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Abstract: The arcuate fasciculus is a major white matter tract involved in language processing that has
also been repeatedly implicated in intelligence and reasoning tasks. Language in the human brain is
lateralized in terms of both function and structure, and while the arcuate fasciculus reﬂects this asymmetry, its pattern of lateralization is poorly understood in children and adolescents. We used diffusion
tensor imaging (DTI) and tractography to examine arcuate fasciculus lateralization in a large (n ¼ 183)
group of healthy right-handed volunteers aged 5–30 years; a subset of 68 children aged 5–13 years also
underwent cognitive assessments. Fractional anisotropy and number of streamlines of the arcuate fasciculus were both signiﬁcantly higher in the left hemisphere than the right hemisphere in most subjects,
although some subjects (10%) were right lateralized. Age and gender effects on lateralization were not
signiﬁcant. Children receiving cognitive assessments were divided into three groups: a ‘‘left-only’’
group in whom only the left side of the arcuate fasciculus could be tracked, a left-lateralized group,
and a right-lateralized group. Scores on the Peabody Picture Vocabulary Test (PPVT) and NEPSY Phonological Processing task differed signiﬁcantly among groups, with left-only subjects outperforming
the right-lateralized group on the PPVT, and the left-lateralized children scoring signiﬁcantly better
than the right-lateralized group on phonological processing. In summary, DTI tractography demonstrates leftward arcuate fasciculus lateralization in children, adolescents, and young adults, and reveals
a relationship between structural white matter lateralization and speciﬁc cognitive abilities in children.
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Key words: diffusion tensor imaging; tractography; superior longitudinal fasciculus; asymmetry
r

r

INTRODUCTION
Contract grant sponsors: The Networks of Centres of Excellence—
Canadian Language and Literacy Research Network (CLLRNet),
Alberta Heritage Foundation for Medical Research (AHFMR) (to
C.B.), Natural Sciences and Engineering Research Council
(NSERC) (to C.L.).
*Correspondence to: Christian Beaulieu, Department of Biomedical Engineering, Faculty of Medicine and Dentistry, Room 1098
Research Transition Facility, University of Alberta, Edmonton,
Alberta T6G 2V2. E-mail: christian.beaulieu@ualberta.ca
Received for publication 15 July 2008; Revised 21 January 2009;
Accepted 20 February 2009
DOI: 10.1002/hbm.20779
Published online 13 April 2009 in Wiley InterScience (www.
interscience.wiley.com).
C 2009 Wiley-Liss, Inc.
V

