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DTI Tractography of the Human Brain's
Language Pathways

Diffusion Tensor Imaging (DTI) tractography has been used to
detect leftward asymmetries in the arcuate fasciculus, a pathway
that links temporal and inferior frontal language cortices. In this
study, we more specifically define this asymmetry with respect to
both anatomy and function. Twenty right-handed male subjects
were scanned with DTI, and the arcuate fasciculus was
reconstructed using deterministic tractography. The arcuate was
divided into 2 segments with different hypothesized functions, one
terminating in the posterior superior temporal gyrus (STG) and
another terminating in the middle temporal gyrus (MTG). Tractog-
raphy results were compared with peak activation coordinates from
prior functional neuroimaging studies of phonology, lexical-
semantic processing, and prosodic processing to assign putative
functions to these pathways. STG terminations were strongly left
lateralized and overlapped with phonological activations in the
left but not the right hemisphere, suggesting that only the left
hemisphere phonological cortex is directly connected with the
frontal lobe via the arcuate fasciculus. MTG terminations were also
strongly left lateralized, overlapping with left lateralized lexical-
semantic activations. Smaller right hemisphere MTG terminations
overlapped with right lateralized prosodic activations. We combine
our findings with a recent model of brain language processing to
explain 6 aphasia syndromes.

Keywords: aphasia, arcuate fasciculus, asymmetry, lexical-semantic,
phonologic, prosody

Introduction

Human language function was classically thought to be
mediated by 2 brain areas in the left hemisphere: Broca’s area
for speech production (Broca 1861) and Wernicke’s area for
speech comprehension (Wernicke 1874). The arcuate fascic-
ulus, a prominent fiber pathway that originates in the temporal
lobe and curves around the Sylvian fissure to project to the
frontal lobe (Dejerine 1895), was thought to connect these 2
areas. Wernicke (1874) hypothesized that interruption of this
pathway would disconnect speech comprehension from
speech production and thus lead to a specific deficit, called
conduction aphasia, where the patient could not repeat what
they heard. This syndrome was confirmed clinically when
Lichtheim described such a patient in 1885.

The original post-mortem dissections of the arcuate by
Dejerine and others have been replicated in vivo using
Diffusion Tensor Imaging (DTI) tractography (Catani et al
2005; Nucifora et al. 2005; Parker et al. 2005; Hagmann et al.
2006; Powell et al. 2006), a neuroimaging technique that allows
for the virtual dissection of fiber tracts in the living brain based
on the directionally biased diffusion of water in white matter
(Beaulieu 2002). Several DTI tractography studies have
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demonstrated leftward asymmetry in the arcuate fasciculus as
a whole, using a variety of methods (Hagmann et al. 2006;
Powell et al. 2006; Barrick et al. 2007; Vernooij et al. 2007).
These findings are consistent with known left lateralization of
language function in most humans. Other groups have de-
scribed novel pathways, beyond the classic arcuate fasciculus,
which they have included in revised models of the language
network (Catani et al. 2005; Parker et al. 2005).

Human language is a complex and multifaceted cognitive
capacity. In this paper, we focus on just 3 components of
language: phonemes, the basic sounds that make up words,
lexical-semantics, the concepts and meanings of words and the
vocabulary of words associated with these meanings, and
prosody, the modification of the pronunciation of speech to
convey additional meaning. Other components of language, for
example syntax, morphology, combinatorial semantics, and
pragmatics are beyond the scope of this paper; however, any
complete account of brain language processing will include
these components. Phonologic processing has 2 aspects, re-
ceptive processing of phonemes in Wernicke’s area (posterior
Brodmann’s Area [BA] 22) and BA 40 (Binder et al. 1997, 2000;
Cannestra et al. 2000; Castillo et al. 2001; Jancke et al. 2002;
McDermott et al. 2003), and expressive production of phonemes
during speech in posterior Broca’s area (BAs 44 and 6) (Paulesu
etal. 1997; Price 2000; Bookheimer 2002; McDermott et al. 2003;
Hickok and Poeppel 2004). Notably, this phonologic system can
be entirely disconnected from lexical-semantics and operate
independently, allowing patients to repeat what they hear but
not comprehend or speak spontaneously in any meaningful way
(Geschwind et al. 1968). The lexical-semantic system is thought
to involve middle and inferior temporal areas (BAs 21 and 37)
(Vandenberghe et al. 1996; Binder et al. 1997, 2000; Cannestra
et al. 2000; Price 2000; Castillo et al. 2001; Hickok and Poeppel
2004; Poeppel et al. 2004), along with Broca’s area and frontal
areas more anterior and superior to it (BAs 44, 45,47, 9) (Binder
et al. 1997; Paulesu et al. 1997; Bookheimer 2002; McDermott
et al. 2003). Although the phonologic system tends to show
bilateral activation in imaging studies (Binder et al. 1997, 2000;
Price 2000; Jancke et al. 2002; Hickok and Poeppel 2004;
Poeppel et al. 2004), activations of the lexical-semantic system
tend to be lateralized to the left (Vandenberghe et al. 1996;
Binder et al. 1997, 2000; Price 2000; Ahmad et al. 2003; Hickok
and Poeppel 2004; Poeppel et al. 2004).

Studies of speech prosody, however, show the opposite
lateralization. Examples of prosody are the rise in pitch at end
of a sentence that asks a question (linguistic prosody) or the
tone that conveys one’s emotional state (emotional or affective
prosody) (Wildgruber et al. 2006). Ethofer et al. (2006) found
that the posterior right middle temporal gyrus (MTG) is



involved in the representation of meaningful prosodic sequen-
ces, and used a dynamic causal model of functional magnetic
resonance imaging activations to show that the right MTG is
connected to the frontal lobe bilaterally. Linguistic prosodic
sequences then selectively activated the left inferior frontal
gyrus, whereas emotional prosodic sequences activated the
right inferior frontal gyrus (Ethofer et al. 2006). A number of
other studies have found right lateralized posterior temporal
lobe activations in prosodic processing tasks when compared
with nonprosodic processing tasks (Meyer et al. 2002; Riecker
et al. 2002; Mitchell et al. 2003; Wildgruber et al. 2005).
Additionally, Riecker et al. (2002) found right lateralized
activations in the right inferior frontal gyrus and precentral
gyrus when prosodic production tasks were contrasted with
nonprosodic phonological production tasks suggesting that the
right hemisphere homologue of Broca’s area is involved in the
production of speech prosody.

