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SUMMARY

Frontal and temporal language areas involved in
syntactic processing are connected by several
dorsal and ventral tracts, but the functional roles
of the different tracts are not well understood. To
identify which white matter tract(s) are important
for syntactic processing, we examined the relationship between white matter damage and syntactic
deficits in patients with primary progressive aphasia,
using multimodal neuroimaging and neurolinguistic
assessment. Diffusion tensor imaging showed that
microstructural damage to left hemisphere dorsal
tracts—the superior longitudinal fasciculus including
its arcuate component—was strongly associated
with deficits in comprehension and production of
syntax. Damage to these dorsal tracts predicted
syntactic deficits after gray matter atrophy was taken
into account, and fMRI confirmed that these tracts
connect regions modulated by syntactic processing.
In contrast, damage to ventral tracts—the extreme
capsule fiber system or the uncinate fasciculus—
was not associated with syntactic deficits. Our
findings show that syntactic processing depends
primarily on dorsal language tracts.
INTRODUCTION
Language processing depends not only on cortical regions, but
also on the white matter fiber bundles that connect them (Geschwind, 1965; Wernicke, 1874; Friederici, 2009). Traditionally the
arcuate fasciculus was considered to be the main pathway connecting frontal and temporal language areas (Geschwind, 1965).
However, recent studies using diffusion tensor imaging (DTI)
have revealed that frontal and temporal language regions are
connected by multiple dorsal and ventral tracts. Dorsal tracts
include not just the arcuate fasciculus, but also other branches
of the superior longitudinal fasciculus (SLF) (Catani et al., 2005;

