere anterior
superior and middle temporal gyri and the temporal pole. Anterior temporal cortex, therefore, appears
to play a crucial role in syntactic processing, and patients with brain damage to this area are more likely
to present with receptive agrammatism than patients in which anterior temporal cortex is spared. Hum
Brain Mapp 34:2715–2723, 2013. VC 2012 Wiley Periodicals, Inc.
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INTRODUCTION

It is well-established that language deficits are common
following damage to the left hemisphere. However, at a

more fine-grained level of language analysis, the anatomi-
cal basis for sentence processing remains under dispute,
with evidence presented from functional imaging studies,
as well as from lesion investigations of individuals
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who present with agrammatism, i.e., particular problems
with the production and comprehension of functional cate-
gories and complex syntactic structures. Although most
researchers in this field would agree that sentence proc-
essing, and even more fine-grained syntactic processing,
are ultimately functions of a distributed network of cort-
ical and subcortical centers, some argue that this diffu-
sion inherently means that no functional role can be
identified for subparts within this network. According to
the latter holistic view, agrammatism as an aphasic
symptom does not associate with any particular focal
injury, nor does it distinctly dissociate from other forms
of aphasia. Particularly with respect to receptive agram-
matic performance, our aim was to examine these claims
using new measures of syntactic processing and high-re-
solution medical imaging in a large group of individuals
with acute injury.

Much of the discussion about localization of areas crit-
ical to syntactic processing revolves around Broca’s area
[Grodzinsky, 2000; Rogalsky and Hickock, 2011]. Tradi-
tionally, this part of left-hemisphere inferior frontal cor-
tex, including the pars triangularis and pars opercularis,
has been viewed as crucial for speech production [Broca,
1861] and, more specifically, for motor-speech planning
[see Hillis et al., 2004]. However, since Caramazza and
Zurif’s [1976] seminal paper, Broca’s area has also been
recognized to play a role in syntactic processing [see
also Heilman and Scholes, 1976]. Caramazza and Zurif
observed that patients with Broca’s aphasia, a disorder
characterized by nonfluent, agrammatic speech produc-
tion, also have difficulty comprehending grammatically
complex sentences, in particular those with noncanonical
word order, i.e. other than subject–verb–object in Eng-
lish. Language comprehension and production have thus
been inferred to utilize the same syntactic functions
[Grodzinsky, 2000; Swinney and Zurif, 1995; Zurif et al.,
1993], while the association between the syndrome of
Broca’s aphasia and presumed damage to Broca’s area
led to localization of such functions in inferior frontal
cortex.

Several studies appear to provide supporting evidence
for the suggestion that Broca’s area underlies syntactic
processing, even if not exclusively [see Embick et al.,
2000]. For example, Caplan, Hildebrandt and Makris
[1996] examined the CT scans of 18 individuals with left
hemisphere injury and suggested that syntactic process-
ing involves Broca’s area as well as an extensive neural
network rooted in the left peri-sylvian cortex. Further-
more, numerous functional neuroimaging studies have
demonstrated a general role of the left peri-sylvian cortex
in syntactic processing in healthy speakers [e.g., Bornkes-
sel et al., 2005; Friederici et al., 2003; Stromswold et al.,
1996]. As to the nature of the role of Broca’s area in syn-
tactic processing, it has been claimed to support specific
structure-building or linearization operations [Bornkessel-
Schlesewsky et al., 2009; Grodzinsky and Friederici, 2006;
Santi and Grodzinsky, 2007], more general cognitive

processes of representational conflict resolution [Novick
et al., 2005] or the integration/unification of different
types of information into the sentence context [Hagoort,
2005]. Broca’s area has also been claimed to support a
working memory component underlying processes such
as those listed above [Fiebach et al., 2005; Kaan and
Swaab, 2002].