In this paper, we use DTI to track arcuate fasciculus
connections to the cortical regions implicated in phonologic,
lexical-semantic and prosodic processing and assess their
degree of laterality. Based on the preceding functional neuro-
imaging findings, we expected to find a relatively bilateral
arcuate connection to the superior temporal gyrus (STG),
because studies of phonologic processing show bilateral STG
activations. Although there is evidence that both left-sided
lexical-semantic processing and right-sided prosodic processing
involve both MTG and inferior frontal cortex, lexical-semantic
activations are distributed over a larger area of the middle and
inferior temporal gyri, relative to prosodic activations. Therefore,
we expected to find aleftwardly asymmetric connection to MTG.
DTI tractography results were then compared with activation
coordinates from prior functional neuroimaging studies of
phonology, lexical-semantic processing, and prosodic process-
ing. We selected 5 studies each of phonologic (Paulesu et al.
1993; Belin et al. 2002; Jancke et al. 2002; Joanisse and Gati 2003;
Specht et al. 2003), lexical-semantic (Vandenberghe et al. 1996;
Thompson-Schill et al. 1997; Price et al. 1999; Ahmad et al. 2003;
McDermott et al. 2003), and prosodic processing (Meyer et al.
2002; Riecker et al. 2002; Mitchell et al. 2003; Wildgruber et al.
2005; Ethofer et al. 2006) that reported their coordinates in
standard space, with which to compare our tractography results.
We then interpret our results in the context of a recent model
of brain language processing (e.g., Price 2000; Hickok and
Poeppel 2004), to which we add prosodic processing, and then
test this model against some of the common aphasias and
aprosodias reported in the literature.

Materials and Methods

Subjects and Image Acquisition

Twenty right-handed male subjects, aged 18-50 (mean: 23.75, SD 7.1),
were scanned with a Siemens Trio 3-Tesla MRI scanner. Subjects were
restricted to right-handed males (determined by Waterloo Handedness
Inventory) (Bryden 1977), as handedness and sex are known to
influence language laterality, and could therefore introduce variability
into results (Hagmann et al. 2006). All subjects gave written informed
consent and the study was approved by the Emory University
Institutional Review Board. Diffusion weighted images were collected
using a Siemens Standard echo planar imaging single shot DTI sequence
(time echo [TE] = 90, time repetition [TR] = 7700) with 12-diffusion
directions defined evenly across the sphere with a diffusion weighting
of b= 1000 and one volume with b =0, 1.7 x 1.7 x 2.0 mm voxels, 6
signal averages, and 34 slices. Because 34 slices at 2.0 mm is not
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sufficient to cover the whole brain, the FOV was positioned on the
localizer to ensure that the middle and inferior frontal, inferior parietal,
and middle and inferior temporal cortices were included. A Transverse
Electro-Magnetic head coil was used to improve the signal to noise ratio
of the images. A 7;-weighted magnetization prepared rapid gradient
echo anatomical scan (TR = 2300 ms, TE = 4 ms, matrix = 256 x 256, field
of view = 250, slice thickness = 1.0 mm) was also collected from each
subject for anatomical localization of the fiber tracts. Total scanning
time was approximately 30 min per subject including setup time.

Image Analysis

Images were analyzed with the Siemens DTI Task Card software (Wang
2006), which uses a deterministic tractography algorithm. The
algorithm itself is based on the FACT tractography algorithm (Mori
and van Zijl 2002); however, fibers are only initiated from the regions of
interest (ROIs), and are not generated across the entire brain. When
using a 2 ROI approach, fibers are generated from both ROIs, but
retained only if they reach the second ROI Tractography was
conducted using the following parameters set in the DTI Task Card:
number of samples per voxel length = 8, minimum fractional
anisotropy (FA) threshold = 0.15, maximum turning angle between
voxels = 15°, step length between calculations = 0.25 mm.

The arcuate fasciculus was tracked using the following approach:
First, a single ROI was drawn on a coronal slice of the DTI color map to
select the fibers of the arcuate fasciculus in the left (and right)
hemisphere (Supplementary Fig. 1a). This single ROI defines all of the
fibers oriented in an anterior-posterior direction, which includes the
arcuate and neighboring fibers, such as those in Superior Longitudinal
Fasciculus (SLF) 1T and III (Makris et al. 2005). Because all arcuate fibers
must pass through this bottleneck, it is an ideal region to localize the
pathway reliably. Tractography from this ROI reveals 2 regions of
arcuate terminations within the temporal lobe and additional non-
arcuate terminations in the parietal lobe (Supplementary Fig. 15). Both
arcuate and nonarcuate terminations are also found in the frontal lobe.
To isolate the arcuate from other tracts and divide it into STG and MTG
segments, a 2-ROI approach is required. First, however, the arcuate
specific terminations in the frontal lobe must be determined: separate
ROIs were defined around the terminations in the posterior
STG—Wernicke’s area (BA 22)—and around the terminations that lie
below the superior temporal sulcus in the MTG (BAs 21 and 37).
Tractography was done from each temporal lobe ROI to identify its
frontal lobe projections (Supplementary Fig. 1¢d). The combined
frontal terminations from these 2 temporal lobe ROIs were used to
define a frontal lobe ROI, which includes Broca’s area and surrounding
cortex (BAs 44, 45, 6, and 9). Finally, a 2 ROI approach involving the
combined frontal lobe ROI and each temporal lobe ROI was used to
produce 2 segments, a smaller green segment linking posterior STG and
Broca’s area, and a larger orange pathway linking the MTG (BAs 21 and
37) to Broca’s area and surrounding cortex (Fig. 14). To ensure that no
relevant fibers were missed, frontal and temporal ROIs were expanded
until there was at least one empty ROI voxel between the pathway and
the edge of the ROL

Transformation to Structural Space and Anatomical
Verification of ROIs

The ROIs and results were moved into structural space to allow for
more accurate anatomical localization than is possible in native
diffusion space using the DTI Task Card. The raw diffusion data were
processed using FSL's FDT package to create a Fractional Anisotropy
map. This map was linearly registered to each subject’s 7; image using
the 7, as the reference with FSL’s FLIRT tool (Jenkinson et al. 2002),
producing a linear transformation between diffusion and structural
spaces. Results and ROIs from the DTI Task Card that were processed
in diffusion space were then saved in analyze format and transformed
into structural space using the transformation matrix calculated in FSL.
Upon inspection on each subject’s 73, ROIs that were found to extend
outside the STG, MTG, or frontal lobe were edited in the individual
subject’s structural space, and then transformed back into diffusion
space to be retracked.
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Figure 1. (A) Average arcuate fasciculus tractography results for the 20-subject data set. Connections linking the STG with the frontal lobe are colored green. Connections linking
the regions below the superior temporal sulcus with the frontal lobe are colored orange. Average pathways were thresholded to include voxels in which at least 2 subjects had
a pathway. (B) Functional activations overlaid on average tractography results, in standard space. Each study in each hemisphere is represented by a different color. Lexical-
semantic tasks are represented as squares, phonemic tasks are represented as circles, and prosodic tasks are represented as diamonds.

