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Abstract
The arcuate fasciculus (AF) is believed to be fundamental to the neural circuitry behind many
important cognitive processes. Connecting Wernicke’s and Broca’s area, these fibers are thought
to be especially important for repetition. In this case study we present evidence from a patient that
set doubt on these assumptions. We present structural imaging, diffusion tensor imaging, and
language data on a patient with a large left-sided stroke and severely damaged left AF who
showed intact word repetition and relatively intact sentence repetition performance. Specifically,
his sentence repetition is more fluent and grammatical, with less hesitation than spontaneous
speech, and with rare omissions only during the longest sentences. These results challenge
classical theories that maintain the left AF is the dominant language processing pathway or
mechanism for repetition.
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The exact architecture of the neural processing of language in humans is at present
unresolved. Studies of these complex constructions have begun to elucidate an interwoven
network of fibers, pathways, and structures that mediate the many cognitive processes
humans undertake. Stroke has the startling tendency to disrupt these processes leading to
debilitating clinical syndromes such as aphasia, ataxia, and aprosodia. The task of repetition
exemplifies the complexity to be found in neural networks, comprised of many cognitive
processes governed by various regions of the brain. The traditional view of this process, and
language circuitry in general, holds that the caudal temporal region (critical for hearing and
understanding) and the anterior language region in the inferior frontal cortex (critical for
speech articulation) are connected by the arcuate fasciculus (AF). Disruption in this fibrous
connection, such as by stroke, would therefore lead to impairment in repetition performance.
However, the clinico-pathological studies available do not present a clear picture. Some
studies have found transient repetition impairments after small AF lesions (Arnett, Rao,
Hussain, Swanson, & Hammeke 1996; Tanabe et al., 1987), but others documented no
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repetition problems after AF lesions (Shuren et al., 1995; Whittle & Fraser, 1991). More
importantly, a recent study using in vivo imaging techniques of diffusion tensor imaging
(DTI) and fiber tracking documented intact repetition performance with AF damage (Selnes,
van Zijl, Barker, Hillis, & Mori, 2002). Nevertheless, these previous reports describe
patients with damage restricted to only a part of the AF, whereas the present report discusses
total absence of AF.

The role of the AF in repetition becomes more complicated given recent evidence from
tractography studies in the human (Frey, Cambell, Pike, & Petrides, 2008; Jiang, van Zijl,
Kim, Pearlson, & Mori, 2006; Mori, Crain, Chacko, & Van Zijl, 1999) and the monkey
(Petrides & Pandya, 1988, 2009) where the very existence of AF as a single tract uniting
posterior and anterior language areas has been set to doubt. These studies suggest the
existence of other neural pathways in language processing which comprise a richer and more
complex system of connections. Specifically, they suggest that the connection between
Broca’s area and the posterior temporal region, also described as Wernicke’s area, is
subserved by two distinct tracts: the superior longitudinal fasciculus III (SLF III), which
connects Broca’s area to the inferior parietal lobule, and the caudal part of the inferior
longitudinal fasciculus (ILF), which connects the inferior parietal lobule to the caudal
superior temporal region. Here we report MRI, DTI and behavioral testing data from a
middle-aged male stroke patient with an extensive left hemisphere lesion including the
entire SLF III (what was traditionally considered the AF) and part of the ILF. We show that
the patient’s repetition performance is nearly normal indicating that the SLF III is not
necessary for recovery of repetition. Although a partially spared left ILF was present, there
was no intact connection between Wernicke’s area (mostly infarcted) and the inferior
parietal lobule to Broca’s area (also mostly infarcted), making it unlikely that this isolated
tract supports recovery of repetition.

CLINICAL BACKGROUND
Our patient, a 62-year-old right-handed man, presented with a large left-sided stroke 3 years
before testing. Initial MRI revealed a large left middle cerebral artery stroke and an
incidental finding of a completely occluded right carotid artery. Additionally, MRI revealed
ischemia in the corpus callosum. Initially, the patient was globally aphasic, but had
improved through neurorehabilitation. Three years post-stroke, his aphasia type was
unclassifiable; he was classified as anomic by the Western Aphasia Battery (WAB), but he
had ‘asyntactic’ auditory comprehension on sentence comprehension tasks. In detail, his
scores in a sentence–picture matching task were at 85% correct for active sentences, 80% for
passive, 65% for cleft subject (e.g., ‘It was the man that kicked the girl.’), 55% for cleft
object (e.g., ‘It was the niece that the father kicked.’), 48% for semantically reversible (e.g.,
‘The dog chased the boy.’, and 95% for irreversible sentence sentences, ‘The girl kicked the
ball.’). On an enactment task (in which he had to enact the sentence with paper dolls), he
was 100% correct with active sentences, 35% with passive, 95% with cleft subject, 50%
with cleft object, 55% with reversible, and 90% with irreversible sentences. Notable sub-
scores on the WAB are: 90% correct for sentence repetition, 100% correct for object
naming, 100% correct sentence completion, and 100% correct responsive speech (naming to
definition). His reading was close to normal in both accuracy and speed, but he remained
unable to spell words. DTI and functional magnetic resonance imaging (fMRI) were both
performed 3.5 years post-stroke. See Table 1 for remaining behavioral data.
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METHODS AND RESULTS
DTI methods