It has long been known that language function in the
human brain is lateralized, ever since Broca in 1861 and
Wernicke in 1874 demonstrated that brain lesions associated with loss of language function are most often located
in the left hemisphere [Broca, 1861; Wernicke, 1874]. Many
recent studies have reported functional language lateralization in adults [Binder et al., 2000; Wood et al., 2004],
children [Balsamo et al., 2002; Gaillard et al., 2001; Spironelli et al., 2008], and infants [Dehaene-Lambertz et al.,
2002]. Structural lateralization of language areas, although
not as well characterized as functional lateralization, also
exists in the human brain. Several consistent structural
asymmetries have been reported, including leftward lateralization of the planum temporale and the auditory cortex
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[Galaburda et al., 1978; Galuske et al., 2000; Geschwind
and Levitsky, 1968; Good et al., 2001; Penhune et al., 1996;
Pujol et al., 2002], and white matter volume asymmetries
in the frontal, parietal and temporal lobes [Galaburda et
al., 1978; Good et al., 2001; Gur et al., 1980; Pujol et al.,
2002]. Lesion, tumor, and epilepsy studies provide further
evidence of left-lateralized language function and structure
in humans [Davtian et al., 2008; Dronkers et al., 2007;
Gazzaniga, 1995; Matsumoto et al., 2008; Rodrigo et al.,
2008; Toga and Thompson, 2003].
The arcuate fasciculus, a subdivision of the superior longitudinal fasciculus, is a major white matter tract that is
one of the primary ﬁber bundles involved in human language processing [Dejerine, 1895; Geschwind, 1970]. This
tract connects Broca’s area in the frontal lobe, a region
mainly involved in speech production [Broca, 1861], with
Wernicke’s area in the temporal lobe, a region related to
speech comprehension [Wernicke, 1874]. The arcuate fasciculus is not only important in language function [Ashtari
et al., 2007; Breier et al., 2008; Marslen-Wilson and Tyler,
2007], but it is also part of a network that has been repeatedly implicated in reasoning and intelligence tasks [Hoeft
et al., 2007; Jung and Haier, 2007; Jung et al., 2005;
Schmithorst et al., 2005; Turken et al., 2008]. Structural
asymmetry of the arcuate fasciculus has been reported in
children, with the left arcuate demonstrating higher ‘‘white
matter density’’ than the right side, based on T1-weighted
MRI scans [Paus et al., 1999]. Furthermore, the volumetric
white matter asymmetries observed in adults [Galaburda
et al., 1978; Good et al., 2001; Gur et al., 1980; Pujol et al.,
2002] suggest volumetric asymmetries of underlying white
matter ﬁber bundles such as the arcuate fasciculus.
Diffusion tensor imaging (DTI) is an advanced MRI
technique that is more sensitive to tissue microstructure
than conventional imaging and is especially adept at virtually reconstructing white matter pathways in vivo, via
tractography [Basser et al., 2000; Conturo et al., 1999; Jones
et al., 1999; Mori et al., 1999]. Using tractography, DTI parameters such as fractional anisotropy (FA), an indirect
measure of myelination and/or axonal density within
white matter [Beaulieu, 2002], can be measured, along speciﬁc white matter tracts, including the arcuate fasciculus
[Catani et al., 2002]. DTI studies of the arcuate fasciculus
have demonstrated leftward asymmetry in most adults for
both structure [Glasser and Rilling, 2008; Hagmann et al.,
2006; Parker et al., 2005] and diffusion parameters [Buchel
et al., 2004; Nucifora et al., 2005; Powell et al., 2006; Upadhyay et al., 2008; Vernooij et al., 2007]; however, these
studies were generally small in size (n ¼ 4–43), and
focused solely on adults. One DTI study of 31 children
aged 6–17 years reported overall leftward asymmetry of
FA values across the group, and absence of the right arcuate in 29% of subjects [Eluvathingal et al., 2007]. Further
studies of children and adolescents are needed to get a
full picture of lateralization during development and to
investigate possible age or gender differences. Furthermore, a relationship between arcuate fasciculus asymmetry
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and language ability was reported in 40 young adults
[Catani et al., 2007], but it is not known if a similar relationship exists in children. A thorough understanding of
arcuate fasciculus asymmetry throughout childhood, adolescence, and young adulthood would help address the
question of whether the structural asymmetry seen in
adults develops over time or is present early in life, as
well as providing further information about the relationship between lateralization and cognition.
Here we use DTI and tractography to explore arcuate
fasciculus asymmetry in a large group of healthy subjects
(n ¼ 183) ranging from 5 to 30 years of age. The goal of
this study was to characterize lateralization of the arcuate
fasciculus in children, adolescents and young adults,
including an investigation of age- and gender-related
changes, and to explore the relationship between arcuate
fasciculus asymmetry and cognitive ability in a subgroup
of children aged 5–13 years (n ¼ 68).

METHODS
Subjects
Subjects were 183 healthy, right-handed individuals (86
females/97 males) aged 5–30 years (mean  standard
deviation: 16.3  6.8 years). Health was veriﬁed by asking
participants a series of questions to ensure there was no
history of neurological or psychiatric disease or brain
injury. Subjects with a wide range of reading ability were
recruited, as a broad spectrum of abilities was desired in
order to better detect relationships between reading skill
and brain structure. Subjects were not formally screening
for reading disabilities, but were administered cognitive
assessments associated with reading ability (Woodcock
Word ID and Word Attack). Informed consent was
obtained from all adult volunteers; child assent and parent/guardian consent were obtained for each subject
under 18 years.