Transformation to Standard Space and Averaging

Because the DTI Task Card program does not allow for comparison of
tractography results in standard space, we devised a method to move our
results into standard space to permit presentation of group average results.
Tractography results were transformed into standard Montreal Neurolog-
ical Institute (MNI) space and averaged using the following method: each
subject’s FA image was coregistered to all the others’ using first linear and
then nonlinear registration with the ITK registration algorithm, included
as a part of FSL’s TBSS tool (Smith et al. 2006). The FA image that required
the least warping of all other images was used as a final target and this FA
was linearly registered to the MNI 152 standard brain. These registrations
produced 2 transformation matrices, a nonlinear matrix between each
subject’s diffusion space and the target space, and a common linear matrix
between the target and the MNI standard brain. Individual subject’s
tractography results were transformed into standard space using these
matrices, and then averaged to produce a group result (Fig. 14).

Plotting Functional Activation Coordinates

Peak temporal lobe activation coordinates were derived from 5 studies
cach of phonologic (Paulesu et al. 1993; Belin et al. 2002; Jancke et al.
2002; Joanisse and Gati 2003; Specht et al. 2003), lexical-semantic
(Vandenberghe et al. 1996; Thompson-Schill et al. 1997; Price et al. 1999;
Ahmad et al. 2003; McDermott et al. 2003), and prosodic processing
(Meyer et al. 2002; Riecker et al. 2002; Mitchell et al. 2003; Wildgruber
et al. 2005; Ethofer et al. 20006) that reported their coordinates in
standard space. In studies that reported multiple contrasts, we selected

language component-specific functional contrasts, rather than contrasts
of components versus rest, as recommended by (Vigneau et al. 2000). In
a study of prosody (Mitchell et al. 2003), for example, we used the
contrast between prosodic and semantic processing, rather than either
prosodic or semantic processing versus rest. All coordinates were
plotted in MNI space, and those reported in Talairach space were first
transformed to MNI space (see http://imaging.mrc-cbu.cam.ac.uk/
imaging/MniTalairach). To aid in viewing the activation peaks in the
figure, coordinates were plotted above the surface of the brain at MNI
coordinate (x=£75), and thus all coordinates lie in a 2 dimensional plane
(Fig. 1B).

Quantitative and Statistical Analysis

Pathway asymmetry was assessed by recording the volume of each
pathway in 1.7 x 1.7 x 2 mm voxels. In cases where a pathway was not
tracked, the volume was considered zero. A paired #test was used to
test for pathway asymmetry.

Results

The STG Pathway
In the left hemisphere, the pathway connecting the STG to the
frontal lobe was found in 17 of 20 subjects. The left hemisphere
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STG pathway consistently linked the posterior part of the
STG (BA 22) to BAs 44 and 6. In the right hemisphere,
the pathway was identified in only 4 of 20 subjects, and
connected posterior BA 22 to BAs 6 and 44 in the frontal lobe
(Fig. 1A, Supplementary Fig. 2). Pathway volume was highly
leftwardly asymmetric (paired ¢ = 4.26, P < 0.0001), with
an average volume of 2724 mm? (438 mm?®) on the left and
516 mm® (¥240 mm®) on the right (Fig. 2, Supplementary
Table 1).

The MTG Pathway

In the left hemisphere, the pathway linking the MTG to the
frontal lobe was found in all 20 subjects. The temporal lobe
focus of projection included BA 21 and BA 37, whereas the
focus of projection in the frontal lobe was BA 44, and also
included parts of BAs 6, 9, and 45. In the right hemisphere, the
MTG pathway was present in 11 of 20 subjects, and it was
smaller than its left hemisphere counterpart in those 11
subjects (Fig. 14, Supplementary Fig. 2). The focus of the
projection in the right hemisphere was more posterior,
terminating mainly in BA 37, whereas the left hemisphere
pathway extends significantly more anteriorly into BA 21. In
the right frontal lobe, the MTG pathway’s projection was also
more posterior, focusing in BA 6 and posterior BA 44. Pathway
volume was highly leftwardly asymmetric (paired ¢ = 6.85, P <
0.0001), with an average of 9863 mm® (860 mm?) on the left
was and 3720 mm® (#934 mm?®) on the right (Fig. 2,
Supplementary Table 1).

Functional Activations Plotted on the Tractography
Results

Activations from phonologic studies were bilateral, and over-
lapped with the termination of the STG pathway in the left
hemisphere (Fig. 1B). In the right hemisphere, however, the
foci of activation were located more anteriorly in the STG/STS,
and did not overlap with the STG pathway in the 4 subjects in
which it was detectable. The lexical-semantic activations were
found throughout the middle and inferior temporal gyri, along
with the angular gyrus, of the left hemisphere; however, they
were concentrated over the termination of the left hemisphere
MTG pathway. In the right hemisphere, the activations in
prosody-processing studies overlapped with both the MTG
segment and the STG segment, suggesting that in some
subjects, the cortex involved in prosodic processing extends
beyond the superior bank of the STS and into a small portion of
the posterior STG.

Discussion

DTI tractography revealed significant leftward asymmetries in
the connection between both the STG and the frontal lobe and
the MTG and the frontal lobe. Although the absolute difference
between left and right volumes was greater for the MTG
segment, when considering the number of subjects in which
a right hemisphere pathway was present, the STG pathway was
more asymmetric. In the left hemisphere, we found that
temporal lobe activations in phonologic processing tasks
overlapped with the termination of the STG pathway, whereas
lexical-semantic activations overlapped with the termination
of the MTG pathway. In the right hemisphere, very few
subjects had an STG pathway, and, in those who did, it did not
overlap with phonologic activations, which in the right
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Figure 2. Volumes of the MTG and STG pathways.

hemisphere are located more anteriorly in the mid-STG/STS
than they are in the left. When present in the right hemi-
sphere, the MTG pathway overlapped with temporal lobe
activations in prosodic tasks. Although we found the MTG
pathway in the left hemisphere of all 20 subjects, we found
the STG pathway in the left hemisphere of only 17 of 20
subjects. Because it is a much smaller pathway than the MTG
pathway, the STG may be more vulnerable to crossing fibers
or motion artifacts, which may have prevented its identification
in the left hemisphere of some subjects (see Limitation of
Method).