Frey et al., 2008, Glasser and Rilling, 2008; Makris et al., 2005;
Makris and Pandya, 2009). Ventral tracts include the extreme
capsule fiber system (ECFS), which connects the frontal operculum to mid-posterior temporal cortex, and the uncinate fasciculus (UF), which connects the orbitofrontal region to anterior
temporal cortex (Anwander et al., 2007; Croxson et al., 2005;
Frey et al., 2008; Friederici et al., 2006, Makris and Pandya,
2009; Parker et al., 2005; Saur et al., 2008).
Syntax is one important component of language and has been
shown in functional imaging studies to depend on both frontal
and temporal language regions (Bornkessel et al., 2005; Wilson
et al., 2010a; Pallier et al., 2011). It is likely that the dorsal and
ventral tracts connecting frontal and temporal language regions
make differential contributions to particular aspects of language
processing, but the specific functional roles of the pathways are
not well understood (Catani et al., 2005; Friederici, 2009; Glasser
and Rilling, 2008; Makris and Pandya, 2009; Saur et al., 2008;
Weiller et al., 2009). In particular, syntactic processing has
been argued to depend on dorsal tracts (Friederici, 2009;
Friederici et al., 2006) as well as ventral tracts: the ECFS (Saur
et al., 2008; Weiller et al., 2009) or the UF (Friederici, 2009;
Friederici et al., 2006).
The aim of the current study was to identify which white matter
tract(s) are important for syntactic processing, by examining the
relationship between white matter damage and syntactic deficits
in patients with primary progressive aphasia (PPA). This cohort
presents a unique opportunity to identify associations between
white matter damage and syntactic deficits, because patients
with PPA vary considerably in terms of which white matter tracts
are damaged (Agosta et al., 2010; Galantucci et al., 2011;
Whitwell et al., 2010), as well as in the extent to which syntax
is impaired (Amici et al., 2007; Gorno-Tempini et al., 2004,
2011; Grossman and Moore, 2005; Grossman et al., 2005;
Hodges and Patterson, 1996; Thompson et al., 1997; Wilson
et al., 2010b).
We used diffusion tensor imaging to examine the SLF/Arcuate,
ECFS and UF in 27 patients with PPA. Syntactic comprehension
was assessed using a two-alternative forced choice auditory
sentence-to-picture matching task (Wilson et al., 2010a),
syntactic production was assessed based on connected speech
samples, and several other speech, language, and cognitive
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Figure 1. Dorsal and Ventral Language Tracts
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(A–C) Seed ROIs for a single individual (n.b. this was
a patient diagnosed with nonfluent PPA). (A) The SLF/
Arcuate was seeded from ROIs drawn on a coronal slice
posterior to the postcentral gyrus, in the anterior-posteriorly oriented white matter lateral to the corona radiata. (B)
The ECFS was seeded from ROIs drawn in anterior-posteriorly oriented white matter on a coronal slice anterior to
the precentral gyrus, lateral to the claustrum and external
capsule, and medial to the insula. (C) The UF was seeded
from ROIs drawn in dorsal-ventrally oriented white matter
on an axial slice between the anterior temporal lobe and
orbitofrontal cortex.
(D–F) The three tracts of interest in representative patients
with nonfluent (D), semantic (E), and logopenic (F) variant
PPA.
(G) Probability maps for the three tracts of interests in all 27
patients.
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(Figures 1A–1C). Each of the three tracts of
interest was identified in all patients (Figures
1D–1G). The three tracts identified were broadly
consistent with previous studies (e.g., Makris
and Pandya, 2009; Galantucci et al., 2011).
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Behavioral Measures of Syntactic
Deficits
Syntactic comprehension and production
scores spanned a wide range, as expected
given the spectrum of syntactic function in
PPA. The mean comprehension score was
75.4% (SD = 13.1%, range = 50.0%–90.5%)
and the mean production score (on a scale
from 1 to 7) was 5.1 (SD = 1.7, range = 1.5–7.0).
Syntactic comprehension and production
scores were highly correlated (r = 0.79, p <
0.0001). This suggests that our syntactic
assessments primarily captured core syntactic
processes rather than related but peripheral
processes such as executive functions or motor
speech.
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measures were obtained, including control (nonsyntactic) measures of single word processing. The integrity of each tract
was quantified in terms of mean fractional anisotropy (FA) and
related to the syntactic and other behavioral measures to determine the functional roles of each tract.
RESULTS
Diffusion Tensor Imaging Tractography
We defined the SLF/Arcuate (considered as a single tract), ECFS
and UF by placing seed regions of interest at known ‘‘bottlenecks’’ on individual patients’ color-coded diffusion maps
398 Neuron 72, 397–403, October 20, 2011 ª2011 Elsevier Inc.

DTI Correlates of Syntactic Deficits
In the left SLF/Arcuate, reduced FA was strongly
associated with deficits in both syntactic
comprehension (r = 0.61, F[1, 25] = 14.81, p =
0.0007, Figure 2A) and production (r = 0.73, F[1, 25] = 28.00,
p < 0.0001, Figure 2B). In contrast, FA in the left ECFS did not
correlate with either comprehension (r = 0.00, F[1, 25] < 1, p =
0.99, Figure 2C) or production (r < 0, Figure 2D) of syntax, nor
did FA in the UF correlate with either comprehension (r < 0, Figure 2E) or production (r < 0, Figure 2F) measures. These findings
suggest that syntactic processing relies primarily on dorsal, and
not ventral, tracts.
PPA is typically characterized by degeneration of the left hemisphere, but the right hemisphere is often affected to a lesser
extent. In our sample, FA values in the left and right SLF/Arcuate
were correlated (r = 0.57, F[1, 25] = 12.17, p = 0.0018). To assess
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(Gorno-Tempini et al., 2011), and all three variants were represented in our sample. Second, patients varied in terms of
severity, which we quantified with Mini Mental Status Examination (MMSE) score. Third, some PPA patients had executive
impairments (which we quantified with a modified Trail-Making
Test and a test of Design Fluency), and many nonfluent variant
PPA patients had concomitant motor speech deficits (which
we quantified with an apraxia of speech rating) in addition to
agrammatism. Deficits such as these may contribute to syntactic
processing deficits. Indeed, all of these measures were significantly associated with syntactic comprehension and/or production scores, and several, such as the apraxia of speech rating,
were correlated with FA in the left SLF/Arcuate (see Supplemental Text available online).
To ensure that the relationship between left SLF/Arcuate
integrity and syntax was not secondary to any of these factors,
we included all of these factors as covariates separately (see
Supplemental Text) and simultaneously. In the full models with
all potential mediating factors included, FA in the SLF/Arcuate
continued to predict syntactic comprehension (partial r = 0.63,
F[1, 17] = 10.29, p = 0.0052) and production (partial r = 0.54,
F[1, 17] = 8.52, p = 0.0096) scores. This indicates that the effect
of SLF/Arcuate damage on syntactic processing was not driven
by a consistent pattern across variants, nor was it an effect of
severity, nor was it wholly mediated by executive or motor
speech deficits (see Supplemental Text for more details).