Cognitive Assessment
Cognitive assessments were performed on a subset of 68
children aged 5–13 years (mean  standard deviation: 9.4
 2.0 years, 30 females/38 males). NEPSY Phonological
Processing, Word Identiﬁcation and Word Attack (subtests
of the Woodcock Reading Mastery Test-Revised), the Peabody Picture Vocabulary Test (PPVT-III), and the Test of
Nonverbal Intelligence (TONI) were used, although not all
subjects completed all tests (see Table I).

Image Acquisition
All imaging data were acquired on the exact same 1.5 T
Siemens Sonata MRI scanner (Siemens, Erlangen, Germany) using identical methods. Total acquisition time
was approximately 26 minutes and included anatomical
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TABLE I. Age-standardized score means, standard
deviations, and ranges for cognitive assessments
performed on a subset of 68 children aged 5–13 years
Cognitive
assessment
Phonological
processing
PPVT
TONI
Word Attack
Word ID

n

Mean
score

Standard
deviation

Range

66

10.8

2.7

3–18

67
65
66
67

116
112
107
107

13
14
13
14

90–154
82–142
74–134
71–145

imaging and DTI. DTI was acquired using a dual spinecho, single shot echo-planar imaging sequence with the
following parameters: forty 3 mm thick slices with no
interslice gap, TR ¼ 6,400 ms, TE ¼ 88 ms, six noncollinear
diffusion sensitizing gradient directions with b ¼ 1,000 s/
mm2, eight averages, ﬁeld-of-view 220  220 mm2, matrix
of 128  128 with 75% phase partial Fourier, zero-ﬁlled to
256  256. Total DTI acquisition time was 6:06 minutes.
Although anisotropic voxel size may be of some concern, a
comparison of this sequence with an isotropic voxel size
acquisition (2  2  2 mm3 with the same six directions
and eight averages) in four volunteers demonstrated no
differences of lateralization grouping and only minimal
variation in key parameters derived from tractography of
the arcuate fasciculus (standard deviation of FA ¼ 0.016
for each hemisphere, standard deviation of lateralization
index ¼ 0.08). The SNR of b0 images in this study was
quite high (average SNR ¼ 76, range 53–93), which should
help mitigate concerns about the use of six directions as
opposed to more.

Fiber Tracking Diffusion Measurements
Fiber tracking was performed in ExploreDTI (A. Leemans,
Antwerp, Belgium), using a deterministic streamline
method. FA thresholds were set to 0.25 to initiate and continue tracking, while the angle threshold was set to 60 .
An FA threshold of 0.25 was chosen to avoid voxels that
are not part of white matter tracts (cortex has FA  0.2),
minimize the inclusion of voxels with a high degree of
partial volume contamination, and limit the presence of
spurious tracts. The arcuate fasciculus was delineated
manually in each hemisphere for each subject. Semiautomated tracking, as we used in a previous study to delineate the superior longitudinal fasciculus [Lebel et al.,
2008], was not appropriate for this study due to the difﬁculty of isolating the frontotemporal arcuate fasciculus
from the frontoparietal ﬁbers of the superior longitudinal
fasciculus. Superior longitudinal ﬁbers (both frontotemporal and frontoparietal) can be obtained using seeding and
target regions on coronal slices, a method well suited to
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semiautomated tractography. However, obtaining only the
arcuate ﬁbers requires a target region on an axial slice in
an area much more sensitive to small differences of region
placement. Therefore, manual tracking was used to ensure
accurate delineation of the entire arcuate fasciculus alone.
The operator was not blind to left/right, but was blind to
cognitive scores. To ensure accurate and unbiased tracking, a speciﬁc set of predeﬁned rules was followed in the
same way for each hemisphere. One seeding region was
selected in each hemisphere on a coronal slice on which
the arcuate fasciculus—appearing as a green (indicating
anterior/posterior orientation) triangular shape—was seen
to be largest (see Fig. 1). Great care was taken to ensure
that the seeding region was large enough in each hemisphere to encompass all possible ﬁbers belonging to the arcuate fasciculus, and a margin of at least 5 mm around the
tract on all sides was included. A target region was used
on an axial slice through which the arcuate fasciculus
passes in the inferior/superior direction (appears in blue/
purple); again, this target region was drawn larger than
the visible region corresponding to the tract to ensure that
no ﬁbers were missed. The seeding region was used to initiate tracking, while the target region selected only ﬁbers
passing through both areas. Exclusion regions were used
as necessary to eliminate spurious tracts, and were often
required in the region of the internal capsules. Only individuals with more than ﬁve streamlines (total across hemispheres) were included in further analysis. Originally, 207
right-handed subjects were included in the study; 24 were
excluded due to either motion artifacts or having too few
streamlines. Average fractional anisotropy (FA) and number of streamlines were calculated for the arcuate fasciculus in each hemisphere for each subject. FA values were
calculated by averaging across all voxels in the tract; it is
important to note that each voxel was counted only once.
Note that FA values were not calculated in hemispheres
with no streamlines (63 individuals had no streamlines on
the right; six had no streamlines on the left).