The pattern of pathway asymmetry that we found does not
always correlate with lateralization of function inferred from
functional neuroimaging experiments. Functional imaging
studies suggest that the STG is bilaterally involved in
phonologic processing (Binder et al. 1997, 2000; Price 2000;
Castillo et al. 2001; Jancke et al. 2002), whereas the areas below
the superior temporal sulcus, BA 21 and 37, are involved in left
lateralized lexical-semantic processing (Vandenberghe et al.
1996; Binder et al. 1997, 2000; Cannestra et al. 2000; Price
2000; Castillo et al. 2001; Hickok and Poeppel 2004; Poeppel
et al. 2004). Although the STG is bilaterally involved in
phonologic processing (Paulesu et al. 1993; Belin et al. 2002;
Jancke et al. 2002; Joanisse and Gati 2003; Specht et al. 2003),
we found that only the left hemisphere has a strong and
consistent connection to the frontal lobe via the arcuate. In
addition, we found that, although the pathway connecting the
MTG to the frontal lobe is leftwardly asymmetric, a significant
number of subjects also had a weaker pathway connecting
MTG to the frontal lobe in the right hemisphere. Whereas
lexical-semantic processing is left lateralized (Vandenberghe
et al. 1996; Thompson-Schill et al. 1997; Price et al. 1999;
Ahmad et al. 2003; McDermott et al. 2003), prosodic processing
is right lateralized (Meyer et al. 2002; Riecker et al. 2002;
Mitchell et al. 2003; Wildgruber et al. 2005; Ethofer et al. 2000),
and prosodic activations overlap with the temporal lobe
termination of the smaller right MTG pathway.

Our findings can be reasonably interpreted within the
framework of the language model of Price (2000) and Hickok
and Poeppel (2004) (Fig. 3, Color: Supplementary Fig. 3).
According to this model, auditory information first processed in
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primary auditory cortex is then decoded phonologically in
Wernicke’s area (posterior BA 22). From there, it can be
conveyed directly on to Broca’s area if it is to be repeated
immediately, via the STG pathway, or it can be relayed to
cortex below the superior temporal sulcus for lexical-semantic
comprehension. The lexical-semantic area is strategically
located on the boundary between auditory and visual associ-
ation cortex, receiving inputs from both Wernicke’s area and
primary auditory cortex, as well as extrastriate visual cortex
(Price 2000; Hickok and Poeppel 2004). Thus, the lexical-
semantic area receives inputs from both auditory and visual
sensory modalities, allowing it to make associations between
them. In humans, unlike other primates, it also responds to
auditory and visual linguistic stimuli, activating the appropriate
modality-specific neurons to reproduce internally whatever
concept was represented by the words heard or seen (Barsalou
et al. 2003). For example, particular neurons in the lexical-
semantic area might respond not only to seeing a cat and
hearing a cat, but also hearing someone say the word “cat,” or
seeing the word “cat” written on a page, and then regenerate
images and sounds related to cats. From the lexical-semantic
area, information is conveyed to the frontal lobe, including
Broca’s area during spontaneous speech. The high level lexical-
semantic processing required to form logical and coherent
speech requires the language areas in the frontal and temporal
lobes to communicate through the bi-directional connections
(Matsumoto et al. 2004) that comprise the MTG pathway. The
same functional studies showing lexical-semantic activation in
BAs 21 and 37 also show significant frontal lobe activations in
both Broca’s area and areas anterior and superior to it
(Vandenberghe et al. 1996; Binder et al. 1997, 2000; Ahmad
et al. 2003; McDermott et al. 2003; Martin 2005). Posterior
Broca’s area would then generate the speech output. The
direct phonological loop, connecting the posterior STG to
Broca’s area, might be particularly important during the
acquisition of language by children, as it allows decoded
phonemes direct access to Broca’s area for speech output. It
may provide an anatomical substrate for the imitation of
speech, a critical part of early language acquisition (Ferguson
and Farwell 1975), whereas the MTG pathway might be most
important for carrying lexical-semantic information during the
spontaneous production of established speech.

The right hemisphere is different, however, in both
connectivity and function (Fig. 3, Color: Supplementary Fig.
3). Wildgruber et al. (2006) and Meyer et al. (2002) have
suggested that, whereas the left hemisphere auditory cortex is
specialized to analyze the segmental aspects of sound, for
example the rapid changes in intensity and pitch that make up
phonemes, the right hemisphere auditory association cortex is
specialized to process the slower changes of the supraseg-
mental aspects of language, for example the slower variations
in melody and intonations of prosody. Unlike in the left
hemisphere, however, the right auditory association cortex in
the STG that is implicated in phonologic processing does not
have a direct connection to the frontal lobe via the arcuate
fasciculus. In the 4 subjects who did have a right hemisphere
STG pathways, its posterior termination did not line up with the
phonologic activations. In contrast to the left hemisphere, the
only consistently found right hemisphere temporal-frontal
arcuate connection links the posterior MTG and the frontal
lobe, and is much weaker than the homologous connection in
the left hemisphere. This is the same area that is activated

during functional imaging studies that compare affective
prosodic processing to linguistic processing (Meyer et al.
2002; Riecker et al. 2002; Mitchell et al. 2003; Wildgruber et al.
2005; Ethofer et al. 20006). In addition, in the 4 subjects who
have an STG pathway, its posterior termination also lines up
with the prosodic activations, suggesting that the STG and
MTG segments may not have distinct functions in the right
hemisphere. The right hemisphere pathway then carries
prosodic information to the inferior frontal lobe, which is
active in the same prosodic tasks as the right temporal lobe
(Meyer et al. 2002; Riecker et al. 2002; Mitchell et al. 2003;
Wildgruber et al. 2005; Ethofer et al. 2006). Thus, we provide
anatomical evidence for one of the pathways predicted by the
dynamic causality model of Ethofer et al. (2006). Ethofer et al.
(2006) also predicted a parallel pathway whereby prosodic
information is integrated with linguistic information in the
inferior frontal lobe of the left hemisphere, which has been
supported by Ross et al’s (1997) study of aprosodia caused by
callosal lesions.