Figure 2. Relationships between Tract Integrity and Syntactic
Measures
Reduced FA in the left SLF/Arcuate was associated with deficits in syntactic
comprehension (A) and production (B). In contrast, there was no relationship
between FA in the left ECFS and measures of syntactic comprehension (C) or
production (D), and no relationship between FA in the left UF and measures of
syntactic comprehension (E) or production (F). Data points are color-coded
based on each patient’s PPA variant diagnosis.

whether the right SLF/Arcuate might also be predictive of
syntactic deficits, we included both the left and right SLF/
Arcuate as independent variables. Only the left SLF/Arcuate
predicted comprehension (partial r = 0.50, F[1, 24] = 7.92,
p = 0.0096) and production (partial r = 0.60, F[1, 24] = 13.81,
p = 0.0011). The right SLF/Arcuate did not predict either
syntactic comprehension (partial r = 0.10, F[1, 24] = 0.27,
p = 0.61) or production (partial r = 0.23, F[1, 24] = 1.28,
p = 0.27). This suggests that syntactic processing depends on
the left but not the right SLF/Arcuate. Therefore, we considered
only left hemisphere tracts in the remainder of our analyses.
Potential Mediating Factors
The 27 patients varied in several important respects. First, PPA
patients can be sub-classified into nonfluent, semantic and logopenic variants based on clinical and speech-language features

Contribution of Gray Matter Atrophy
We next used voxel-based morphometry (VBM) to identify regions where gray matter loss was correlated with syntactic deficits. We found that gray matter loss in the left inferior frontal
gyrus (IFG) was correlated with both syntactic comprehension
and production deficits (Figure 3A), consistent with prior studies
(Amici et al., 2007; Wilson et al., 2010b). When gray matter
volumes in the IFG were included as a covariate, FA in the left
SLF/Arcuate continued to predict both syntactic comprehension
(partial r = 0.40, F[1, 24] = 4.61, p = 0.042) and production (partial
r = 0.60, F[1, 24] = 13.34, p = 0.0013) scores. In both of these
analyses, gray matter volume was also a significant predictor
(comprehension: partial r = 0.54, F[1, 24] = 9.97, p = 0.0043;
production: partial r = 0.43, F[1, 24] = 5.38, p = 0.029). These
results indicate that integrity of the left SLF/Arcuate is predictive
of syntactic deficits above and beyond the impact of gray matter
atrophy.
Tracts Constrained by Functional Imaging Data
We then restricted the SLF/Arcuate and ECFS tracts to fibers
connecting the frontal and temporal regions that were modulated by syntactic complexity in normal controls in a previous
functional magnetic resonance imaging (fMRI) study (Wilson
et al., 2010a) (Figure 3B). Note that anterior temporal cortex
was not modulated by syntactic complexity in our fMRI study,
so we could not similarly constrain the UF. The same patterns
were observed with these more restrictively defined tracts: FA
in the left SLF/Arcuate was correlated with syntactic comprehension (r = 0.56, F[1, 25] = 11.23, p = 0.0026) and production
(r = 0.54, F[1, 25] = 10.47, p = 0.0034), but FA in the left
ECFS was not correlated with either syntactic comprehension
Neuron 72, 397–403, October 20, 2011 ª2011 Elsevier Inc. 399
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Figure 3. Voxel-Based Morphometry and Functional MRI
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VBM: Syntactic deficits