Statistical Analysis
Parametric tests were used for FA values; nonparametric
tests were used for number of streamlines. Differences of
FA values between hemispheres were tested in individuals
having streamlines bilaterally (n ¼ 114) using a paired
t-test; hemispheric differences of number of streamlines
were tested across the population (n ¼ 183) using a
Wilcoxon signed ranks test for two related samples (equivalent to a paired t-test for nonparametric data). To further
characterize asymmetry, a lateralization index, LI ¼ (left 
right)/(left þ right), was calculated for the number of
streamlines for each subject. Correlations of age with LI
were calculated using Spearman’s rho; sex differences
were examined using an independent samples MannWhitney test. LI was compared with zero using a onesample Kolmogorow-Smirnov test.
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Figure 1.
Schematic of tracking methods used to delineate the arcuate fas- ternal capsule. Tracts passing through both the seeding and
ciculus. A manual two region-of-interest approach was used in target regions, without passing through exclusion regions, were
which a seeding region was drawn on a coronal slice and a tar- retained for calculation of the lateralization index (LI). LI was
get region outlined on an axial slice in each hemisphere for each calculated for each subject based on the number of streamlines
subject. Exclusion regions were used as needed to eliminate spu- in each hemisphere. [Color ﬁgure can be viewed in the online
rious streamlines, and were often needed in the area of the in- issue, which is available at www.interscience.wiley.com.]

To analyze the relationship between cognitive ability
and lateralization, the 68 children receiving cognitive
assessments were divided into groups based on their lateralization scores. This was important to allow detection of
differences that were not simply linear correlations. Children were divided into three groups: left only (LI ¼ 1),
left lateralized (0 < LI < 1), and right lateralized (LI < 0).
Subjects were divided in this manner to produce logical
groups with reasonably close sample sizes (although the
left-lateralized group was larger). Age-standardized test
scores were compared among groups using a series of
ANOVAs. Where the ANOVA test was signiﬁcant, post
hoc tests (Tukey’s honestly signiﬁcantly different test)
were used to determine where differences existed among
groups, and Spearman’s rho was used to test for correlations between LI and cognitive scores. Age and FA differences among these groups were tested using a series of
ANOVAs; LI and number of streamline differences were
assessed using the Kruskal-Wallis test, and Mann-Whitney

r

tests with Bonferroni correction for multiple comparisons
were used for post hoc testing.

