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Arcuate Fasciculus Asymmetry Has a Hand in
Language Function but not Handedness
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Abstract: The importance of relationships between handedness, language lateralization and localization,
and white matter tracts for language performance is unclear. The goal of the study was to investigate
these relationships by examining arcuate fasciculus (AF) structural asymmetry (DTI) and functional
asymmetry (fMRI) in language circuits, handedness, and linguistic performance. A large sample of right-
handed (n = 158) and atypical-handed (1 = 82) healthy adults underwent DTT at 3 T to assess number of
streamlines and fractional anisotropy (FA) of the AF, and language fMRI. Language functions were
assessed using standard tests of vocabulary, naming, verbal fluency, and complex ideation. Laterality
indices (LIs) illustrated degree of asymmetry and lateralization patterns for the AF (streamlines and FA)
and verb generation fMRI. Both handedness groups showed leftward lateralization bias for streamline
and fMRI LIs and symmetry for FA LI The proportion of subjects with left, right, or symmetric lateraliza-
tion were similar between groups if based on AF Lls, but differed if based on fMRI Lls (p = 0.0016).
Degree of right-handedness was not associated with AF lateralization, but was associated with fMRI lan-
guage lateralization (p = 0.0014). FA LI was not associated with performance on language assessments,
but streamline LI was associated with better vocabulary and complex ideation performance in atypical-
handed subjects (p = 0.022 and p = 0.0098, respectively), and better semantic fluency in right-handed sub-
jects (p = 0.047); however, these did not survive multiple comparisons correction. We provide evidence
that AF asymmetry is independent of hand preference, and while degree of right-handedness is associ-
ated with hemispheric language lateralization, the majority of atypical-handed individuals are left-
lateralized for language. Hum Brain Mapp 37:3297-3309, 2016.  ©2016 Wiley Periodicals, Inc.
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INTRODUCTION

In the majority of humans, language functions are later-
alized to the left hemisphere. The left-hemispheric lan-
guage lateralization has genetic roots that are further
modified by environmental, developmental, pathological,
and societal influences [Corballis, 2009; Francks et al.,
2002, 2007]. Recent noninvasive imaging studies have
shown that about 85-95% of right-handers have left-
hemispheric dominance for various aspects of language
[Knecht et al., 2000a,b; Mazoyer et al., 2014; Mellet et al,,
2014; Pujol et al., 1999; Somers et al., 2015; Springer et al.,



+ Allendorfer et al. ¢

1999; Szaflarski et al., 2006]. In subjects with atypical hand-
edness (i.e., left-handed or ambidextrous), the incidence of
left-hemispheric language dominance is approximately 60—
80% with the remaining subjects having bilateral or right-
hemispheric language representation [Mazoyer et al., 2014;
Mellet et al., 2014; Pujol et al., 1999; Somers et al., 2015;
Szaflarski et al., 2002, 2012]. Further, these and other stud-
ies suggest that even when left-lateralized, the strength of
the language lateralization in subjects with atypical hand-
edness is lower than in typical right-handers with many
contributing factors including personal and familial hand-
edness and structural brain asymmetries in the gray mat-
ter and the underlying white matter tracts [Binder et al.,
1996; Shapleske et al., 1999; Somers et al., 2015; Szaflarski
et al., 2002; Tzourio-Mazoyer et al., 2010a,b]. There is great
interest in the relationship between handedness and hemi-
spheric language dominance, and interestingly, recent
studies show that lateralization of hand preference is only
weakly related to or may be even independent of laterali-
zation of language functions [Groen et al., 2013; Mazoyer
et al., 2014; Somers et al., 2015; Willems et al., 2014].

In addition to a number of studies on handedness and
hemispheric language lateralization, an increased focus on
their relation to the symmetry of language-related brain
structures with particular attention to the arcuate fascicu-
lus (AF) has been noted. The increased focus on the AF is
based on the lack of clarity of its specific role in normal
language functions (e.g., repetition and naming) and path-
ological language processing/recovery from injury as well
as the recent availability of noninvasive ways of visualiz-
ing it in humans [Berthier et al., 2012; Catani and Mesu-
lam, 2008; Dick and Tremblay, 2012; van Hees et al., 2014;
Wang et al., 2013]. Anatomically, the AF connects frontal
and temporal language areas via several direct and indi-
rect pathways—the direct pathway being the classical AF
with the indirect pathways traveling through the inferior
parietal lobe contributing to the observed diversity in the
presentation of postinjury aphasias [Catani et al., 2005]. In
a recent study, left-lateralization of the reconstructed AF
streamlines of the direct pathway was observed in >80%
of healthy subjects while the remaining subjects had fairly
symmetric AF representation [Catani et al., 2007]. The AF
symmetry was associated with better verbal recall of
newly learned words while asymmetry of the AF did not
provide any advantage in that study. Another small study
reported leftward asymmetry of the AF among 18 right-
handers with left > right fractional anisotropy (FA) but no
differences in mean diffusivity [Rodrigo et al., 2007]. An
overall leftward asymmetry of the AF was also found irre-
spective of handedness or functional language lateraliza-
tion in 20 healthy subjects, with the functional and
structural asymmetries correlating in right- but not in left-
handers [Vernooij et al., 2007]. Thus, although there has
been some evidence within these studies, the influence of
handedness on structural asymmetry of the AF and the
relationship between structural asymmetry and specific

language functions remains unclear. This is partly due to
paucity of studies that include large numbers of individu-
als and, in particular, subjects with atypical handedness.