Images were acquired using an 8-channel SENSE head coil on a Philips 3-T MRI scanner.
For DTI acquisitions, a single-shot spin echo-echo planar imaging (EPI) was used, with
diffusion gradients applied in 16 non-collinear directions and b = 700 s/mm2. One reference
image with least diffusion weighting (b = 33 s/mm2) was also acquired (here called the B0).
Thirty axial slices were acquired, parallel to the AC–PC line. The field of view (FOV), the
size of the acquisition matrix, and the slice thickness were 230 × 230 mm/96 × 96/4 mm.
The 140 axial MPRAGE had FOV, size of matrix, and slice thickness of 212 × 212 mm/ 192
× 192/1.1 mm. All images were zero-filled to the final reconstruction matrix of 256 × 256.

Raw diffusion-weighted images (DWIs) were first co-registered to the B0 image and
corrected for subject motion using a 12-mode affine transformation of Automated Image
Registration (AIR) (Woods, Grafton, Holmes, Cherry, & Mazziotta, 1998). Warping was
applied to all raw DWIs; 6 elements of the diffusion tensor were calculated for each voxel
with multivariate linear fitting (Basser, Mattiello, & LeBihan, 1994; Jiang et al., 2006).
After diagonalization, 3 eigenvalues and eigenvectors were obtained. For the anisotropy
map, FA was used (Pierpaoli & Basser, 1996). The eigenvector associated with the largest
eigenvalue (v1) was used as an indicator of fiber orientation. All data processing was
performed using DTIStudio (H. Jiang and S. Mori, Johns Hopkins University, Kennedy
Krieger Institute) (Jiang et al., 2006). Fiber tract maps were reconstructed using the ‘FACT’
algorithm8 and the protocols described by Zhang et al. (2010).

DTI Results
Figure 1 shows B0, color map and FA at two different axial slices. A large infarction can be
seen in the left hemisphere (hyperintense in B0). By comparison with the right hemisphere,
the uncinate fasciculus in the left hemisphere is much less prominent as well as the ILF,
particularly the caudal part. The superior longitudinal fasciculus cannot be identified in the
left hemisphere.

Language testing
He was administered the WAB and supplemental tests of sentence comprehension and
working memory (see Table 1). With regard to repetition, he was administered a set of 50
five-word sentences with the same syntactic structure (SV0). We used only active sentences
his documented syntactic deficit would not confound his repetition performance. Here we
present two examples of these sentences: ‘the boy carried the water’, ‘the lady fed the
chicken’. He repeated correctly 45/50 sentences while he omitted the article ‘the’ in agent
position in all nouns of all the sentences. The percentage of correct sentences he repeated
was not significantly different from what it would have if he had repeated all sentences
correctly, η2(1, N =50) =0.50, p> .1. The 5 errors he made were perseveration errors from
the previous sentences. The sentences were recorded by a male native speaker of English
and presented to the patient through earphones.

DISCUSSION
In this report we documented a patient with intact repetition performance despite severe
disruption of the left AF (including complete absence of SLF III as well as other important
fibers) using DTI. There have been other cases in the literature documenting patients with
intact repetition performance after partial damage in the AF due to surgical removal (Shuren
et al., 1995; Whittle & Fraser, 1991) or stroke (Selnes et al., 2002). However, this is the first
case study of a patient with complete lack of left SLF III component of the AF after an