SLF/Arcuate

ECFS

(A) In the left inferior frontal cortex, reduced gray matter
volume was significantly associated with deficits in both
comprehension and production of syntax; however, FA in
the left SLF/Arcuate predicted syntactic deficits above
and beyond atrophy in this region.
(B) The left SLF/Arcuate and ECFS were constrained
to connect anterior (yellow) and posterior (magenta)
language regions that were modulated by syntactic
complexity in normal controls in a previous fMRI study
(Wilson et al., 2010a). FA values in the constrained SLF/
Arcuate were associated with syntactic deficits, but FA
values in the constrained ECFS were not.

fMRI: Modulated by syntactic complexity

(r = 0.17, F[1, 25] = 0.79, p = 0.38) or production (r = 0.16, F[1,
25] = 0.63, p = 0.43).
Lexical Control Measures
To determine whether damage to the left SLF/Arcuate might
have a general effect on all language functions, we considered
two measures of lexical processing at the single word level:
single word comprehension, and picture naming. FA in the
SLF/Arcuate was not associated with either single word comprehension (r < 0, Figure 4A) or picture naming (r < 0, Figure 4B),
showing that SLF/Arcuate damage does not simply affect all
aspects of language processing.
Reduced FA in both the ECFS and UF was predictive of deficits in both lexical measures (all p < 0.0005); however, the
predictive value of these tracts did not remain significant when
PPA variant and severity (MMSE) were included in the models
(all p > 0.05), raising the possibility that the correlations observed
between damage to ventral tracts and lexical measures could be
due to other characteristics of the patients.
DISCUSSION
Our findings suggest that syntactic processing depends
primarily on dorsal language tracts. This was demonstrated by
strong correlations between reduced FA in the SLF/Arcuate
and deficits in syntactic comprehension and production. In
contrast, we found that damage to ventral tracts—the extreme
capsule fiber system or the uncinate fasciculus—does not result
in syntactic deficits.
When other potentially important factors were included as
covariates, the integrity of the SLF/Arcuate continued to be
associated with syntactic processing function. Specifically, we
observed relationships between FA in the SLF/Arcuate and
syntactic comprehension and production when we took into
account PPA variant, overall severity, executive function, motor
speech, and gray matter atrophy in the left IFG, the cortical
region most associated with syntactic deficits. These analyses
indicate that although these factors certainly may contribute to
syntactic deficits, the SLF/Arcuate makes a unique contribution
to syntactic processing even when these other factors are
accounted for. Furthermore, the fact that we found robust correlations with both syntactic comprehension and production
400 Neuron 72, 397–403, October 20, 2011 ª2011 Elsevier Inc.

measures makes it less likely that the deficits resulting from
SLF/Arcuate damage reflect component processes such as
executive functions or motor speech.
A key role for the SLF/Arcuate in syntactic processing has
been suggested previously based on indirect evidence from fiber
tracking connecting regions activated in an fMRI study of
syntactic processing (Friederici et al., 2006). Our findings provide
more direct evidence for the importance of dorsal tracts for
syntactic processing, by showing that damage to these tracts
results in syntactic deficits. Syntax is perhaps the most uniquely
human component of language, due to its hierarchical structure,
unparalleled complexity, and recursion, which gives rise to infinite generativity. Therefore, it might be expected that the neural
substrate(s) for syntactic processing might have been significantly modified over the course of human evolution. A recent
comparative DTI study reported that the arcuate branch of the
SLF is indeed strongly modified in humans relative to nonhuman
primates; it projects much more densely to posterior temporal
cortex than it does in macaques or chimpanzees, especially in
the left hemisphere (Rilling et al., 2008).
Recent studies have established the importance of ventral
tracts including the ECFS and UF in language processing
(Friederici et al., 2006; Friederici, 2009; Saur et al., 2008; Weiller
et al., 2009). Our results support the importance of these tracts