Other areas that are often implicated in syntactic func-
tions are posterior temporal cortex, in particular posterior
superior temporal sulcus (pSTS), and anterior temporal
cortex [Den Ouden et al., 2012]. Activation in left-hemi-
sphere posterior superior temporal cortex has been shown
to increase with syntactic complexity in sentence process-
ing, [e.g., Just et al., 1996]. In line with observed effects of
verb representation complexity, the role of this area in the
syntactic network may well be one of thematic role assign-
ment [Bornkessel et al., 2005; Den Ouden et al., 2009;
Grewe et al., 2007; Shetreet et al., 2007; Thompson, et al.,
2007, 2010a].

Left anterior temporal cortex has also been suggested to
play a role in sentence processing [see Kaan and Swaab,
2002]. Dronkers et al. [1994] found lesion damage to this
area (anterior BA 22) to be associated with lower scores on
morphosyntactic tests in patients with aphasia. Functional
imaging studies also point to anterior middle and/or
superior temporal gyri underlying morphosyntactic proc-
essing [Newman et al., 2010], or sentence structure analy-
sis [e.g., Caplan et al., 2008; Humphries et al., 2005].

The notion that grammar is a modular function of the
human brain remains controversial. Wilson and Saygun
[2004] interpret data from 21 stroke patients as suggesting
that the areas ‘‘important for syntax’’ are distributed
throughout the left perisylvian region. Caplan et al. [2007]
used acquired structural (MRI) and functional (positron
emission tomography) data from 31 left hemisphere
patients and inferred that syntax processing was localized
in different regions in different individuals. A review by
Dick and colleagues [2001] argues that grammar is a dis-
tributed function, suggesting ‘‘it is no more appropriate to
refer to a participating region as a language zone or a
grammar zone than it would be to refer to the elbow as a
tennis organ’’. With respect to the latter argument, it is im-
portant to note that to point out an area’s crucial involve-
ment in the execution of a certain function is by no means
the same as to say that the area ‘‘has this function,’’ or that
it is ‘‘the function’’ of this area to be thus involved. Even if
elbows are not tennis organs, they do contribute some-
thing to the game that is quite relevant. Likewise, it may
still be worthwhile to chart the role of specific regions in
language processing, even if one recognizes that the role
played is not their ‘‘function’’.

While functional neuroimaging studies in neurologically
healthy adults may provide important data to inform the
brain-syntax relationship in humans, they cannot identify
areas that are crucial for grammatical processing, as
opposed to areas that are involved in the execution of a
grammatical task but may not be necessary for successful
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task completion. The general relation between left hemi-
sphere damage and agrammatic language performance has
been established, with further support from neuroimaging
studies in normal subjects showing left-hemisphere
involvement in syntactic processing. Lesion-symptom
mapping can provide complementary data to findings
from functional neuroimaging studies in normal subjects,
revealing areas that may be crucially involved in certain
types of processing.

It is conceivable that damage to any of the regions men-
tioned above might lead to agrammatic patterns of lan-
guage behavior. A complicating factor in this is that the
definition of agrammatism is not uncontroversial, nor
indeed, is its status as a ‘‘syndrome,’’ autonomous or not
from the similarly ill-defined and controversial ‘‘Broca’s
aphasia’’. In this study, therefore, we have chosen to focus
on patterns of task performance in a nonselective group of
patients with left-hemisphere stroke and concomitant
aphasia. Rather than separating them by binary diagnosis,
we have correlated their scores on a sentence comprehen-
sion task with their lesion information, narrowing down to
specific problems with noncanonical sentences, relative to
canonical sentence structures.

This study examined localized brain damage associ-
ated with impaired sentence processing and more specif-
ically with impaired processing of noncanonical syntactic
structures. Fifty Icelandic stroke patients with acute left-
hemisphere injury were studied to determine brain dam-
age associated with reduced sentence processing ability,
as assessed by the comprehension of spoken sentences
matched with pictures. Icelandic is structurally interest-
ing in its own right (e.g., it is morphologically more
complex than other Germanic languages), but it is also
similar enough to other Germanic languages to allow for
detailed comparison. Therefore, syntactic processing in
Icelandic speakers may offer a new perspective on lan-
guage comprehension in general [see also Magnúsdóttir,
2000].