RESULTS
Lateralization Indices
Across the entire group (n ¼ 183), individuals had a signiﬁcantly higher number of streamlines in the left hemisphere than the right (P < 0.001), and LI values were
signiﬁcantly different from zero (P < 0.001), indicating
overall leftward asymmetry in this group. Amongst individuals with streamlines bilaterally (n ¼ 114), FA values
were signiﬁcantly higher in the left arcuate fasciculus than
the right (mean  standard deviation: FAleft ¼ 0.52  0.03,
FAright ¼ 0.50  0.04, P < 0.001). Most individuals (n ¼
153) were left lateralized for number of streamlines (LI >
0), while some subjects (n ¼ 30) were right lateralized (LI
< 0); the median LI was 0.78. Across the group, the left
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Figure 2.
Lateralization index based on number of streamlines (LI) versus age graph for 183 right-handed
subjects, as well as sample arrangements of the arcuate fasciculus with various values of LI. Most
individuals are left lateralized (LI > 0), although there are some right-lateralized (LI < 0) subjects. LI
was not signiﬁcantly correlated with age nor was it signiﬁcantly different between males and females.
[Color ﬁgure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
arcuate was tracked in 177 individuals (out of 183), and
the right was tracked in 120 subjects. In total, 34% of individuals had no detectable right arcuate, 3% showed no detectable left, and in the remaining subjects, both sides
were tracked, to varying degrees. If symmetry is deﬁned
as 0.2 < LI < 0.2, 81% of subjects are considered left lateralized for number of streamlines, 9% are symmetric, and
10% are right lateralized. Figure 2 shows examples of arcuate fasciculus arrangements for several subjects with a
range of LI values.
The 68 children receiving cognitive assessments were divided into three groups according to their LI scores: a
‘‘left-only’’ group containing subjects in whom only the
left side of the arcuate fasciculus could be tracked (LI ¼
1); a left-lateralized group containing subjects with streamlines bilaterally (0 < LI < 1), and a right-lateralized group
(LI < 0). Subjects were divided in this way in order to produce logical groups relatively similar in size; there were
not enough symmetric subjects to form a group. It is important to note that the left-lateralized group contains
some individuals who are nearly symmetric (two individuals with 0 < LI < 0.2), while the right-lateralized group
contains subjects ranging from those with only the right
segment (four subjects) to those who are nearly symmetric
(ﬁve subjects with 0 > LI > 0.2). In total, 15 children
(22%) were classiﬁed as right lateralized (median LI ¼
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0.45); 36 children (53%) were left lateralized (median LI
¼ 0.58), and 17 children (25%) were left only (LI ¼ 1). See
Table II for group characteristics.

Age and Gender Differences
Lateralization index (LI) was not signiﬁcantly correlated
with age (R ¼ 0.09, P ¼ 0.214), nor was it signiﬁcantly different between males and females (P ¼ 0.456). See Figure
2 for a plot of LI versus age. Testing a similar lateralization index for tract volume also produced no signiﬁcant
differences of age or gender (data not shown).

Cognitive Assessments and Lateralization
Summary results for the cognitive assessments are
shown in Table I and results of the ANOVA tests relating
DTI-based lateralization to the age-standardized cognitive
scores are presented in Table II. Age did not differ signiﬁcantly amongst groups and each group had approximately
the same proportion of males and females. Scores on the
PPVT and the NEPSY Phonological Processing were significantly related to lateralization groupings (P ¼ 0.030, P ¼
0.016, respectively; see Table II and Fig. 3). Post hoc tests
revealed
that
the
left-only
group
signiﬁcantly
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TABLE II. Marginal group means and signiﬁcance values for ANOVAs of group characteristics
and standard test scores
Right lateralized
(n ¼ 15, 6 f/9 m)

Left lateralized
(n ¼ 36, 17 f/19 m)

Left only
(n ¼ 17, 7 f/10 m)

ANOVAa
P value

10.2
15
34
0.45
0.50b
0.48

9.1
47**
11**
0.58**
0.50
0.48

9.3
31**
0**yy
1.0**y
0.50
N/Ac

0.180
0.000
0.000
0.000
0.823
0.717

9.2
111
108
100
104

11.5*
115
114
108
109

10.7
123*
114
110
107

0.016
0.030
0.298
0.089
0.215

Age
StreamlinesLeft
StreamlinesRight
LI
FAleft
FAright
Cognitive assessments
Phonological processing
PPVT
TONI
Word ID
Word attack
a