In this study, we have acquired a large sample consist-
ing of 249 healthy individuals with varying degrees of
handedness, allowing for the investigation of the relation-
ships between handedness, the structural asymmetry of
the AF using diffusion tensor imaging (DTI), functional
asymmetry in language processing using verb generation
fMRI, and performance on standardized tests of language
capabilities. DTI is a noninvasive MRI technique that
measures random displacements of water molecules in
brain tissue to reconstruct and visualize white matter fiber
pathways in vivo [Basser et al., 1994, 2000; Conturo et al.,
1999; Le Bihan et al., 2001; Pierpaoli et al., 1996]. Fractional
anisotropy (FA) is a DTI measure shaped by features such
as myelination and/or axonal density within white matter;
it reflects the strength and integrity of anatomical connec-
tions such as the AF [Beaulieu, 2002]. By applying deter-
ministic fiber tracking, we can reconstruct streamlines
belonging to major white-matter fiber tracts in the brain.
This allows us to specifically examine the lateralization
patterns of the direct pathway of the AF in healthy indi-
viduals with right and atypical handedness and investi-
gate the relationship between AF asymmetry (i.e., FA and
number of streamlines) and performance on a number of
language domains including naming and verbal fluency.
Recent studies in patients with aphasia following left-
hemispheric stroke have shown that lesion load of the left
AF is predictive of naming ability [Marchina et al., 2011]
and that increased mean generalized FA of the left AF is
associated with retaining improved naming abilities from
anomia therapy [van Hees et al., 2014]. Based on the avail-
able data, we hypothesized that a greater proportion of
the right-handed subjects would exhibit leftward AF
asymmetry in the number of streamlines when compared
to participants with atypical handedness and that an
increased leftward FA asymmetry for the AF would con-
tribute to better linguistic performance.

MATERIALS AND METHODS
Participants

Participants included 249 healthy male and female sub-
jects between the ages of 18 and 76 years, who were
recruited from December 2008 to January 2014 through
local advertisements and by word of mouth. This research
was part of a larger study (NIH RO01-NS048281), which
was approved by the University of Cincinnati (UC), Cin-
cinnati Children’s Hospital Medical Center (CCHMC), and
University of Alabama at Birmingham (UAB) Institutional
Review Boards. All study procedures were performed in
accordance with the ethics principles of the Declaration of
Helsinki and the principles of informed consent. Each sub-
ject provided written informed consent prior to
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TABLE I. Demographic and performance characteristics of subjects enrolled in the study

Right-handed Atypical
N, % females 158 55.1 82 54.9
Age, years® 435 15.1 35.7 12.3
Cerebral volume, ml 1426.5 133.7 1441.8 168.1
Language assessments
Boston Naming Test score 56.3 43 55.7 43
Peabody Picture Vocabulary Test score” 2134 12.0 211.3 10.8
Controlled Oral Word Association Test score 39.6 115 40.7 12.1
Semantic Fluency Test score 56.6 12.7 56.3 14.1
Complex Ideation score 11.5 0.8 114 1.0
Noun recognition accuracy, % correct® 92.8 7.7 93.6 8.5

Note. Data are reported as mean and S.D. except for number of subjects (N), which are reported as frequency and percentages.
"Right-handed subjects were significantly older than those with atypical handedness (p < 0.001).

"Not assessed for one right-handed female subject.

“Assessed for 141 right-handed subjects and 73 subjects with atypical handedness who completed the verb generation fMRI task.

participation in the study and had no known contraindica-
tions to receiving MRI at 3 T. Health status was confirmed
by asking participants a series of questions evaluating for
the presence and/or absence of any pre-existing or
ongoing neurological or psychiatric conditions. Handed-
ness was determined by using the Edinburgh Handedness
Inventory (EHI) [Oldfield, 1971]. Subjects scoring >50 on
the EHI were considered right-handed, whereas the
remaining subjects were categorized as exhibiting atypical
handedness, although EHI was also assessed as a continu-
ous variable to characterize relationships with the degree
of right-handedness (see Data Analysis section below).
There were 201 participants at UC (137 right-handers and
64 with atypical handedness) and 48 at UAB (26 right-
handers and 22 with atypical handedness). Of the 249 sub-
jects, 8 were not included in analyses due to claustropho-
bia/inability to complete the scan (1n=05), presence of
psychiatric condition disclosed following study completion
(n=1), or not undergoing the scan protocol (n=2). An
additional subject with atypical handedness was excluded
from analysis due to no detectable direct pathway of the
arcuate fasciculus in either of the hemispheres during
deterministic fiber tracking. Thus, the final sample
included 240 healthy subjects (108 male, 132 female), who
were either right-handed (158 subjects; 71 male, 87 female)
or had atypical handedness (82 subjects; 37 male, 45
female). Demographic variables are summarized in Table
L

Language Assessments

Language measures that were administered included the
Boston Naming Test, Second Edition (BNT; Kaplan et al.
[2001]) to assess naming performance, the Peabody Picture
Vocabulary Test, Fourth Edition (PPVT) to examine recep-
tive vocabulary [Dunn and Dunn, 2007], two tests of
verbal fluency which were scored based on the number of

words generated in one minute for a given letter (Con-
trolled Oral Word Association Test (COWAT); Lezak
[1995]) or a given category (Semantic Fluency Test (SFT);
Kozora and Cullum [1995]; Lezak [1995]), and the Com-
plex Ideation subset of the Boston Diagnostic Aphasia
Examination (CI) to test oral comprehension and recall of
information [Goodglass and Kaplan, 1972].