METHOD

Participants

A total of 68 stroke patients admitted to the Neurology
ward at Landspitali University Hospital in Reykjavik, Ice-
land, were recruited for this study. All participants had
incurred a single ischemic stroke to the left hemisphere
and gave informed consent for study inclusion. Patients
were excluded from the study sample based on the fol-
lowing criteria: (1) non-native speaker of Icelandic, (2)
clinical history of stroke, (3) history of dementia, alcohol-
ism, or major psychiatric illness, (4) contraindication for
MRI examination, and (5) inability to complete the neuro-
psychological language battery. Out of 68 patients, three
were unable to complete MRI examination, nine were
unable to complete the neuropsychological battery, and

three more were excluded based on severe auditory com-
prehension impairment. Three additional patients were
excluded from further analysis after MRI scanning: one
patient had no detectable brain lesion, and two patients
were found to have right hemisphere lesions. Therefore,
data from a total of 50 patients (24 female) were used in
the final statistical analyses described below. The mean
patient age was 63.8 (SD ¼ 11.5 years), with a range of
34–85 years. Most patients received MRI and behavioral
examination within three days of hospital admission.
However, a handful of patients were examined as late as
20 days following stroke due to several factors such as fa-
tigue and other stroke related issues. Behavioral and MRI
examinations were always completed within 24-hours of
each other.

General language impairment was evaluated with the
Bedside Evaluation Screening Test, 2nd edition [BEST-2;
Fitch-West, Sands, and Ross-Swain, 1998]. Based on the
BEST-2 overall aphasia severity scale, five patients had
moderate language impairment, four had mild impair-
ment, and the remaining 41 presented with no language
impairment.

Behavioral Testing

All participants completed a sentence-picture-matching
task, in which the experimenter spoke the target sentence
and the participant was asked to point to a picture that
corresponded to this sentence [Magnúsdóttir, 2005]. Stim-
ulus materials consisted of line drawings, arranged hori-
zontally in a three-picture choice format [Magnúsdóttir,
2000]. Each set of three pictures consisted of a picture
depicting the target sentence, a reverse version of the tar-
get sentence, and a lexical foil. The test consisted of 45 re-
versible test sentences, divided into nine groups of
different sentence types, containing five sentences each
(see 1–9).

In our description, (a) provides the Icelandic version of
the sample sentence and (b) the proposed syntactic struc-
ture to give an idea of the nature of the complexity
involved. Here ‘‘ti’’ and ‘‘tj’’ indicate the position of the rel-
evant ‘‘gaps’’ (i.e., the site of moved or deleted constitu-
ents) to be associated with the preceding coindexed
element [Chomsky, 1981, 1995]. When a finite verb has
supposedly moved from its basic position inside a verb
phrase (VP), this movement is indicated by a ‘‘tv’’ in the
basic position(s). The Icelandic sentences used are fol-
lowed by an English word by word gloss and an idiomatic
translation. Case marking of the Icelandic noun phrases
and agreement features are also indicated in the transla-
tion, using standard linguistic abbreviations (e.g. N, nomi-
native; A, accusative; m, masculine, sg, singular, etc.) In a
previous study [Magnúsdóttir, 2000], it was shown that
some Icelandic agrammatic patients could use this mor-
phological information as grammatical clues to the
structure.
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As these examples and their annotations show, in all
sentence types, knowing who did what to whom involves
associating the gaps with the appropriate antecedents. The
total number of incorrect items (out of 45 total items) on
the sentence-picture-matching paradigm was used as the
dependent variable in the lesion-symptom analysis
described further below.

In separate analyses, we compared performance on sen-
tences with canonical word order, i.e., subject-verb-object
(C: sentence Types 1, 4, and 8), to that on noncanonical
sentence types (NC: 2, 5, and 9), separately and in direct
contrast. In this comparison, we excluded truncated sen-
tences of Type 3, because these do not include an overt
object (only a theme, but no agent), as well as the topical-
ized sentence Types 6 and 7, because their noncanonical
syntactic structure cannot be directly compared with a ca-
nonical counterpart. We first calculated the main effects,
using error scores on canonical and noncanonical sentence
types separately. We then investigated the lesions associ-
ated with the relative performance on these sentence types
by using the difference scores between noncanonical and

canonical sentence processing as dependent variables, in
both directions (NC-C and C-NC). Although we had a
similar interest in even more fine-grained analysis, lack of
statistical power withheld us from comparing individual
syntactic sentence types.