Non-parametric Kruskal-Wallis test used for number of streamlines and LI.
Mean of FA values for individuals with streamlines on both sides (11 subjects).
c
No FA values obtained for right side.
Signiﬁcantly different compared with right-lateralized group: *Pcorrected < 0.05, **Pcorrected < 0.001.
Signiﬁcantly different compared with left-lateralized group: yPcorrected < 0.05, yyPcorrected < 0.001.
b

outperformed the right-lateralized group on the PPVT
(Pcorrected ¼ 0.028) and PPVT scores were signiﬁcantly linearly correlated with LI (R ¼ 0.32, P ¼ 0.009) across all children (see Fig. 4A). For the NEPSY Phonological Processing
task, the left-lateralized group performed signiﬁcantly better than the right-lateralized group (Pcorrected ¼ 0.012), but
the linear correlation with LI was not signiﬁcant (R ¼ 0.13,
P ¼ 0.286, Fig. 4B). The same results were observed when
a lateralization index calculated based on tract volume
was compared across groups (data not shown).

DISCUSSION
Using DTI and tractography, we have characterized the
lateralization of the arcuate fasciculus in children, adolescents and young adults, and have also demonstrated a signiﬁcant relationship between this asymmetry and speciﬁc
cognitive abilities in children. Across the entire group,
number of streamlines and FA values were signiﬁcantly
higher in the left hemisphere than the right hemisphere,
and most individuals were left lateralized, in agreement
with many previous DTI studies in healthy adult populations [Catani et al., 2007; Makris et al., 2005; Nucifora
et al., 2005; Parker et al., 2005; Powell et al., 2006; Vernooij
et al., 2007], healthy children [Eluvathingal et al., 2007],
and adult patients [Matsumoto et al., 2008]. Approximately
10% of individuals demonstrated rightward lateralization
for number of streamlines (LI < 0.2), while 34% had
extreme leftward lateralization with no detectable streamlines in the right hemisphere. Previous adult studies have
observed up to 4% of subjects to be right-lateralized, and
anywhere from 0% to 62% to have streamlines in only the
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left hemisphere [Catani et al., 2007; Nucifora et al., 2005;
Vernooij et al., 2007]. The number of left-only arrangements observed in this study is well within the range of
previous ﬁndings and is closest to observations in children, speciﬁcally that 29% of children have no detectable
right streamlines [Eluvathingal et al., 2007]. We observed
more right-lateralized individuals than other studies; however, our sample size was considerably larger (n ¼ 183 as
opposed to n ¼ 20–40), and therefore may be expected to
contain a wider range of individuals. Interestingly, our
ﬁndings are consistent with volumetric studies of the planum temporale, which have shown that while the majority
of the population is left lateralized, approximately 9%–
12% of right-handers exhibit rightward asymmetry of planum temporale volume [Dos Santos Sequeira et al., 2006;
Pujol et al., 2002; Steinmetz, 1996].
There were no signiﬁcant age or gender effects on lateralization. The consistent pattern of asymmetry observed
suggests that arcuate fasciculus lateralization is present in
early childhood and remains constant throughout adolescence into adulthood. Signiﬁcant development of the arcuate and superior longitudinal fasciculi occurs during
childhood and adolescence, as evidenced by increasing FA
values [Barnea-Goraly et al., 2005; Lebel et al., 2008;
Schmithorst et al., 2002] and ‘‘white matter density’’ [Paus
et al., 1999]; age-related changes of FA within this population were also signiﬁcant (data not shown). Despite this
development, however, lateralization does not change
with age in this cross-sectional cohort, suggesting that the
relationship between hemispheres is maintained even as
the brain develops. Similar observations of consistent lateralization have been made with regards to leftward asymmetry of the planum temporale, which exists in adults and
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Figure 3.
Mean scores (95% conﬁdence intervals) for each test for different lateralization groups of 68 children aged 5–13 years. The
Peabody Picture Vocabulary Test (PPVT) and NEPSY Phonological Processing scores differed signiﬁcantly among groups, with
the left-only group scoring signiﬁcantly better than the right-lateralized group for the PPVT, and the left-lateralized group signiﬁcantly outperforming the right-lateralized group for phonological
processing.