Functional MRI Language Task

In addition to DTI, subjects also completed a well-
established verb generation task [Petersen et al., 1988].
This task involves the auditory presentation of a series of
nouns in a 30 s block, one noun every 5 s, during which
subjects are instructed to mentally generate as many
related verbs for each noun. The subjects were required to
generate verbs covertly to reduce the motion artifact
related with speech. Five 30 s blocks of the active condi-
tion (verb generation) were interleaved with control
blocks. During the six 30 s control blocks, subjects were
instructed to perform bilateral finger tapping every time
they heard a modulated 400 Hz tone. The rate of finger
tapping was paced by the target tone, once every 5 s. This
task was designed as a control for the auditory stimulation
present in the verb generation task, and to distract the
subjects from generating verbs during the control period;
it has been used to assess functional hemispheric language
dominance in many fMRI studies including ours [e.g.,
Allendorfer et al., 2012b; Szaflarski et al., 2008, 2012]. All
subjects learned the verb generation task and performed a
trial run to ensure their understanding of the task. Subjects
were required to generate at least one verb associated with
each of the presented nouns during the trial run before
entering the scanner. Immediately after scanning was com-
plete, all subjects were administered a noun recognition
test to assess engagement in the verb generation task.
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MRI Data Acquisition

Imaging of 201 healthy subjects was performed at the
Cincinnati Children’s Hospital Imaging Research Center
(IRC) using a 3.0 T Philips MR system and 8-channel head
coil. An additional 48 subjects were scanned using a 3.0 T
Siemens MR System and a circular polarized head coil at
the Civitan Functional Neuroimaging Laboratory (CFNL)
at the University of Alabama at Birmingham. All subjects
were fitted with an MRI-compatible headset to communi-
cate with research staff. Subjects also held a response
device in their left hand, and were equipped with either
video goggles at the IRC or a mirror/screen system at the
CENL for viewing visual stimuli as part of a functional
MRI study. After subjects were positioned in the scanner,
a three-plane localizer scan was performed for alignment
and brain localization, followed by a shim procedure to
generate a homogeneous magnetic field. Next, anatomical
scans were acquired for localization of brain activation
maps. A high-resolution T1-weighted 3D anatomical scan
was acquired for brain localization using a magnetization-
prepared rapid acquisition with gradient echo (MP-RAGE)
sequence. At the IRC, MP-RAGE parameters were as fol-
lows: TR/TE =8.1/3.7 ms, flip angle = 8°, FOV 25.0 X 21.0
X 18.0 cm, matrix 252 X 210, slice thickness =1 mm. MP-
RAGE parameters at the CFNL were as follows: TR/
TE =2300/2.17 ms, flip angle=9°, FOV 25.6 X 25.6 X
19.2 cm, matrix 256 X 256, slice thickness =1 mm. The
DTI was performed using an echo planar image sequence
with care taken to keep the number of diffusion directions
and b-values consistent between scanners: one image with
no diffusion weighting (b=0 s/ mm?) and diffusion-
weighted images (DWIs) in 32 distinct directions
(b=800 s/mm?). This allowed us to acquire the same
number of distinct directions for tensor estimation and
keep in line with the 30 directions determined to be
required for reliable estimation of the tensor orientation
[Jones, 2004]. The DTI parameters at the IRC were as fol-
lows: TR/TE =9403/69 ms, FOV 18.0 X 16.1 cm, matrix 76
X 67, slice thickness = 2.37 mm. The DTI parameters at the
CENL were TR/TE =9400/89 ms, FOV 24.0 X 24.0 cm,
matrix 96 X 96, slice thickness =2.5 mm. T2*-weighted
fMRI scans were acquired using the following parameters
at the IRC and the CFNL: TR/TE =2000/38 ms, FOV 24.0
X 240 cm, matrix 64 X 64, flip angle=90° slice
thickness =4 mm.

Functional MRI Data Processing

All functional imaging data were preprocessed and
modeled using Matlab toolbox SPM8 (http://www. fil.ion.
ucl.ac.uk/spm/software/spm8/). For each run, the first 15
volumes were discarded. Then, the spatial discrepancy
between slices due to head motion was corrected, and
structural scans were spatially registered to functional
scans. Following coregistration, an algorithm for unified
segmentation was used to spatially normalized functional

scans to MNI space [Ashburner and Friston, 2005]. Finally,
functional scans were spatially smoothed with an 8-mm
kernel full width half-maximum. Data were modeled
using a general linear model (GLM) in SPM8 (first-level
analysis, by convolution of the block-design tasks with the
canonical hemodynamic response function). Group ran-
dom effects were computed using a one-sample ¢-test anal-
ysis on all individual contrasts obtained after first-level
analysis.

DTI Data Processing

The anatomical MP-RAGE scans were reconstructed
using the Analysis of Functional NeuroIlmages (AFNI) soft-
ware [Cox, 1996] and DTI scans were reconstructed using
the dcm2niiqui application in MRIcron [Rorden et al.,
2007]. Alignment of the anatomical and DTI data for each
subject was performed using tools in AFNI. Gross spatial
alignment of the MP-RAGE to the DTI scans was per-
formed using the “Nudge Dataset” plugin and using the
values as input for 3drefit. The DTI image with no diffu-
sion weighting was then aligned with the MP-RAGE using
the local Pearson correlation method [Saad et al., 2009] in
the 3dAllineate program, followed by eddy current distor-
tion correction and motion-correction of the 32 DWIs using
3D affine registration to the first acquired DWI. We then
combined the intermediate spatial transformations and
applied a single interpolation to the original DTI data to
align to the MP-RAGE and correct for head motion and
gradient distortions. To account for the combined align-
ments of DTI to MP-RAGE and motion-correction steps to
the 32 diffusion gradients, Octave (www.octave.org) was
used to perform polar decomposition to obtain the rigid
body component of the motion corrections that were
applied [Rohde et al., 2004].