Neuroimaging Data

All participants underwent a 1.5T MRI workup (using a
Siemens scanner) that included the following sequences: T1-
weighted imaging (3D GR\IR sequence, TR ¼ 1,160 ms, TI
¼ 600 ms, TE ¼ 4.24 ms, flip angle ¼ 15�, the 256 � 256 ma-
trix was reconstructed at 512 � 512, yielding a 0.45 � 0.45
mm2 in axial-plane resolution, with 192 0.9mm slices), diffu-
sion-weighted imaging (three scans with B0 ¼ 0, 500, and
1,000; TR ¼ 3,808 ms, TE ¼ 89 ms, flip angle ¼ 90�, Nx ¼ 4,
192 � 192 matrix, 1.2 � 1.2 mm2 in axial plane, 24 slices each
5 mm thick with 1.5-mm gap), and FLAIR (TR ¼ 9,000 ms,
TI ¼ 2,500 ms, TE ¼ 112 ms, flip angle ¼ 15�, 280 � 320 ma-
trix with 0.72 � 0.72 mm2 in axial plane resolution, 24 slices
each 5 mm thick with 1.5-mm gap). Only those who had an
infarct seen on the FLAIR or DWI were included in the final
data sample. Images were converted from DICOM to NIfTI
format using dcm2nii (www.mricro.com), which preserves
spatial coordinates (yielding a good starting estimate for the
subsequent co-registration of the T1 image to the T2 scan).

Brain lesions were demarcated on DWI images by a
trained neurologist (LB) with extensive experience with
lesion-symptom mapping, using FLAIR and T1 images to
help guide lesion boundaries. Spatial processing was con-
ducted using SPM5. Initially, DWI images were co-regis-
tered to the individual’s T1 scan. This transform was
applied to the lesion map. Finally, the T1 image was
warped to standard MNI space using SPM5’s unified seg-
mentation and normalization algorithm, which has proved
robust even in the case of large lesions [Crinion et al.,
2007]. Each subject’s lesion mask was smoothed at 8 mm
FWHM, and used as a cost-function mask to decrease the
effect of abnormal tissue in the computation of normaliza-
tion parameters [Andersen et al., 2010; Brett et al., 2001].
The resulting transforms were applied to both the T1 scans
and lesion maps for each patient, with the resulting
images resliced to an isotropic 2 mm in standard MNI
space. This normalization procedure effectively aligns the
shape and size of each individual’s brain to the same ste-
reotaxic spacing, allowing voxelwise statistical analysis
across individuals.

Voxelwise lesion-symptom mapping (VLSM) was carried
out using NPM [non-parametric mapping; Rorden et al.,
2007], a software package available from www.mricro.com.
For every voxel, a t-test was computed contrasting behav-
ioral performance in patients with a lesion at that location to
those without a lesion [cf. Bates et al., 2003]. Voxels which
were damaged in less than 5% of the sample were excluded
from the analysis. The resulting statistical maps were cor-
rected for multiple comparisons using the false-discovery
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rate to ensure a false-positive rate of P < 0.05 [Genovese et
al, 2002]. Corrected Z-thresholds were 2.23 for the full anal-
ysis, 2.35 and 2.38 for the main effects contrasts (canonical
and noncanonical, respectively), and 2.69 for the syntactic
contrast. Additionally, a cluster threshold of 10 voxels was
applied to each statistical map to exclude any remaining
single-voxel false positives. To ensure adequate detection of
lesion-behavior relationships, a power analysis was con-
ducted [see Glascher et al., 2009, for details, also see Kim-
berg et al., 2007, for further discussion], the results of which
are illustrated in Figure 1b. The minimum Z-score from the
power analysis was 3.15, such that all voxels examined had
adequate power (Power-Z > Threshold-Z) to be able to
detect correspondence between brain damage and behavior.