In summary, we provide anatomical evidence for the
phonologic and lexical-semantic pathways postulated in the
model of Price (2000) and Hickok and Poeppel (2004). In
addition, we provide anatomical evidence for a right hemi-
sphere pathway between the MTG and the frontal lobe that is
hypothesized to be involved in prosody (Ethofer et al. 2000).
However, can this model, informed by our tractography results,
explain the common categories of aphasias and aprosodias?

The Apbasias and Aprosodias: a Post Hoc Test for the
Model of the Language Network

Broca’s and Wernicke’s Apbasias

Broca’s aphasia is generally caused by lesions to the left inferior
frontal gyrus (BAs 44 and 45) or its subcortical connections
(Damasio and Geschwind 1984; Damasio 1992; Kreisler et al.
2000; Dronkers et al. 2007). Moreover, to have the permanent
Broca’s aphasia syndrome, and not a more transient condition,
requires damage to the premotor cortex of the precentral
gyrus (BA 6) and the frontal operculum (Naeser 1978; Kertesz
et al. 1979) and often the left basal ganglia (Lieberman 2002).
Patients with Broca’s aphasia have great difficulty producing
fluent grammatical speech both spontaneously and when
repeating. Although Broca’s aphasics can generally still com-
municate, their speech is halting and slow and lacks many of
the grammatical words, such as prepositions, conjunctions, and
pronouns, and they have difficulty producing and discriminat-
ing between some phonemes. They also have impaired
comprehension of grammatically complex sentences, such as
those in the passive voice (Damasio 1992). The symptoms of
Broca’s aphasia give us some clue of the functions of the
damaged cortex. Damage to the inferior motor and premotor
cortex in the left hemisphere likely causes the dysarthria of
Broca’s aphasia. The agrammatism of Broca’s aphasia probably
results from the destruction of BAs 44 and 45, which are
thought to be heavily involved in grammar and syntax (Book-
heimer 2002; Sakai 2005). The lesions that cause Broca’s
aphasia destroy the frontal cortical terminations of both the
STG and the MTG pathways. Damage to these areas likely
causes both phonologic discrimination and production deficits,
and deficits in comprehension of complex grammatical
material. The last of these likely arises from the failure of the
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Figure 3. The functions of the STG and MTG pathways according to the model of Hickok and Poeppel (2004) and Price (2000) in the left hemisphere (top), and the right

hemisphere (bottom). Color figure: Supplementary Figure 3.

posterior lexical-semantic comprehension area to access the
frontal cortex involved in grammatical analysis when syntacti-
cally complex linguistic material is encountered.

Wernicke’s aphasia is generally caused by lesions to the left
STG or its subcortical connections (Damasio and Geschwind
1984; Damasio 1992; Kreisler et al. 2000). Patients often also
have damage to inferior parietal cortex and middle and inferior
temporal cortex (Damasio and Geschwind 1984), and middle
and inferior temporal cortical damage is associated with
a particularly poor prognosis for functional recovery (Naeser
et al. 1987). Wernicke’s aphasics speak fluently, but with
frequent phonologic and semantic errors. These deficits occur
during both spontaneous speech and repetition, often making
their speech unintelligible or meaningless. Wernicke’s aphasics
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also have great difficulty understanding speech and naming
objects (Damasio 1992), making their deficit more devastating
than Broca’s aphasia. Patients with smaller lesions limited to
Wernicke’s area (the phonologic cortex of posterior BA 22)
often show marked improvement, in contrast to patients with
larger lesions including the lexical-semantic cortex of the
middle and inferior temporal gyri (Kertesz et al. 1979; Naeser
et al. 1987). The improvement shown by patients with the
smaller lesions may be due to the right hemisphere homologue
taking over phonologic processing functions, whereas the
more devastating cases include damage to left lateralized
lexical-semantic cortex, for which the right hemisphere
counterpart cannot effectively compensate. Thus, Wernicke’s
aphasia can be understood as a disruption of the phonologic
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processing in the left STG, impeding phonologic decoding of
heard speech so that it never reaches the lexical-semantic
comprehension areas. In more serious and permanent cases,
the lexical-semantic comprehension areas are also damaged,
resulting in semantic paraphasias and anomias. In addition, the
destruction of Wernicke’s area impairs speech production by
disrupting the posterior portion of the phonologic circuit,
resulting in phonemic paraphasias. Although these 2 aphasia
syndromes are thought to be explained by classic model of
the language network (Wernicke 1874; Lichtheim 1885;
Geschwind 1965), the model of Hickok and Poeppel (2004)
and Price (2000) combined with our tractography results
effectively explains some nuances that were not previously
clear, such as the difficulties Broca’s aphasics have in com-
prehending syntactically complex linguistic content, and the
worse prognosis for Wernicke’s aphasics with lesions that
include the MTG.

Conduction Aphasia

Conduction aphasia shares with Broca’s and Wernicke’s
aphasias the deficit in repetition, but both comprehension
and spontaneous speech are largely preserved. Classically,
conduction aphasia was thought to be caused by a lesion to the
arcuate fasciculus, disconnecting Wernicke’s and Broca’s areas
(Wernicke 1874; Lichtheim 1885; Geschwind 1965). Lesions
that cause conduction aphasia are typically located in the left
supermarginal gyrus (BA 40) and involve the underlying white
matter (Warrington et al. 1971; Damasio and Damasio 1980;
Damasio and Geschwind 1984; McCarthy and Warrington
1984). However, cases have been reported that involved only
the insula and nearby extreme capsular white matter (Damasio
and Geschwind 1984; Damasio 1992), suggesting the possibility
of another route between Wernicke’s and Broca’s areas. Along
with their difficulty repeating, patients with conduction
aphasia often produce phonologic errors in their speech, and
may have difficulty naming (Damasio 1992). Damage to the
phonologic language circuit is the most likely cause of the
disruption of phonologic tasks like repetition that rely on
communication of phonologic information between the
anterior and posterior language areas. The STG pathway we
describe here passes superficially through the white matter
under the supramarginal gyrus, and is highly leftwardly
asymmetric, which correlates with the fact that conduction
aphasia occurs with left hemisphere lesions. Furthermore,
recent work (Parker et al. 2005; Friederici et al. 20006;
Anwander et al. 2007) suggests the existence of an additional
pathway between the STG and Broca’s area that travels a ventral
route, medial to the insula, via the extreme capsule. Damage to
cither or both of these pathways caused by lesions in the
immediate perisylvian area could result in conduction aphasia,
and the existence of 2 separate pathways may explain cases
where arcuate fasciculus lesion does not result in conduction
aphasia or where conduction aphasia does not result from
arcuate lesion. The MTG pathway might also be damaged in
some cases of conduction aphasia, which would account for
the naming difficulties.