Fiber Tracking of the Arcuate Fasciculus

White-matter deterministic fiber tracking was performed
using the Diffusion Toolkit and TrackVis software [Wang
et al., 2007]. The aligned and motion-corrected DTI data
and diffusion gradients were used as inputs into Diffusion
Toolkit, where deterministic tractography was performed
using the Fiber Assignment by Continuous Tracking
(FACT) algorithm with an angle threshold of 41° [Wakana
et al., 2004, 2007], FA threshold of 0.20, and application of
a spline filter. The thresholds and tracking parameters
were implemented to minimize the inclusion of voxels
that are not part of white matter tracts [Lebel and Beau-
lieu, 2009]. Diffusion Toolkit was then used to visualize
the 3D tract reconstruction and to isolate the streamlines
that comprised the direct pathway of the AF using a
region of interest (ROI) approach. Diffusion tensor tractog-
raphy using previously published anatomical landmarks
[Lebel and Beaulieu, 2009; Rodrigo et al., 2007] and the
two-ROI approach was used to manually delineate the
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direct pathway of the AF in each hemisphere for each sub-
ject (Fig. 1A). Each ROI was drawn as a large rectangle
that does not cross through the plane of the corresponding
ROI in the same hemisphere to encompass all possible
streamlines belonging to the AF. Using the color-coded
diffusion map (Fig. 1A-1, left panel), the starting ROIs
were drawn in the temporal part of each hemisphere on
an axial slice lateral to the ventricular trigone (L1 in the
left hemisphere and R1 in the right hemisphere), through
which the AF passes in the inferior—superior direction. Ini-
tially, all streamlines passing through any part of the two
starting ROIs were visualized (Fig. 1A-1, right panel).
Again, using the color-coded diffusion map (Fig. 1A-2, left

panel), the target ROI in the left hemisphere was selected
on a coronal slice at the level of the frontal operculum
(L2), through which the AF passes in the anterior-poste-
rior direction [Lebel and Beaulieu, 2009; Rodrigo et al.,
2007]. Only streamlines passing through both L1 and L2
were used to define the left AF, but at this step, all stream-
lines passing through R1 were still visualized (Fig. 1A-2,
right panel). The right-hemisphere target ROI (R2) was
drawn in a similar fashion on the color-coded diffusion
map (Fig. 1A-3, left panel), and only streamlines passing
through both R1 and R2 were used to define the right AF
(Fig. 1A-3, right panel). Thus, the selected landmarks and
included streamlines correspond to the AF proper (i.e., the
direct pathway or the long segment of the AF) as previ-
ously described [Catani et al., 2005], and only streamlines
passing through these two ROIs in each hemisphere were
then included in the statistical analysis.

Lateralization Index and Laterality

A lateralization index (LI) was adopted from previous
fMRI studies [Szaflarski et al., 2006; Tillema et al., 2008],
and DTI-based LI in our study was calculated for each
subject based on the structural asymmetry of AF [Lebel

Figure I.

Visualization of the reconstructed streamlines of the direct path-
way of the arcuate fasciculus (AF) and the group fMRI activation
maps. (A) Diffusion Toolkit was used to visualize the 3D tract
reconstruction (right column) and delineate the arcuate fascicu-
lus streamlines in each hemisphere for each subject using the
color-coded diffusion map and a region of interest (ROI)
approach (left column). Portions of streamlines along the ante-
rior—posterior direction are represented in green, along the left-
to-right direction are represented in red/orange, and along the
superior—inferior direction are represented in blue/purple. (1)
First, two large rectangular ROIs were manually drawn for each
hemisphere on an axial slice (left panel) lateral to the ventricular
trigone in the temporal region (LI and R1 in yellow). All stream-
lines passing through any part of these two ROlIs are visualized
in the right panel. (2) Next, a large rectangular ROl is drawn on
a coronal slice (left panel) at the level of the left frontal opercu-
lum (L2 in pink). Only streamlines that pass through both LI
and L2 are counted as part of the left hemisphere AF (Track 1),
but all streamlines passing through Rl are still visualized, as
shown in the right panel. (3) Then, a second rectangular ROI is
drawn on the coronal slice (left panel) at the level of the right
frontal operculum (R2 in pink). Only streamlines that pass
through both RI and R2 are counted as part of the right hemi-
sphere AF (Track 2). (B) Statistical parametric map of group acti-
vation during the verb generation fMRI task for a cohort of 214
healthy subjects. Clusters of significant activation (FWE p < 0.05)
were utilized to create a binary mask for calculating a lateraliza-
tion index value for each subject. L=left, R =right,
A = anterior, P = posterior, S = superior, | = inferior.
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and Beaulieu, 2009] to determine whether the sample
included in this study is representative of the population
as a whole and to allow generalization of the findings.
Once the AF streamlines for each subject have been
delineated using the two ROI approach, Diffusion Toolkit
reports the average number of streamlines in each hemi-
sphere. FA values were also calculated by averaging across
all voxels in the streamlines comprising the reconstructed
direct pathway of the AF for each hemisphere. DTI-based
LI for the number of streamlines (SLI) and for FA (FALI)
were defined as (L —R)/(L + R) — the difference between
the number of streamlines or average FA in the left and
right hemisphere AF streamlines divided by the sum of
streamlines or average FA in the left- and right-
hemisphere AF streamlines. This formula yields LIs rang-
ing between —1.0 (strong right-hemisphere dominance)
and +1.0 (strong left-hemisphere dominance). To further
characterize DTI asymmetry, LI values were then classified
akin to fMRI studies as left-lateralized with LI>0.1, sym-
metric (—0.1<LI<+0.1), or right-lateralized with
LI< —0.1 [Szaflarski et al., 2006; Tillema et al., 2008]. These
threshold values were originated statistically for fMRI data
by determining the mean number of activated voxels
across all subjects and testing different hypothetical parti-
tions of this total between hemispheres against a null
hypothesis of equal activation in each hemisphere using j*
analysis [Binder et al., 1995].