RESULTS

Of the 50 patients who were retained in the final analy-
sis, 12 achieved a perfect score (45/45) on the syntactic
processing test. The mean number of correct trials among
those who made one or more errors was 33.6 (SD ¼ 10.1)
with a range of 12–44. With the exception of one patient,
all 50 participants scored better than chance.

The lesion overlap illustration presented in Figure 1a
shows that the combined lesions of the group of partici-
pants cover almost the entire extent of the left hemisphere,
excluding only prefrontal and superior frontal cortex and
underlying white matter. Insular cortex and underlying
white matter are affected in most of the patients in this
sample.

The VLSM analysis revealed that impaired sentence
processing in the auditory–visual sentence picture match-
ing task was best predicted by damage to a large left-
hemisphere temporo-parieto-occipital area, with a total
volume of 91.21 cc. This region encompasses middle and
superior temporal gyri, inferior parietal cortex, angular
gyrus, superior to inferior occipital cortex and fusiform
gyrus, and extends inferiorly to the medial temporal
lobe (see Table 1 and Fig. 2a). Table 1 lists the areas for
each contrast for which the set of correlated voxels
encompassed a proportion greater than 0.1 of the total
cortical/white matter. As to the main effects of scores on
canonical and noncanonical sentence types separately,
there was relatively greater superior and posterior
involvement for the canonical sentence types (60.92 cc
total volume), with greater inferior and anterior involve-
ment for the noncanonical types (68.76 cc total volume),
particularly in the temporal and frontal lobes (see Table
I and Fig. 2b).

Specifically impaired processing of noncanonical sen-
tence types, when directly compared with canonical sen-
tence processing, was associated with damage to the left-
hemisphere anterior superior and middle temporal gyri
and the temporal pole (see Fig. 2c and Table I). The total
volume of this area was 28.94 cc. The opposite contrast, of
better performance on noncanonical structures over canon-
ical sentence types, was not associated with damage to a
particular area. These findings were robust, surviving a
false discovery rate (FDR) threshold of P < 0.05 [Genovese
et al., 2002].

Figure 1.

Lesion information. A: Lesion overlay map. This shows the lesion overlap from the fifty subjects

included in the study. The maximum site of overlap is in the insular region, where up to sixteen

subjects had shared regions of damage. B: Power map. This shows the maximum possible Z-

score, given the number of subjects with damage to each region.
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DISCUSSION

The present results show that damage to temporo-pari-
eto-occipital cortex and the underlying white matter pre-
dicts impaired performance on an auditory–visual
sentence processing task in Icelandic adult stroke patients.
A similar, though slightly more lateral cluster was also
found in a recent VLSM study of sentence comprehension,
using English-speaking stroke patients [Thothathiri et. al.,
2011]. The extent of this region is likely due to the multi-
modal nature of the sentence processing task, which
involves auditory and visual analysis, as well as lexical
and syntactic processing. In the first analysis, no differen-
tiation was made between sentence types, so a wide array
of factors and functional deficits may underlie difficulties
with the sentence processing task, as such.

A follow-up analysis examined specific problems with
complex syntactic processing, by comparing scores on sen-
tences with canonical word order with those on sentences
with noncanonical word order. There was an inferior, an-
terior bias for lesioned areas correlated with impaired non-
canonical sentence processing, versus a superior, posterior

bias for areas associated with impaired canonical sentence
processing. Thothathiri and colleagues [2011] also found
canonical processing to be associated with more superior
areas than noncanonical processing, though the effects
were largely restricted to the parietal lobe in that study.
Patients who use a default strategy in the parsing of re-
versible sentences, for example by assigning the thematic
role of agent to the first verb argument they encounter,
will make more picture selection errors on the noncanoni-
cal sentences, in which the first argument may be a theme,
or a goal. Patients with an intact syntactic deconstruction
mechanism are not likely to show this differential pattern
between canonical and noncanonical sentence processing.
There is no theoretical reason to expect certain patients to
have more difficulty with canonical sentences than with
noncanonical sentences.