Epstein-Peterson et al. Page 3

Neurocase. Author manuscript; available in PMC 2012 December 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



extensive stroke. This study comes to clarify the question whether the AF is a necessary
structure for repetition and adds to the growing evidence that counters the traditional view of
AF. This view, established by Geschwind (1965; Benson et al., 1973) holds the AF to be
paramount for processing in language functions such as repetition. Although there is still a
vivid debate about the role of the AF in language repetition (Bernal & Ardila, 2009), the
present case demonstrates that repetition might be accomplished by the right AF or by right
cortical structures (IPL). In fact, at stroke onset the patient had a global aphasia after a
massive left FTP infarction with abnormal repetition. The patient regained a nearly normal
repetition performance (90% in the repetition subtest of the WAB) and naming 3 years later
thus suggesting compensation of these functions by the intact right hemisphere.
Reorganization of repetition (e.g., Bando, Ugawa, & Sugishita, 1986; Berthier et al., 1991;
Pulvermüller & Schönle, 1993) and naming (Berthier et al., 1991; Heilman, Tucker, &
Valenstein, 1976, Heilman, Rothi, McFarling, & Rottmann, 1981) in the right hemisphere
has been demonstrated using various ancillary techniques (PET, amytal testing) and this may
be the likely mechanism underpinning recovery of repetition in the present case. In our
patient, in addition to behavioral and MRI evidence showing severe disruption of tracts
connecting anterior and posterior language areas in the brain, we presented detailed white
matter fiber tracking evidence showing the exact tracts that are missing (Mori et al., 1999).
Therefore, this study represents the most direct evidence that the left AF is not a necessary
pathway subserving recovery of repetition, even though it might have been engaged in
repetition prior to stroke.

Previous tractography work in the monkey (Petrides & Pandya, 1988, 2009) and the human
brain (Frey et al., 2008; Mori et al., 1999) sets doubt as to the very existence of AF, at least
as the main white matter fiber tract connecting posterior superior temporal areas
(Wernicke’s area, well-documented to subserve language comprehension in the human) with
inferior frontal areas (Broca’s area, well-documented to subserve language production in the
human). In particular, the previous studies showed that what was considered to be the AF is
actually comprised by two fiber tracts: the superior longitudinal fasciculus III, connecting
the inferior frontal area (Broca’s area and in particular Brodmann’s area 44) to the inferior
parietal lobule and the ILF, connecting the inferior parietal lobule to the posterior superior
temporal area (Wernicke’s area). As for the AF, when it can be reliably detected, it
comprises the white matter tracts that connect posterior superior temporal areas to frontal
areas Brodmann’s area 6 and 8 but not to frontal language production areas (Broca’s area).
Therefore, the emerging picture for fiber tracts connecting anterior and posterior language
areas in the human brain is far more complex than previously thought.

CONCLUSION
In the present study, the total absence of the superior longitudinal fasciculus III and partial
absence of the ILF in the left hemisphere did not disrupt the patient’s recovery of repetition
of words and sentences. There are various explanations for this result, including possible
recovery of repetition function incorporating portions of the right hemisphere with
connections to intact areas of the left hemisphere, or complete shift of repetition function to
homologous regions in the right hemisphere. We plan to address this issue in functional MRI
studies of language. Irrespective of the pattern of reorganization, his excellent word
repetition and relatively spared sentence repetition despite the absence of any clear
connection between Wernicke’s area and Broca’s area indicates that left SLF III does not
appear to be essential for recovery of repetition function. However, the left inferior parietal
lobule, partially spared in our patient, itself might be crucial for repetition and other working
memory functions (Fridriksson et al., 2010; Wagner, Shannon, Kahn, & Buckner, 2005).
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Figure 1.
B0, color map and FA images show a chronic infarct in the left hemisphere and the
identified tracts surrounded. Tractography results (bottom) projected in axial and saggital
views show reduction of uncinate (U) and inferior longitudinal fasciculus (ILF) at left
hemisphere as well as the absence of superior longitudinal fasciculus (SLF). PTR, posterior
thalamic radiation; L, left; R, right. [To view this figure in color, please visit the online
version of this Journal.]
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TABLE 1

Performance of patient WCR in the Western Aphasia Battery (WAB)

Overall aphasia quotient: 85

Aphasia type: aAnomic but asyntactic

Spontaneous speech total: 15/20, 75% Correct

– Information content: 10/10, 100% Correct

– Fluency, grammatical competence: 5/10, 50% Correct

Auditory verbal comprehension

– Yes/no questions: 54/60, 90% Correct

– Auditory word recognition: 55/60, 92% correct

– Sequential commands: 60/80, 75% correct

Repetition total: 90/100, 90% correct

Naming and word finding

– Object naming: 60/60, 100% correct

– Word fluency: 8/20, 40% correct

– Sentence completion: 10/10, 100% correct

Responsive speech: 10/10, 100% correct
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