Language lateralization indices (VLIs) were computed
using LI-toolbox [Wilke and Lidzba, 2007] on T-maps
obtained after GLM analysis for verb generation fMRI data
(Fig. 1B) and similar to the LI calculations used by our
group in the past in healthy and diseased populations
[Allendorfer et al., 2012a; Szaflarski and Allendorfer, 2012;
Szaflarski et al., 2012]. To better reflect the language later-
alization of cortical activity of brain regions for each par-
ticipant, a functional mask was applied to their T-map
that defined the voxels used for VLI calculation. This func-
tional mask was created using the thresholded verb gener-
ation fMRI group GLM maps (FWE p<0.05) that were
first binarized (one sample f-test over all participants), and
then voxels above threshold in the left hemisphere were
mirrored over the right hemisphere and vice versa to
obtain a symmetric mask. Voxels located into a 20 mm
midline (axial) were not included into the mask. For each
T-map, the mean intensity of the voxels in the functional
mask served as a threshold (i.e.,, “adaptive threshold” in
the LI-toolbox). In this method of LI calculation, voxels
with T-values above that internal threshold are added to
give a global value for each hemisphere. Then, the VLI
value is calculated based on the same equation as for the
DTI data, in which VLI is defined as the difference in the
number of voxels meeting the above-described threshold
between the left and right hemispheres and divided by the
sum of the number of voxels meeting threshold between
the two hemispheres. Statistical outliers were removed by
using data clustering and variance weighting options
[Wilke and Lidzba, 2007, eqs 3 and 4 for details].

Data Analysis

Statistical analyses were performed using SAS (Statisti-
cal Analysis System version 9.4, Cary, NC). Independent-
samples t-tests (two-tailed) were used to assess group dif-
ferences between right-handed and atypical-handed sub-
jects in age, cerebral volume, language assessment scores,
SLI, FALI, VLI, and the noun recognition post-test. The F-
test for equal variances was performed, and the Sat-
terthwaite method was used in cases of unequal variance.
Chi-squared tests were performed to assess differences
between handedness groups in their distribution of sex
and lateralization patterns (left-lateralized, symmetric, and
right-lateralized) based on SLI, FALI, and VLI. Regression
analysis was used to assess the effect of handedness on
the number of AF streamlines and FA in each hemisphere
while accounting for cerebral volume and scanner type.
Regression analysis was also performed to examine the
relationship between the degree of right-handedness (i.e.,
analyzing EHI as a continuous variable) and all three
types of LIs while accounting for scanner type (associa-
tions are significant at p = 0.016 after Bonferroni correction
for multiple comparisons).

The relationship between tract-specific asymmetry of the
AF (ie., SLI and FALI) and language performance were
assessed using regression analysis while accounting for
scanner type (associations are significant at p = 0.0041 after
Bonferroni correction for multiple comparisons). These
analyses were performed for the combined group of sub-
jects and for each handedness group. Since sex differences
in AF white matter structure have been previously
described [e.g., Catani et al., 2007; Madhavan et al., 2014],
we also investigated the effect of sex in these measures
given the inconsistencies in the literature and the previous
findings of similar language performance, verb generation
fMRI activation patterns, and language LI scores between
males and females [Allendorfer et al., 2012b], in addition
to similar FA LI values for the AF [Catani et al., 2007].

RESULTS
Demographic and Performance Variables

Handedness groups did not differ in the distribution of
males and females (4> = 0.007; p = 0.98). Right-handed sub-
jects were significantly older than those with atypical
handedness (p <0.001); therefore, correlations of age with
all three types of LIs (SLI, FALI, and VLI) were performed
to test potential effects, and none were significant (all
p>0.05). All subjects completed the language assessments,
except one subject did not correctly perform the PPVT and
was excluded from assessment analyses that involved this
measure. There were no significant differences in scores
on the BNT (p =0.27), PPVT (p =0.19), COWAT (p = 0.50),
SFT (p=0.86), and CI (p =0.21) between the right-handed
and atypical-handed subjects. A subset of 214 subjects suc-
cessfully completed the verb generation fMRI task, and
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TABLE Il. The number of streamlines and fractional anisotropy of the arcuate fasciculus in the left and right
hemispheres

Right-handed Atypical
Mean S.D. Range Mean S.D. Range

Number of streamlines

Left hemisphere® 143.09 92.73 0-431 114.05 79.92 0-372

Right hemisphere 52.66 63.64 0-328 47.06 65.55 0-323
Fractional anisotropy

Left hemisphere 0.53 0.027 0.42-0.60 0.54 0.024 0.44-0.58

Right hemisphere 0.50 0.029 0.42-0.57 0.51 0.037 0.41-0.60

*There was a significant effect of handedness on the number of streamlines in the left hemisphere after accounting for scanner type and

cerebral volume (F=5.77, p = 0.017).

performance on the postscan noun recognition test was
similar between handedness groups (p=0.49). Table I
summarizes the demographic and performance variables
for each handedness group.

DTI Fiber Tracking

Across the entire sample of 240 subjects, the left-
hemisphere AF streamlines were tracked in 236 subjects
(98.3%), the right-hemisphere AF streamlines were tracked
in 170 subjects (70.8%), and AF in both hemispheres were
tracked in 166 subjects (69.2%). Our inability to track the
AF streamlines in both hemispheres for some subjects is
consistent with previous studies including Catani et al.
[2007] that were not able to identify a right hemisphere AF
in 62.5% of their right-handed adults, and Lebel and Beau-
lieu [2009] that found 63 individuals to have no right-
hemisphere AF streamlines and 6 to have no left-
hemisphere AF streamlines in their large sample of 207
individuals.

There was a significant effect of handedness on the num-
ber of streamlines in the left hemisphere AF after accounting
for cerebral volume and scanner type (F =5.77, p = 0.017) in
which right-handed subjects had a greater number of
streamlines (mean = S.D.=143.09 = 92.73) compared to
atypical-handed subjects (mean *S.D.=114.05=*79.92,
p =0.017). Both groups had a similar number of streamlines
in the right hemisphere AF (mean *S.D. =52.66 = 63.64 in
right-handed; mean*=S.D.= 47.06+65.55 in atypical-
handed; F =0.43, p = 0.51). Similar to the strategy of Lebel
and Beaulieu [2009], the asymmetry of FA values was inves-
tigated only for individuals with bilateral streamlines
(n=166). FA was similar between groups for both the left
hemisphere AF (mean * S.D. = 0.53 = 0.024 in right-handed;
mean =S.D=0.54*0.028 in atypical-handed; F=1.64,
p = 0.20) and the right-hemisphere AF (mean = S.D. = 0.50 =
0.030 in right-handed; mean = S.D = 0.51 = 0.038 in atypical-
handed; F =0.69, p = 0.41). The number of streamlines and
FA for each handedness group is summarized in Table II.