The areas in which lesions were correlated with
impaired syntactic processing (C>NC task performance)
were found primarily in anterior middle and superior tem-
poral cortex, including the temporal pole. It is interesting
to note that this area encompasses the area found by
Dronkers et al. [1994] to be involved in morphosyntactic

TABLE I. Cortical areas and white matter tracts associated with sentence processing performance for various

sentence types

Sentence type
Total

volume Lesioned areas (left hemisphere)

All sentences (1-9) 91.21cc. Cortical:

Amygdala; Angular; Heschl; Inferior frontal – opercularis and triangularis; Inferior
parietal; Inferior, middle and superior temporal; Middle occipital; Middle and superior
temporal pole; Rolandic operculum

Subcortical:
Anterior and posterior corona radiata; Posterior thalamic radiation; Retrolenticular

internal capsule; Sagittal stratum/Inferior longitudinal/fronto-occipital fasciculi;
Superior longitudinal fasciculus; Tapetum; Uncinate fasciculus

Canonical
(1, 4 and 8)

60.92 cc. Cortical:
Angular; Middle occipital; Middle temporal Inferior Parietal
Subcortical:
Anterior and posterior corona radiata; Posterior thalamic radiation; Retrolenticular

internal capsule; Superior longitudinal fasciculus; Tapetum; Uncinate fasciculus
Noncanonical

(2, 5, and 9)
68.76 cc. Cortical:

Amygdala; Heschl; Inferior frontal – opercularis and triangularis; Inferior occipital;
Inferior, middle and superior temporal; Middle and superior temporal pole;
Parahippocampal; Rolandic operculum

Subcortical:
Posterior corona radiata; Posterior thalamic radiation; Retrolenticular internal capsule;

Sagittal stratum/Inferior longitudinal/fronto-occipital fasciculi; Superior longitudinal
fasciculus; Tapetum; Uncinate fasciculus

Canonical>Noncanonical
(1, 4, and 8) vs.
(2, 5, and 9)

28.94 cc Cortical:
Amygdala; Parahippocampal;
Middle and superior temporal; Middle and superior temporal pole
Subcortical:
Fornix/Stria terminalis; Retrolenticular internal capsule; Sagittal stratum/Inferior

longitudinal/fronto-occipital fasciculi

Listed are all areas for which the set of voxels for a contrast encompassed a proportion > 0.1 of the total cortical/white matter area.
Area names are given according to aal naming conventions [Tzourio-Mazoyer et al., 2002]. Note the greater posterior involvement for
the canonical sentence types, with greater temporal and frontal involvement for the noncanonical types.
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processing in a group of English-speaking patients with
agrammatic aphasia, so these results converge. The differ-
ence between noncanonical and canonical sentence types,
for example subject clefts versus object clefts, is not
resolved through word order analysis alone in Icelandic,
but crucially also through morphosyntactic analysis of
case marking (stelpan vs. stelpuna for ‘‘girl,’’ nominative vs.
accusative). Looking at main effects of noncanonical sen-
tence performance, we also observe lesion correlations in
Broca’s area, and we find a very small part of Broca’s area
(less than the 0.1 proportion for areas listed in Table 1) to
be correlated with the C>NC behavioral pattern. This con-
firms the role that inferior frontal cortex appears to play in
syntactic processing. The level of power obtained with the
current task and sentence set does not allow us to tease
apart effects of word order from more morphosyntactically
driven effects, but this might be a fruitful path of further

study. For comparision, Thothathiri [2011] examined syn-
tactic processing as well, but found no regions signifi-
cantly associated with syntax, either in Broca’s area, or in
the temporal lobe. This was possibly due to a smaller set
of sentences (30 vs 45) and sentence types (6 vs 9) in that
study than in the current one, leaving less behavioral var-
iance to be explained by the presence or absence of re-
gional brain damage.