is also observed in fetal and neonate brains [Chi et al.,
1977; Witelson and Pallie, 1973]. Increases of functional lateralization of language have been shown during childhood
and adolescence [Everts et al., 2009; Holland et al., 2007;
Ressel et al., 2008]. However, these functional changes are
believed to correspond to skill acquisition rather than
more generalized brain development [Holland et al., 2007],
a hypothesis supported by the lack of age-related structural lateralization changes in our study. Most previous
DTI studies of the arcuate fasciculus do not comment on
gender effects with respect to lateralization; however, one
study reported gender differences of arcuate ﬁber density
lateralization, with females having a more symmetric
arrangement [Catani et al., 2007]. Findings of gender differences in functional language lateralization and asymmetry of other brain structures have been mixed [Dos Santos
Sequeira et al., 2006; Good et al., 2001; Kansaku and Kitazawa, 2001; Pujol et al., 2002; Shaywitz et al., 1995;
Sommer et al., 2004; Vikingstad et al., 2000].
Children with a greater number of arcuate fasciculus
streamlines on the left performed signiﬁcantly better on
certain cognitive tasks than those with more on the right.
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The left-only group outperformed the right-lateralized
group on the PPVT, and the left-lateralized group scored
signiﬁcantly better than the right-lateralized group on the
NEPSY Phonological Processing task. Rightward lateralization was not associated with better scores on either task.
Both the PPVT, a test of receptive vocabulary, and phonological processing tasks involve frontal and temporal brain
areas [Burton et al., 2000; Dronkers et al., 2004; Shalom
and Poeppel, 2008; Temple, 2002; Wells et al., 2008]. Therefore, it is not surprising that the arcuate fasciculus, connecting the frontal and temporal regions, seems to play a
role in both of these tasks. However, the Word ID and
Word Attack tasks also involve frontal and temporal
regions, yet performance on these tasks was not observed
to be signiﬁcantly different among lateralization groups.
The relationship between lateralization of the arcuate fasciculus and cognitive skills is still unclear. Future studies on
different populations will help to further elucidate the
relationship between cognitive skills such as these and lateralization of white matter tracts.
One previous study found a signiﬁcant correlation
between arcuate fasciculus lateralization and a measure of
word encoding and list retrieval in adults, with the more
bilateral individuals performing best [Catani et al., 2007].
Although these differ from our results, the tasks involved
were quite different, as were the populations. Furthermore, the arcuate fasciculus is a complex ﬁber bundle, and
is not the only pathway involved in language. Another,
more ventral route has been implicated in language processing [Frey et al., 2008; Parker et al., 2005], and may play
an additional role in cognitive tasks such as these. Future
studies looking at lateralization of this and other brain
pathways and their relationship to cognitive abilities may
further elucidate the complex interplay between brain
structure and language.
The arcuate fasciculus is part of a large, distributed network of brain systems implicated in intelligence tasks
[Jung and Haier, 2007; Shaw, 2007]. Based on changes in
DTI parameters, this tract matures relatively slowly compared with other white matter ﬁber bundles [Lebel et al.,
2008; Zhang et al., 2007], and even appears to be absent in
some children with global developmental delay [Sundaram et al., 2008]. Furthermore, the arcuate fasciculus is
much smaller or completely absent in other, nonhuman
primates [Rilling et al., 2008], pointing to its advanced role
in human cognition. FA values in the arcuate fasciculus
correlate with various cognitive scores [Ashtari et al., 2007;
Breier et al., 2008; Schmithorst et al., 2005; Turken et al.,
2008], and arcuate lateralization is related to verbal recall
in adults [Catani et al., 2007]. Here, we provide further
evidence of a key role for the arcuate fasciculus by demonstrating a correlation with verbal intelligence and phonological processing tasks.
For this study, a six-direction diffusion encoding scheme
with multiple averages was used for DTI acquisition.
Although using more directions is advantageous for robust
estimates of anisotropy [Jones, 2004], particularly at lower
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Figure 4.
Plots of lateralization index (LI) versus age-standardized scores for (A) Peabody Picture Vocabulary Test (PPVT) and (B) NEPSY Phonological Processing for the entire group of 68 children
with cognitive assessments. There was a signiﬁcant linear correlation between PPVT and LI,
whereas the linear correlation between Phonological Processing and LI was not signiﬁcant. Note
the signiﬁcant lateralization group ﬁndings shown in Figure 3.