Relating Handedness with Hemispheric
Lateralization

Based on all three types of LIs (SLI, FALI, and VLI),
subjects were divided according to their hemispheric later-
alization pattern as showing left, symmetric, or right later-
alization (Table III). SLI was calculated for all subjects,
ranging from —1 (streamlines only in the right-hemisphere
AF) and +1 (streamlines only in the left-hemisphere AF),
and were similar between handedness groups (p =0.85).
Left-hemisphere lateralization for SLI occurred in 128
right-handed subjects (81.0%) and 67 subjects with
atypical-handedness (81.7%), symmetric in 15 right-
handed (9.5%) and 4 subjects with atypical handedness
(4.9%), and right hemisphere lateralization in the remain-
ing 15 subjects who are right-handed (9.5%) and 11 sub-
jects who had atypical handedness (13.4%). The
distribution of laterality based on SLI was not significantly
different between groups (*=2.22; p=10.33). SLI was not
associated with EHI scores (F = 0.57; p = 0.45).

Consistent with the investigation of asymmetry of FA
values above [Lebel and Beaulieu, 2009], FALI and corre-
sponding categorization of laterality were performed only
for the 166 subjects with bilateral AF streamlines. FALIs
were close to zero and did not differ between handedness
groups (p = 0.75). The majority of subjects (about 98% for
both right-handed and atypical-handed subjects) showed
symmetric lateralization based on FALI, while few dis-
played left lateralization (<2% for both groups), and no
subjects from either group were lateralized to the right
hemisphere. Overall, the distribution of laterality based on
FALIs was not significantly different between groups
(4* = 0.0028; p=0.96). FALI was also not associated with
EHI (F=0.17; p = 0.68).

For the verb generation fMRI task, VLIs were not signifi-
cantly different between right-handed subjects and sub-
jects with atypical handedness (p =0.092). We observed
leftward predominance of language lateralization based on
VLI for both right-handed subjects (88.7%) and subjects
with atypical handedness (75.34%), with similar propor-
tions of symmetric lateralization (8.5% right-handed and
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TABLE Ill. Lateralization indices (LIs) and hemispheric lateralization for the enrolled subjects

Arcuate fasciculus fractional
anisotropy (FALI)

Arcuate fasciculus number of

streamlines (SLI) Verb generation fMRI* (VLI)

Right-handed Atypical Right-handed Atypical Right-handed Atypical
(N = 158) (N=82) (N=113) (N=53) (N =141) (N=73)
LIs 0.54 (0.45) 0.52 (0.52) 0.032 (0.027) 0.030 (0.039) 0.44 (0.30) 0.35 (0.44)
Lateralization®
Left 128 (81.0) 67 (81.7) 2(1.8) 1(1.9) 125 (88.7) 55 (75.34)
Symmetric 15 (9.5) 4 (4.9) 111 (98.2) 52 (98.1) 12 (8.5) 6 (8.22)
Right 15 (9.5) 11 (13.4) 0 (0) 0 (0) 4(2.8) 12 (16.44)

Lateralization indices for fractional anisotropy (FALI) were determined only for the portion of subjects, in which streamlines for the
direct pathway of the arcuate fasciculus were reconstructed in both hemispheres. Also, LIs based on the verb generation fMRI task
(VLI) were determined only for the portion of subjects who underwent both fMRI and DTI procedures

Note. Data are reported as mean (S.D.) for lateralization indices (LIs) and as frequency (percentages) for the distribution of lateralization
(left, symmetric, and right). Lateralization indices for arcuate fasciculus (SLI and FALI) and verb generation fMRI (VLI) were deter-
mined with LI> 0.1 as left-lateralized, LI < —0.1 as right-lateralized, and —0.1 <LI<0.1 as symmetric.

*Verb generation fMRI lateralization patterns were significantly different between right-handed subjects and atypical handedness
(7> =12.92; p = 0.0016).

8.22% atypical-handed, respectively), and a greater propor-
tion of right-hemisphere lateralization in subjects with
atypical handedness (16.44%) compared to the right-
handed (2.8%) subjects. The overall distribution of lateral-
ity based on language fMRI activation was significantly
different between handedness groups (1°=12.92;
p =0.0016). Further, VLI was significantly associated with
EHI (F=10.51; p=0.0014; association was significant at
p = 0.016 after Bonferroni correction).

Relating Arcuate Fasciculus Asymmetry to
Language Performance

Associations between asymmetry of the AF and lan-
guage performance are summarized in Table IV. FALI was
not significantly associated with performance on language
assessments in the combined sample or in the separate

handedness groups. SLI was positively associated with
SFT performance in the right-handed subjects (F=4.00,
p = 0.047), while in subjects with atypical handedness, we
observed a positive association between SLI and perform-
ance on both the PPVT (F=5.44, p=0.022) and the CI
(F=7.00, p=0.0098), although these associations were not
significant after correction for multiple comparisons (statis-
tically significant at p = 0.0041 after Bonferroni correction).

Effects of Sex on Language-Related Performance
and Asymmetry

Preliminary analyses were performed to assess sex dif-
ferences in language performance and the patterns of later-
alization for all subjects combined (132 females; 108
males), in right-handed subjects (87 females; 71 males) and
in those with atypical handedness (45 females; 37 males).