Interestingly, Caplan’s [2001] thorough compilation of
results from different PET and fMRI studies in normal
subjects does not only point to great involvement of Bro-
ca’s area in the processing of complex sentences but also
to increased activation in other parts of the left perisylvian
association cortex. More specifically, functional neuroimag-
ing studies suggest that, compared to parsing simpler sen-
tence structures, grammatically complex sentences such as
passives, object clefts, topicalization sentences, and wh-

Figure 2.

Lesion symptom mapping results. A: A large temporal-occipital-

parietal region was found, where structural damage was corre-

lated with decreased overall performance on the sentence com-

prehension battery. Regions with highest t-values are shown in

yellow. B: Canonical sentence types were matched to equivalent

noncanonical types, and patterns of deficit were examined for

each. Posterior and superior damage was associated with diffi-

culty on canonical sentences (as seen in red), while anterior and

inferior lesions were associated with difficulty on non-canonical

sentences (as seen in blue). Areas shown in purple exhibit over-

lap between both sentence types. C: Directly contrasting per-

formance on the canonical and noncanonical sentences, regions

were found in the superior and middle temporal lobes, through

the temporal pole, where damage was associated with increased

difficulty with noncanonical sentence types.
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questions induce greater activity in Broca’s area as well as
posterior regions such as the superior temporal gyrus.
Although these most posterior regions are not associated
specifically with impaired syntactic processing, they do
appear to underlie performance on a sentence processing
task, perhaps as neural substrates for other (types of) proc-
esses. As is the case with all activation studies in normal
subjects, the results summarized by Caplan cannot reveal
what areas are crucial for sentence parsing. Thus, the
results of the present study add an important piece to the
puzzle as they suggest that damage to anterior middle
and superior temporal cortex is likely to result in impaired
syntactic comprehension.

Several studies have also stressed the importance of
using information about cerebral perfusion, in addition to
structural scans, when defining regions to be examined
and related to behavioral peformance [Fridriksson et al.,
2012; Hillis et al., 2004, Richardson et al., 2011]. For exam-
ple, Hillis et al. [2004] found that in some acute cases, per-
fusion deficits predicted behavioral deficits in cases where
structural deficits did not. Additionally, the relationship
between areas damaged structurally and areas with result-
ing hypoperfusion was not always straightforward. In any
case, relying solely on structural measures to infer lesion
location probably leads to additional variability in our
measures. It is certainly possible that we would have
found additional regions associated with syntactic process-
ing problems, had we also examined perfusion in these
patients. For the same reason, it is conceivable that the
areas which we have identified play an indirect role in our
question of interest, in that they may mediate hypoperfu-
sion in regions which play a more direct role in syntactic
processing.

We have identified brain areas in which lesions are cor-
related with impaired syntactic processing in Icelandic
speakers with aphasia. This study is unable to definitively
determine whether these patterns generalize to other lan-
guages, let alone make claims about lesions associated
with more extensive clusters of symptoms, such as recog-
nized in agrammatism. Clearly, Icelandic is a morphologi-
cally complex language involving case marking of nouns,
subject agreement marking on verbs, and agreement mark-
ing on participles (e.g. in passives). Furthermore, while
our results clearly demonstrate that lesions in anterior
temporal cortex are robust predictors of impaired syntactic
processing, this does not necessarily mean that other loca-
tions do not play a role in syntax processing in some indi-
viduals [as suggested by Caplan, 2007]. Such regions
would not survive our conservative statistical
thresholding.

This study did not consider the specific production defi-
cits associated with agrammatism, deliberately focusing
only on sentence comprehension scores. Our conclusions,
therefore, only relate to receptive agrammatic behavior.
While impaired syntactic processing is a vital characteristic
of agrammatism, it is quite possible that an additional
analysis quantifying agrammatical output may yield more

detailed information on the neural damage underlying
agrammatism as a ‘‘syndrome" or a set of symptoms.

In conclusion, these findings suggest that impaired syn-
tactic processing is associated with anterior middle and
superior temporal cortical brain lesions in Icelandic stroke
patients. Similar studies in different languages should help
determine which, if any, of our results are specific for
morphologically complex languages like Icelandic.
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