More recently, there has been debate as to whether or not an
arcuate fasciculus lesion is necessary or sufficient to cause
conduction aphasia (Damasio and Damasio 1980; Kempler et al.
1988; Damasio 1992; Anderson et al. 1999). The lesions tend to
involve cortex immediately surrounding the Sylvian fissure,
including primary auditory cortex and the supramarginal gyrus,

which is thought to participate in phonologic working memory
(Baddeley 2003; Woodward et al. 2006). At the same time, the
white matter beneath this cortex contains connections
between the STG and Broca’s area, which run both dorsally
and ventrally (Parker et al. 2005). Thus, lesions in this area
would damage the phonologic circuit, either by damaging the
phonologic cortex or the relatively shallow white matter
connections between anterior and posterior phonologic areas.
For an arcuate fasciculus lesion to cause only conduction
aphasia with deficits in repetition and without lexical-semantic
deficits, it would need to be relatively superficial to avoid
significantly damaging the MTG pathway, which makes up the
medial portion of the arcuate fasciculus. A deeper lesion to the
arcuate fasciculus would not necessarily cause conduction
aphasia symptoms: Selnes et al. (2002) presented the case of
a 55-year-old right-handed man who suffered from a left middle
cerebral artery stroke that damaged the arcuate fasciculus. In
the acute phase of the stroke, the patient had severe difficulties
with spontaneous speech, naming, and comprehension of
grammatically complex material. The patient retained relatively
normal repetition function, however. Structural and DTI
imaging showed a large lesion including the arcuate fasciculus.
The majority of the arcuate fasciculus is the MTG pathway, in
the left hemisphere, and the patient’s acute symptoms match
transcortical motor aphasia (difficulty with spontaneous
speech, naming, and comprehension of complex grammatical
content without a loss of repetition) very well (Freedman et al.
1984), a syndrome that will be discussed in more detail shortly.
Given the patient’s retention of repetition, the lesion likely
did not damage both the dorsal and the ventral (Parker
et al. 2005; Friederici et al. 2006; Anwander et al. 2007)
connections between STG and Broca’s area. Two years later,
the patient had lingering deficits of speech expression,
including naming, and of comprehension of complex gram-
matical material; however, much of his aphasia had resolved
(Selnes et al. 2002). In this case, the classic model of the
language network would predict impairment of repetition and
would not explain the impairment of spontaneous speech,
naming, or comprehension of grammatically complex material;
however, the model of Hickok and Poeppel (2004) and Price
(2000) combined with our tractography results addresses these
findings. Moreover, repetition in patients with conduction
aphasia is often improved by forcing them to focus on the
semantic content of the sentences they are to repeat
(McCarthy and Warrington 1984), thereby using the mostly
intact MTG pathway to bypass the damaged STG pathway,
whereas patients with transcortical motor aphasia are impaired
by focusing on the semantic content of sentences they are to
repeat (McCarthy and Warrington 1984). Thus, the deficits
present in conduction aphasia can be best explained by damage
to the relatively superficial STG and extreme capsule path-
ways and/or the surrounding phonologic cortex, rather than
a deeper lesion that damages mostly the more medial MTG
pathway of the arcuate fasciculus, as argued by the classic
model.

The Transcortical Apbasias

Transcortical motor aphasia is an expressive language disorder
characterized by limited spontaneous speech, impaired nam-
ing, intact repetition, normal articulation, and relatively good
auditory comprehension (with the exception of complex
grammatical sentences) (Freedman et al. 1984). Patients with
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transcortical motor aphasia often have lesions to the cortex
anterior to and superior to classic Broca’s area (Damasio 1992)
and to the underlying white matter (Damasio and Geschwind
1984; Freedman et al. 1984), in the location of the termination
of the MTG pathway. Transcortical motor aphasia has also been
reported from purely subcortical white matter lesions (Naeser
et al. 1982), and deep lesions affecting the supramarginal gyrus
(BA 40) and its underlying white matter (McCarthy and
Warrington 1984). If the more anterior and superior cortical
terminations of the MTG pathway or the white matter of the
pathway itself is damaged, it seems reasonable that the symp-
toms of transcortical motor aphasia would result. Although
lexical-semantic content would have difficulty reaching the
frontal lobe, phonologic content would not, as the speech pro-
duction area itself and the phonologic pathway, both located
inferior and lateral to the lesion, would be spared. Thus, the
patient would have normal articulation and repetition, but
impaired spontaneous speech, naming, and comprehension of
material requiring significant grammatical processing. There-
fore, lesions all along the MTG pathway would produce
transcortical motor aphasia with relatively similar symptoms
(Naeser et al. 1982; Freedman et al. 1984; McCarthy and
Warrington 1984). The model of Hickok and Poeppel (2004)
and Price (2000) combined with our tractography results
accounts for transcortical motor aphasia, whereas the classic
model does not predict an aphasia that impairs spontaneous
speech while sparing repetition (transcortical motor aphasias
from lesions in the supplementary motor area act via a different
mechanism and would not cause some of the above language
deficits; Freedman et al. 1984).

The receptive transcortical aphasia, transcortical sensory
aphasia, is a perceptual language disorder of lexical-semantic
comprehension. Patients with transcortical sensory aphasia are
able to repeat what they hear without impairment, though they
have no understanding of its meaning (Kertesz et al. 1982;
Damasio and Geschwind 1984; Boatman et al. 2000). Trans-
cortical sensory aphasia is a relatively rare condition resulting
from a left temporal lobe lesion that spares classic Wernicke’s
area. Transcortical sensory aphasia typically is caused by a large
lesion in the lexical-semantic cortex of the middle and inferior
temporal lobe, sometimes extending into the angular gyrus and
the occipital lobe (Kertesz et al. 1982; Damasio and Geschwind
1984; Alexander et al. 1989; Damasio 1992). Patients with
transcortical sensory aphasia often have markedly reduced
spontaneous speech (Damasio 1992) very much resembling
semantic dementia, caused by atrophy of the left middle and
inferior temporal lobe (Garrard and Hodges 2000).