Figure 4. Relationships between Integrity of the Left SLF/Arcuate
and Lexical Measures
There was no relationship between FA in the left SLF/Arcuate and measures of
single word comprehension (A) or production (B). Data points are color-coded
based on each patient’s PPA variant diagnosis.
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in language processing, indicating that they may play a role in
lexical processing at the single word level. Ventral tracts are
most severely affected in patients with semantic variant PPA
(Galantucci et al., 2011), who present with profound lexical
deficits encompassing lexical retrieval, single word comprehension, and semantic knowledge (Hodges and Patterson, 1996).
Furthermore, a role for ventral tracts in single word processing
is consistent with the observation that regions connected
by ventral tracts are activated by language comprehension
(Saur et al., 2008), since language comprehension typically
involves both lexical and syntactic processes. However, our
results do not support suggestions that these tracts play a direct
role in processing of grammar (Weiller et al., 2009) or computation of local phrase structure (Friederici, 2009). Many patients
with significant degeneration of these ventral tracts showed
normal or near-normal syntactic processing, and, in general,
there were no correlations between damage to these tracts,
and syntactic deficits. These observations would be difficult
to account for if ventral tracts play a key role in syntactic
processing.
Although we have argued that the left SLF/Arcuate is the most
important tract for syntactic processing, this is not to imply that
this tract is important only for syntactic processing. The SLF/
Arcuate is clearly also crucial for other aspects of speech/
language processing and other cognitive functions. For instance,
vascular lesions and neurodegenerative volume loss in the SLF/
Arcuate have been associated with motor speech deficits (Ogar
et al., 2006; Wilson et al., 2010b), and in this study we found that
reduced FA in the SLF/Arcuate was associated with motor
speech deficits (see Supplemental Text).
Two limitations of our study are noteworthy. First, the SLF/
Arcuate has multiple subcomponents (Catani et al., 2005; Frey
et al., 2008; Makris et al., 2005), which are often damaged in
parallel, for instance, in nonfluent PPA (Galantucci et al., 2011).
For this reason, we could not determine whether syntactic processing depends differentially on particular subcomponents of
the SLF/Arcuate.
Second, fibers passing through the extreme capsule connect
wide regions of frontal cortex with wide regions of temporal and
occipital cortex (Makris and Pandya, 2009), raising the possibility
that a subset of ECFS fibers might be important for syntactic processing, which we might not have identified because we quantified FA in the whole ECFS. However, this concern is mitigated by
the secondary analysis where the ECFS was constrained to
connect fMRI-derived ROIs, and we continued to observe no
relationship between the ECFS and syntactic processing.
In conclusion, we used a multimodal imaging approach,
combining DTI with voxel-based morphometry and fMRI, to
show that the dorsal and ventral language pathways linking
frontal and temporal language regions have distinct functional
roles. Only the dorsal pathway (SLF/Arcuate) plays a critical
role in syntactic processing. Our findings suggest that syntactic
deficits (Amici et al., 2007; Gorno-Tempini et al., 2004, 2011;
Grossman and Moore, 2005; Grossman et al., 2005; Hodges
and Patterson, 1996; Thompson et al., 1997; Wilson et al.,
2010b) and functional abnormalities related to syntactic processing (Wilson et al., 2010a) in PPA may reflect not only gray
matter damage, but also disruption of communication between