SNR values (such as 15 as presented in that article), SNR
values were very high for our DTI scans (average SNR ¼
76 on b0 images). It has been shown that the effects of different encoding schemes may be less of an issue compared
with intrasession reliability and the impact of SNR, and
that with SNR levels greater than  30, a six-direction acquisition scheme is comparable to those with more encoding directions in terms of FA estimates and power to
detect group differences [Landman et al., 2007].
Deterministic tractography, as used in this study, aims
to delineate white matter ﬁber tracts passing through speciﬁc regions, essentially creating a three-dimensional
region of interest containing one speciﬁc tract. However, it
is prone to errors in areas of crossing ﬁbers where artiﬁcially low FA values are often obtained, such as the region
where the arcuate fasciculus descends into the temporal
lobe. To minimize errors in this study, a multiple regionof-interest approach was used with seeding and target
regions for each tract placed according to a priori knowledge of tract location and trajectory [Makris et al., 2005;
Wakana et al., 2004]. Furthermore, all tracts were visually
inspected to ensure that they conformed to known anatomical trajectories and did not contain spurious ﬁbers.
Crossing ﬁbers, however, remain a limitation of deterministic tractography studies. Probabilistic tractography, on
the other hand, takes into account the uncertainty in each
voxel along the tract [Behrens et al., 2003; Jones and Pierpaoli, 2005; Lazar and Alexander, 2005] and helps over-

r

come problems in crossing ﬁber regions by estimating all
possible connections from a seeding region and their likelihood. Since the trajectory of the arcuate fasciculus is well
known [Catani et al., 2007; Makris et al., 2005; Wakana et
al., 2004], and measurements of number of streamlines
and FA along the entire length of the tract were desired,
deterministic tractography was the appropriate method for
this study, despite its limitations. Furthermore, previous
studies of the arcuate fasciculus using both deterministic
[Nucifora et al., 2005; Vernooij et al., 2007] and probabilistic [Powell et al., 2006] tractography are in agreement.
Overall, diffusion tractography is a powerful technique
able to virtually extract many of the major white matter
connections of the brain, and evidence suggests that the
trajectories of many major white matter tracts obtained via
tractography agree with the results of postmortem studies
[Catani et al., 2002; Wakana et al., 2007].

CONCLUSION
DTI tractography has revealed a pattern of leftward
asymmetry of the arcuate fasciculus in children, adolescents, and young adults that is consistent across both age
and gender. In a subset of children aged 5–13 years, DTI
has demonstrated a relationship between arcuate fasciculus lateralization and cognitive ability; extreme leftward
lateralization was associated with better receptive
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vocabulary scores, while a phonological processing task
was performed best by those with more moderate leftward
lateralization. These ﬁndings suggest that the left-lateralized arrangement of the arcuate fasciculus is already present in childhood, and that this lateralization plays an
important role in certain cognitive tasks. Future studies
exploring the relationship between structural and functional lateralization and cognitive ability may further elucidate the interplay of brain lateralization and cognitive
function.
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