Perhaps the most famous case of transcortical aphasia was
presented in 1968 by Geschwind et al. as the isolation of the
speech area: A 22-year-old woman was found unconscious in
her kitchen suffering from carbon monoxide poisoning and
remained in a coma for 17 days. When she awoke, she would
sing songs and repeat whatever questions her examiners asked
her, but showed a complete lack of lexical-semantic compre-
hension and had almost no spontaneous speech. Occasionally,
she would complete conventional sayings, such as when the
examiner would say “ask me no questions” she would say “tell
me no lies.” Her condition changed little over the last 9 years of
her life, though she proved able to learn new songs that she
heard on TV. When she died, the authors examined the
locations of her brain damage. In the left hemisphere, she had
severe lesions of BAs 21 and 37 (and also 39, 38, and 20 in the
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anterior and inferior temporal cortex and the angular gyrus)
but intact posterior 22, 40, and Broca’s area (Fig. 4). Thus, this
patient’s lesions were well demarcated for pure transcortical
aphasia, without a deficit in repetition, and her condition
remained remarkably stable. That her condition did not
improve during 9 years of treatment suggests that these
temporal lobe areas in the left hemisphere are critical for
lexical-semantic comprehension, and, if they are severely and
completely damaged, lexical-semantic processing ability is
permanently lost. Rarely does a lesion so neatly destroy the
lexical-semantic comprehension area while sparing the entire
phonologic circuit: Wernicke’s area, Broca’s area, and the
supramarginal gyrus. There is, however, at least one other
example of this in the literature, also caused by carbon
monoxide poisoning (Heilman 2002). Transcortical sensory
aphasia, and this case of pure transcortical aphasia in particular,
would not be predicted by the classical model, as it does not
explain how damage to areas beyond Wernicke’s, Broca’s and
the arcuate fasciculus will cause aphasia, but these findings are
accounted for by the model of Hickok and Poeppel (2004) and
Price (2000) combined with our tractography results. A
summary of the aphasias and their locations is shown in Figure
5 (Color: Supplementary Fig. 4).

Transiently Induced Apbasias

A final line of evidence that supports the model of Hickok and
Poeppel (2004) and Price (2000) combined with our tractog-
raphy results is aphasia induced interoperatively during
functional mapping of language structures so that they may
be spared during surgical resection. Electrical stimulation of
the left middle and inferior temporal gyri causes transient
transcortical sensory aphasia, as reported by Boatman et al.
(2000), or anomia as reported by Duffau et al. (2005).
Additionally, electrocortical stimulation studies have induced
anomia when stimulating premotor cortex in the area of the
superior part of the frontal termination of the MTG pathway
(Duffau et al. 2003, 2005). Electrical stimulation of the white
matter near the arcuate above the superior temporal sulcus,
where the STG pathway projects laterally to the cortex, causes
phonemic paraphasias, whereas stimulation below the sulcus,
where the MTG pathway projects laterally to cortex, causes
anomias and semantic paraphasias (Mandonnet et al. 2007).
Another group finds that stimulation of the medial arcuate
fasciculus leads to anomias and a reduction in spontaneous
speech (Bello et al. 2007), similar to what happens in
transcortical motor aphasia.

Aprosodias

The literature on aprosodias is not as clear as the literature on
the aphasias. After Heilman et al. (1975) reported that patients
with right temperoparietal lesions often suffered from defects
in the comprehension of emotional prosody, Ross (1981)
proposed that the right hemisphere contained a prosody-
processing network that mirrored the left hemisphere prepo-
sitional language network. Based on case studies, he argued for
the existence of a spectrum of aprosodias analogous to the
aphasias, including motor, sensory, global, conduction, and
transcortical sensory aprosodia (Ross 1981; Gorelick and Ross
1987). Other studies contradicted this schema, however
(Cancelliere and Kertesz 1990; Bradvik et al. 1991). Although
additional investigations have found that lesions to the
right middle and superior temporal gyri caused difficulties
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comprehending prosody (Darby 1993; Starkstein 1994; Ross
2000), purely subcortical lesions have been found to cause
similar difficulties (Cancelliere and Kertesz 1990). A possible
explanation for this discrepancy is that both the right posterior
temporal lobe and its white matter connections to the left
and right inferior frontal lobes are required for proper
comprehension of prosody and that these pathways are
damaged by subcortical lesions. Indeed bilateral inferior fron-
tal activations were reported in a prosodic comprehension
task (Ethofer et al. 2006), though right lateralized frontal
activations are found even more commonly (Meyer et al. 2002;
Riecker et al. 2002; Mitchell et al. 2003; Wildgruber et al. 2005).
Thus, it would appear that either lesions that damage the right
superior and middle temporal gyri or those that damage the
right MTG pathway would cause difficulties with prosodic
processing.

Figure 4. A case of pure transcortical aphasia. Lesioned areas are shaded.
Reproduced from Geschwind et al. (1968) with permission.

Broca’'s
Aphasia |

| 45

speech Output —

Comparison of the Model Presented Here to the Model of
Catani et al.

Catani et al. (2005) proposed a model of the language network
based on DTI tractography results that included a direct
phonetic pathway (via the arcuate) and an indirect semantic
pathway (via 2 segments that connected the inferior parietal
lobe to both the temporal and frontal lobes). Thus the main
differences between their model and our model are that their
model involves a “Geschwind’s” territory for semantic process-
ing, encompassing much of the inferior parietal lobe, and that
they combine the STG and MTG pathways of the arcuate into
a single segment, arguing that the entire pathway conveys
phonetic information directly to the frontal lobe. We favor our
model for the following reasons: 1) Although Catani et al assert
that the entire inferior parietal lobe is involved in semantic
processing, Price (2000), indicates that this only true of the
posterior inferior parietal lobe, i.e. the angular gyrus (BA 39;
which can be appreciated from our Fig. 4). In contrast, it is
apparent from Catani et al’s figures (e.g., Figure 2 in Catani
et al. [2005] or Figure 7 in Catani and Ffytche [2005]) that the
focus of their parietal projection is in anterior inferior parietal
cortex, i.e. the supramarginal gyrus (BA 40). BA 40 is more
likely to be involved in phonetic working memory than
semantic processing (Binder et al. 1997, 2000; Cannestra
et al. 2000; Baddeley 2003; McDermott et al. 2003; Martin
2005; Woodward et al. 2006), and semantic processing is found
far more often in the temporal lobe (Vandenberghe et al. 1996;
Binder et al. 1997, 2000; Cannestra et al. 2000; Price 2000;
Castillo et al. 2001; Hickok and Poeppel 2004; Poeppel et al.
2004). 2) As we show in Figure 4, the STG and MTG
terminations of the arcuate connect cortices of different
function, and therefore we feel it is more appropriate to treat
them as 2 separate pathways. 3) We also interpret the
McCarthy and Warrington (1984) study of 2 patients with
conduction aphasia and 1 with transcortical motor aphasia
differently than Catani et al. They interpret the differential