frontal and temporal language regions (Sonty et al., 2007),
specifically via the dorsal pathway.
EXPERIMENTAL PROCEDURES
Participants
We studied 27 patients with PPA, recruited through the Memory and Aging
Center at the University of California, San Francisco (UCSF). Patients were
diagnosed with PPA based on a comprehensive series of evaluations by
a multidisciplinary team, according to recently proposed consensus clinical
criteria (Gorno-Tempini et al., 2011). Patients were classified into one of three
PPA variants: nonfluent (n = 11), semantic (n = 10), and logopenic (n = 6).
Besides a clinical diagnosis of PPA, the inclusion criteria for this study were
that patients had to be fluent in English, and able to complete all procedures
described below.
The patients’ mean age was 66 years (SD = 8, range = 52–82). There were 15
men and 12 women, and 4 patients were left-handed. The mean MMSE score
was 24.0 (SD = 5.3, range = 8–30), and the mean years since onset of disease
was 5.6 (SD = 2.9, range = 2–13).
The study was approved by the Institutional Review Boards at UCSF and the
University of Arizona.
Diffusion Tensor Imaging and Tractography
Acquisition and analysis of DTI data has been described in detail elsewhere
(Galantucci et al., 2011). In brief, we acquired DTI data on a Siemens Trio 3
Tesla scanner (single-shot spin-echo echo-planar images; TR = 8000 ms;
TE = 109 ms; flip angle = 90 ; parallel imaging factor 2; 55 interleaved slices;
field of view (FOV) = 220 mm2; matrix = 100 3 100; voxel size = 2.2 3 2.2 3
2.2 mm; 64 directions uniformly distributed; b0 = 2000 s/mm2). Three tracts
were mapped using probabilistic tractography implemented in FSL (Behrens
et al., 2003, 2007): the SLF/Arcuate, ECFS, and UF.
Each tract was seeded in known ‘‘bottlenecks’’ on individual subjects’ colorcoded images (Figures 1A–1C). The SLF, which includes the arcuate fasciculus, was identified by placing a seed ROI on a coronal slice posterior to the
postcentral gyrus, including fibers oriented in an anterior-posterior direction,
lateral to the corona radiata and medial to the cortex. The ECFS was identified
by placing a seed ROI on a coronal slice anterior to the precentral gyrus,
including fibers oriented in an anterior-posterior direction, lateral to the claustrum and external capsule, and medial to the insula, as described by Makris
and Pandya (2009). For the UF, the seed ROI was drawn on an axial slice
between the anterior temporal lobe and orbitofrontal cortex, on dorsalventrally oriented white matter inferior to the anterior part of the external
capsule. Exclusion masks were used to exclude fibers from neighboring tracts;
these are described for the SLF/Arcuate and UF in Galantucci et al. (2011); for
the ECFS, the exclusion mask consisted of the uncinate fasciculus seed and
the corpus callosum.
We quantified white matter integrity in terms of mean FA (Basser et al., 1994)
in each individual’s tracts. Although the underlying white matter changes that
result in reduced FA are not well understood, FA is nevertheless the most
widely used metric in assessing microstructural damage to white matter in
neurodegenerative disease (Galantucci et al., 2011). Relationships between
this DTI metric and language measures were calculated with JMP 9 (SAS Institute, Cary, NC) using general linear models. Pearson correlations and partial
correlations are reported.
Behavioral Assessments
Syntactic comprehension was assessed using a two-alternative forced choice
auditory sentence-to-picture matching task (Wilson et al., 2010a). There were
84 items varying in length and difficulty, and only high-frequency words were
used, in order to adequately assess patients with severe lexical deficits. The
task was performed in the context of an fMRI experiment (i.e., while the patient