TABLE IV. Results of regression analyses investigating how arcuate fasciculus (AF) asymmetry, based on either frac-
tional anisotropy (FALI) or the number of streamlines (SLI), affects performance on language assessments while
accounting for scanner type

BNT PPVT COWAT SFT Cl VG Post
F p F p F p F p F p F p

FALI

All subjects 1.33 0.25 0.73 0.39 0.04 0.84 1.98 0.16 0.61 0.44 0.21 0.65
Right-handed 1.28 0.26 1.43 0.23 0.34 0.56 1.96 0.16 1.31 0.25 0.10 0.75
Atypical 1.82 0.18 0.00 0.98 0.00 0.94 0.37 0.54 0.11 0.74 1.00 0.32
SLI

All subjects 1.01 0.32 0.72 0.40 0.52 0.47 2.54 0.11 3.39 0.067 0.97 0.33
Right-handed 0.30 0.58 0.91 0.34 1.25 0.27 4.00 0.047 0.03 0.86 0.55 0.46
Atypical 3.56 0.063 5.44 0.022 0.02 0.89 0.03 0.87 7.00 0.0098 0.34 0.56

Note. F-value (F) and corresponding p-value (p) reported for results in all subjects combined, in right-handed subjects, and in subjects
with atypical handedness. BNT = Boston Naming Test; PPVT = Peabody Picture Vocabulary Test; COWAT = Controlled Oral Word
Association Test; SFT = Semantic Fluency Test; CI = Complex Ideation; VG Post = verb generation postscan noun recognition test.
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Age for males and females were similar in all groups. Per-
formance on all language assessments was not signifi-
cantly different between males and females in the
combined sample or in the handedness groups (all
p>0.05). SLI, FALI, and VLI as well as the corresponding
distributions of left, right, and symmetric lateralization
were similar between males and females for the entire
sample and for each of the handedness groups (all
p>0.05).

DISCUSSION

This study utilized DTI to primarily examine the rela-
tionships between handedness and hemispheric asymme-
try of the direct pathway of the AF and whether or not
asymmetry in the strength/integrity of the AF fronto-
temporal connections correlates with language abilities in
a large sample of 240 healthy individuals. We hypothe-
sized that a greater proportion of right-handed subjects
would exhibit leftward AF asymmetry in the number of
streamlines when compared to subjects with atypical
handedness and that an increased leftward asymmetry of
FA for the AF would contribute to better language per-
formance. Our main findings are that (1) there is a left-
greater-than-right hemispheric asymmetry of the AF with
regard to SLI and symmetry with regard to FALI regard-
less of handedness; (2) handedness groups exhibit similar
distribution patterns of lateralization (i.e., left, right, and
symmetric) based on SLI and FALI (i.e., handedness has
no effect on AF symmetry) but significantly different dis-
tribution patterns of language lateralization based on VLI,
and while the degree of right-handedness (EHI) was not
associated AF lateralization, it was associated with fMRI
language lateralization; and (3) leftward asymmetry in the
number of streamlines is significantly associated with SFT
performance in right-handed subjects, PPVT and CI per-
formance in atypical-handed subjects, as well as CI per-
formance when handedness groups are combined. We
discuss these findings in greater detail.

Our results indicate that right-handed subjects and sub-
jects with atypical handedness are similar not only in lan-
guage performance, but also in that the proportion of the
number of AF streamlines favors the left hemisphere
when compared to the right hemisphere; this is in line
with previous DTI studies that focused on right-handed
subjects [Catani et al., 2007, Lebel and Beaulieu, 2009;
Nucifora et al., 2005; Powell et al., 2006]. Further, our find-
ings provide evidence that subjects with atypical handed-
ness also exhibit leftward asymmetry in the number of AF
streamlines, confirming reports from smaller studies that
both handedness groups demonstrate a high number of
AF streamlines in the left relative to the right hemisphere
irrespective of the direction of hand preference [Propper
et al., 2010; Vernooij et al., 2007]. Finally, these results par-
allel recent findings in large studies showing that the pla-
num temporale, a small section of the superior temporal

gyrus that partially overlaps with Wernicke’s area and
that is often the focus in the discussion of left hemisphere
language laterality, is also leftward asymmetric regardless
of handedness [Dos Santos Sequeira et al., 2006; Eckert
et al., 2006; Tzourio-Mazoyer et al., 2010b; Willems et al.,
2014], although the relationship between the AF and pla-
num temporale asymmetries is not straightforward. While
it should be noted that right-handed subjects demon-
strated a greater number of streamlines in the left-
hemisphere AF compared to atypical-handed subjects, this
did not translate into significant differences in SLI, FALI,
or the corresponding AF lateralization patterns between
the handedness groups.

With our classification of lateralization, FALIs for both
handedness groups are considered symmetric. However,
the positive mean values for FALIs indicate a bias towards
left-greater-than-right asymmetry of FA for the direct path-
way of the AF. Our findings agree with previous research
in right-handers that found mean FA values were signifi-
cantly greater in the left hemisphere AF than in the right
[Buchel et al., 2004; Cao et al., 2003; Floel et al., 2009; Lebel
and Beaulieu, 2009; Powell et al.,, 2006; Rodrigo et al.,
2007]. Upadhyay et al. [2008] reported a trend of greater
FA in left-hemisphere AF in their small sample of four
right-handed males, and when restricting FA measure-
ments to intra-axonal space of the AF using diffusion ten-
sor spectroscopy of N-acetyl aspartate (NAA), they
observed a significant leftward asymmetry [Upadhyay
et al., 2008]. They also showed significant leftward asym-
metry of axial diffusivity and rightward asymmetry of
radial diffusivity for NAA of the AF, which was not found
using conventional DTI; these results suggest that the left-
ward FA asymmetry for the AF observed in numerous
studies including ours may be rooted in the intra-axonal
differences of the AF in the left and right hemispheres
(e.g., axonal diameter or conduction velocities).