Transcortical Sensory Aphasia

Figure 5. Common locations of the aphasias. Color figure: Supplementary Figure 4.
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symptoms from lesions that affected the white matter beneath
the inferior parietal cortex as resulting from differential
destruction of direct and indirect pathways; however, much
like the case presented in Selnes et al. (2002), a lesion to the
MTG pathway could explain the transcortical motor aphasia of
the patient in McCarthy and Warrington, whereas lesions to the
STG pathway could explain the conduction aphasias of the
other 2 patients. 4) The left inferior parietal lobe has recently
been implicated in the planning of tool use gestures with
functional neuroimaging (Johnson-Frey et al. 2005), and is
a common site for lesions causing representational ideomotor
apraxia (Buxbaum 2001), a disorder of the production and
recognition of tool use gestures. Conceptual or ideational
apraxia, a deficit of the semantic knowledge of tools, is caused
by lesions of the temporal lobe (Buxbaum 2001). Thus, we
believe that the Geschwind’s Territory and the indirect
pathway are not primarily involved in semantic language
processing, but rather in another major human specific
cognitive specialization, complex tool use.

Note on Limitations of the Method Used Here

Although DTI tractography is a potentially very informative
technique, it has several limitations that must be kept in mind.
Although we were unable to identify the MTG pathways in the
right hemispheres of 9 of the subjects, and the left hemisphere
STG pathway in 3 of the subjects, it is likely that these pathways
are actually present. In a separate study (Rilling et al., submitted
for publication) that used a more sensitive probabilistic
crossing fiber algorithm (Behrens et al. 2007) to detect all of
the temporoparietal pathways to the frontal cortex anterior to
the precentral sulcus, the MTG pathway was identified in the
right hemisphere of all subjects and the STG pathway was
identified in the left hemisphere of all of subjects. In
Supplementary Figure 5, we show the average deterministic
results from this study in standard space, along with the
average probabilistic results (Supplementary Fig. 5). The
average probabilistic results show a similar pattern of asymme-
try to the deterministic results and in posterior temporal
cortex, the locations of terminations are also similar. The MTG
pathway is larger on the left than on the right, and the left
hemisphere pathway extends more anteriorly into BA 21 than it
does in the right. The STG pathway is highly leftwardly
asymmetric in both studies, and, when present in the right, it
is posterior to the phonetic activations in both studies. The
deterministic tractography algorithm used here is unable to
track through areas of crossing fibers when a competing
pathway is significantly stronger, or when subject motion
reduces the quality of the dataset, which may explain the lack
of a right hemisphere MTG pathway or a left hemisphere STG
pathway in some subjects presented here. Weak pathways are
more reliably found with the crossing fiber, or 2 direction,
probabilistic algorithm (Behrens et al. 2007), which calculates
a secondary fiber direction, in addition to the primary one, and
can use this fiber direction to continue tracking when the
principle diffusion angle changes abruptly.

Our study generated 2 unexpected findings. First, projec-
tions of both the lexical-semantic and the STG pathways were
found to BA 6; however, one would not necessarily expect
language areas to project directly to premotor cortex.
Nevertheless, when the more dorsal premotor cortex of the
superior terminations of the MTG pathway are stimulated,
anomias result (Duffau et al. 2003, 2005), suggesting that the
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MTG pathway may in fact project to this location. A second
unexpected finding is fewer projections to BAs 45 and 47 than
we found in the probabilistic study (Rilling et al., submitted for
publication). Although the location of the posterior termina-
tions of the pathways and the magnitude of the asymmetries
are very similar, the results differ in that the focus of the frontal
terminations is more anterior in the probabilistic, crossing fiber
results. A plausible explanation for these unexpected findings is
that when the arcuate joins with pathways that connect
parietal areas to premotor cortex that run parallel to it such as
the SLF (Petrides and Pandya 2002; Makris et al. 2005), the
tractography algorithm has difficulty keeping the arcuate separate
from these other pathways. Thus, more terminations are found
posteriorly in premotor cortex, the putative target of SLF III
(Makris et al. 2005), whereas fewer are found in anterior inferior
prefrontal cortex (Rilling et al. submitted for publication).

Conclusion

We have demonstrated a leftward asymmetry of the arcuate
fasciculus connections linking both STG and MTG with the
inferior frontal lobe. Comparison with activations from
functional neuroimaging experiments suggests that the left
STG and MTG pathways are involved in phonologic and lexical-
semantic processing, respectively, whereas the right MTG
pathway is involved in prosodic processing. We integrate our
tractography findings into the language model of Hickok and
Poeppel (2004) and Price (2000) and then test this model, post
hoc, against various aphasia syndromes and the lesions that
cause them. This model shows greater explanatory power,
when combined with our tractography results, than either the
classic model or other recently proposed revised models based
on DTI tractography. However, as is true of all models, we
realize that ours is a simplification of reality. Although we
describe a single lexical-semantic area along the length of the
MTG, the cortex is likely to be heterogeneous in function. In
addition, we neglect other components of language, for
example syntax, morphology, combinatorial semantics, and
pragmatics that are beyond the scope of this paper. One topic
for future study would be to look in more detail at the
connectivity of the MTG segment with the frontal lobe. For
example, are there differences in the connectivity of BAs 21
and 37 with the frontal lobe? We found that in the left
hemisphere, the MTG pathway extended much more anteriorly
into BA 21 than it did in the right hemisphere, but to which
frontal lobe areas specifically does each of these temporal areas
connect? Also, does this work help explain other clinical cases
when evaluated using DTI, such as the one presented by Selnes
et al. (2002). Our hope is that the work presented here will
help in understanding language processing in both normal and
abnormal subjects.

Supplementary Material

Supplementary material can be found at:

oxfordjournals.org/
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