was in the scanner). For three patients, this task was not performed, so we
substituted calibrated syntactic comprehension scores from the CurtissYamada Comprehensive Language Evaluation (S. Curtiss and J. Yamada,
www.thecycletest.com; see Amici et al. [2007] for previous application
to PPA).
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Syntactic production was rated on a seven point scale by two researchers
(S.M.W. and K.R., the latter a licensed speech-language pathologist). The
material rated consisted either of responses to an elicited production experiment (Goodglass et al., 1972) (n = 22) or spontaneous speech and picture
description (n = 5). The factors considered in assigning a syntactic production
score were (1) presence of syntactic errors; (2) whether errors were agrammatic or paragrammatic (the former were considered to reflect greater deficits); (3) hesitations, reformulations, and self-corrections in the production of
complex syntactic structures; (4) the complexity of structures attempted.
Both raters were blind to all DTI measures, and the second rater was blind
to clinical diagnosis. The scores from the two raters were highly correlated
(r = 0.82), so were averaged together to obtain a single syntactic production
score.
Two lexical measures were obtained. Single word comprehension was
assessed with a subset of 16 items from the Peabody Picture Vocabulary
Test (Dunn and Dunn, 1997), and confrontation naming was assessed with
a short version (15 items) of the Boston Naming Test (Kaplan et al., 1983).
Several variables were also obtained to quantify potential mediating factors.
Overall severity was quantified with the MMSE (Folstein et al., 1975), executive
function with a modified version of the Trail-Making Test (Kramer et al., 2003)
and a test of Design Fluency (Delis et al., 2001), and motor speech with a motor
speech evaluation leading to an apraxia of speech rating (Wertz et al., 1984).
Voxel-Based Morphometry
Voxel-based morphometry was performed on T1 images obtained for each
patient as described previously (Wilson et al., 2010b). The ROI in the left IFG
was defined as voxels in left inferior frontal cortex (defined anatomically based
on Tzourio-Mazoyer et al., 2002) where total parenchyma volume was correlated with both syntactic comprehension and production scores at p < 0.01,
uncorrected (center of mass: MNI coordinates –46, 17, 15). Total gray matter
volume in this ROI was calculated for each participant, and corrected for total
intracranial volume.
Functional MRI
The functional MRI experiment has been reported previously (Wilson et al.,
2010a). In brief, the frontal and temporal regions important for syntax were
defined as those regions that were modulated by syntactic complexity (i.e.,
more active for the processing of noncanonical than canonical sentences) in
24 normal control participants. The frontal ROI included the inferior frontal
sulcus, dorsal posterior IFG, and the anterior insula (center of mass: –40, 21,
20). The temporal ROI included mid-posterior superior temporal sulcus and
adjacent middle temporal gyrus (center of mass: –51, –48, 9). These regions
were thresholded at p < 0.005, and reached corrected significance based on
cluster size. For the purpose of using these regions to constrain DTI tracking,
each region was dilated by 4 mm to include underlying white matter. Tractography was then repeated, keeping only tracks that made contact with both
ROIs.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Text and can be found with
this article online at doi:10.1016/j.neuron.2011.09.014.
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Knösche, T.R. (2007). Connectivity-based parcellation of Broca’s area.
Cereb. Cortex 17, 816–825.
Basser, P.J., Mattiello, J., and LeBihan, D. (1994). MR diffusion tensor spectroscopy and imaging. Biophys. J. 66, 259–267.
Behrens, T.E.J., Woolrich, M.W., Jenkinson, M., Johansen-Berg, H., Nunes,
R.G., Clare, S., Matthews, P.M., Brady, J.M., and Smith, S.M. (2003).
Characterization and propagation of uncertainty in diffusion-weighted MR
imaging. Magn. Reson. Med. 50, 1077–1088.
Behrens, T.E.J., Berg, H.J., Jbabdi, S., Rushworth, M.F.S., and Woolrich,
M.W. (2007). Probabilistic diffusion tractography with multiple fibre orientations: What can we gain? Neuroimage 34, 144–155.
Bornkessel, I., Zysset, S., Friederici, A.D., von Cramon, D.Y., and
Schlesewsky, M. (2005). Who did what to whom? The neural basis of argument
hierarchies during language comprehension. Neuroimage 26, 221–233.
Catani, M., Jones, D.K., and ffytche, D.H. (2005). Perisylvian language
networks of the human brain. Ann. Neurol. 57, 8–16.
Croxson, P.L., Johansen-Berg, H., Behrens, T.E.J., Robson, M.D., Pinsk, M.A.,
Gross, C.G., Richter, W., Richter, M.C., Kastner, S., and Rushworth, M.F.S.
(2005). Quantitative investigation of connections of the prefrontal cortex
in the human and macaque using probabilistic diffusion tractography.
J. Neurosci. 25, 8854–8866.
Delis, D.C., Kaplan, E., and Kramer, J.H. (2001). The Delis-Kaplan Executive
Function System (San Antonio, TX: The Psychological Corporation).
Dunn, L.M., and Dunn, L.M. (1997). Peabody Picture Vocabulary Test–III
(Circle Pines, MN: American Guidance Service).
Folstein, M.F., Folstein, S.E., and McHugh, P.R. (1975). ‘‘Mini-mental state’’. A
practical method for grading the cognitive state of patients for the clinician.
J. Psychiatr. Res. 12, 189–198.
Frey, S., Campbell, J.S.W., Pike, G.B., and Petrides, M. (2008). Dissociating
the human language pathways with high angular resolution diffusion fiber tractography. J. Neurosci. 28, 11435–11444.
Friederici, A.D. (2009). Pathways to language: fiber tracts in the human brain.
Trends Cogn. Sci. (Regul. Ed.) 13, 175–181.
Friederici, A.D., Bahlmann, J., Heim, S., Schubotz, R.I., and Anwander, A.
(2006). The brain differentiates human and non-human grammars: functional
localization and structural connectivity. Proc. Natl. Acad. Sci. USA 103,
2458–2463.
Galantucci, S., Tartaglia, M.C., Wilson, S.M., Henry, M.L., Filippi, M., Agosta,
F., Dronkers, N.F., Henry, R.G., Ogar, J.M., Miller, B.L., and Gorno-Tempini,
M.L. (2011). White matter damage in primary progressive aphasias: a diffusion
tensor tractography study. Brain 134, 3011–3029.
Geschwind, N. (1965). Disconnexion syndromes in animals and man. II. Brain
88, 585–644.
Glasser, M.F., and Rilling, J.K. (2008). DTI tractography of the human brain’s
language pathways. Cereb. Cortex 18, 2471–2482.
Goodglass, H., Gleason, J.B., Bernholtz, N.A., and Hyde, M.R. (1972). Some
linguistic structures in the speech of a Broca’s aphasic. Cortex 8, 191–212.
Gorno-Tempini, M.L., Dronkers, N.F., Rankin, K.P., Ogar, J.M., Phengrasamy,
L., Rosen, H.J., Johnson, J.K., Weiner, M.W., and Miller, B.L. (2004). Cognition
and anatomy in three variants of primary progressive aphasia. Ann. Neurol. 55,
335–346.

Neuron
Syntax Depends on Dorsal Language Tracts

Gorno-Tempini, M.L., Hillis, A.E., Weintraub, S., Kertesz, A., Mendez, M.,
Cappa, S.F., Ogar, J.M., Rohrer, J.D., Black, S., Boeve, B.F., et al. (2011).
Classification of primary progressive aphasia and its variants. Neurology 76,
1006–1014.
Grossman, M., and Moore, P. (2005). A longitudinal study of sentence comprehension difficulty in primary progressive aphasia. J. Neurol. Neurosurg.
Psychiatry 76, 644–649.

Rilling, J.K., Glasser, M.F., Preuss, T.M., Ma, X., Zhao, T., Hu, X., and Behrens,
T.E.J. (2008). The evolution of the arcuate fasciculus revealed with comparative DTI. Nat. Neurosci. 11, 426–428.
Saur, D., Kreher, B.W., Schnell, S., Kümmerer, D., Kellmeyer, P., Vry, M.-S.,
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