Additionally, when examining SLI, FALI, and VLI aver-
aged across the groups of subjects (Table III), all were pos-
itive values indicating a leftward bias. Similarly, a small
study by Propper et al. [2010] did not find differences
between handedness groups when examining Lls from
language fMRI and AF volume/length [Propper et al.,
2010]. Other small studies have also found positive values
for LI/asymmetry index for leftward asymmetry of FA
and/or the number of AF streamlines (or relative fiber
density/tract volume) both in subjects who are right-
handed [Catani et al.,, 2007; Lebel and Beaulieu, 2009;
Nucifora et al., 2005] and those who are atypical in hand-
edness [Propper et al., 2010; Vernooij et al., 2007]. Further-
more, none of the LIs were significantly different between
sexes regardless of handedness, in line with previous stud-
ies indicating a similar degree of asymmetry between
sexes for FA of the AF [Catani et al., 2007] and verb gener-
ation fMRI [Allendorfer et al.,, 2012b]. However, unlike
Catani et al. [2007], we did not find sex differences in SLI-
based lateralization patterns in right-handed subjects,
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which is likely due to our much larger sample size (i.e.,
more than double the number of male subjects and more
than four times the number of female subjects). The lack
of sex differences in all LIs and corresponding lateraliza-
tion patterns holds true in our subjects with atypical hand-
edness and in the combined sample of subjects
questioning the results and conclusions of the previous
smaller studies.

When categorizing asymmetry patterns based on Lls as
left-lateralized, symmetric, and right-lateralized, the distri-
bution of SLI-based lateralization were predominantly left-
ward for both handedness groups and consistent with a
previous study in right-handed children and adults [Lebel
and Beaulieu, 2009]. The distribution of FALI-based later-
alization patterns were also similar between handedness
groups and revealed that the majority (98%) of both right-
handed and atypical-handed individuals exhibited sym-
metric lateralization, which was somewhat expected given
how we defined the lateralization categories and that the
mean FALI is 0.03 for both handedness groups. In con-
trast, the distribution patterns for VLI-based lateralization
in our study showed a significantly greater proportion of
right-handed subjects to be left-lateralized for language
compared to those with atypical handedness. These results
coincide with former language lateralization studies that
include typical and atypical language dominance in sub-
jects who are right-handed and atypical in handedness
[Knecht et al., 2000b; Mazoyer et al., 2014; Perlaki et al.,
2013; Propper et al., 2010; Pujol et al., 1999; Springer et al.,
1999; Szaflarski et al., 2002, 2012]. While we showed that
right-handed subjects had a greater number of streamlines
in the left hemisphere AF compared to atypical-handed
subjects, the distribution patterns for SLI-based and FALI-
based lateralization were similar between handedness
groups and do not parallel the VLI-based lateralization dif-
ferences between groups. Sex was also not a factor in the
distribution of lateralization patterns, whether based on
SLI, FALI, or VLI Further, while we found no relationship
between AF structural asymmetry (i.e., SLI and FALI) and
the degree or right-handedness based on the EHI, we did
observe a significant association between VLI and EHI,
consistent with previous results showing that the degree
of right-handedness is positively associated with left-
hemisphere language processing [Groen et al., 2013;
Knecht et al., 2000b], although more recent evidence shows
that handedness is only weakly associated with or may
even be independent of hemispheric lateralization of lan-
guage functions [Groen et al., 2013; Mazoyer et al., 2014;
Somers et al., 2015; Willems et al., 2014]. We posit that our
inclusion of a large sample of individuals with atypical
handedness provided the necessary range and variability
in the data to detect the relationship between VLI and
degree of right-handedness. Despite such a dataset, our
tractography findings strongly suggest lack of a relation-
ship between hemispheric language dominance and DTI-
based structural asymmetry of the AF.

We also hypothesized that leftward FA asymmetry of
AF would contribute to better linguistic performance. Our
results do not support this hypothesis, which may be due
to a small effect of FA asymmetry on linguistic perform-
ance. However, in light of two recent studies investigating
naming abilities in individuals with aphasia following left
hemisphere stroke [Marchina et al., 2011; van Hees et al,,
2014], it could be that the leftward bias of the strength/
integrity of the AF plays a functional role in naming abil-
ities and may be of greater importance in the context of
language function recovery. One can suppose that in the
event of a left-hemisphere lesion, an individual with a
large number of left-hemisphere AF fibers may have a
greater chance of retaining some of those fibers, but it may
be the increased strength/integrity of those remaining
fibers that would be a factor in better naming perform-
ance. The fact of the matter is that the question of whether
the AF is necessary or sufficient for naming or other lan-
guage abilities is difficult to answer. In the study of
human language function, it would be ideal, as in molecu-
lar biology, to have techniques that can achieve a partial
or full knockout of a particular white matter tract or brain
region to assess function. While brain stimulation studies
have been performed to create “virtual lesions,” e.g.,
Bruckner et al. [2013], this is still being developed, and the
current bulk of our understanding of human language
pulls together knowledge from normative and lesion
studies.

As part of our analyses, we also evaluated SLI and its
relationship to language performance, and showed weak
associations. We found that SLI was associated with SFT
performance in right-handed but not atypical-handed sub-
jects, suggesting that the increased number of AF stream-
lines in right-handed subjects may confer some benefit
with respect to verbal fluency. We also found that PPVT
performance was positively associated with SLI in
atypical-handed subjects, consistent with Lebel and Beau-
lieu [2009] who showed that increasing LI for AF stream-
lines was related to better PPVT performance in right-
handed children [Lebel and Beaulieu, 2009]. It is unclear
why we do not observe this relationship in our right-
handed subjects. The Lebel and Beaulieu [2009] study did
not find AF lateralization to change with age, but they
also did not perform cognitive assessments on subjects
older than 13 years of age. Thus, we can only speculate
that the involvement of leftward asymmetry of AF stream-
lines in processing of receptive vocabulary may be more
similar between children who are right-handed and adults
with atypical handedness vs right-handed adults. Given
that Lebel and Beaulieu [2009] only investigated right-
handed individuals, it would be interesting to test if the
relationship between LI for AF streamlines and PPVT per-
formance also holds true for children with atypical hand-
edness. It should be noted that our right-handed subjects
were older than our atypically handed subjects, although
age was not associated with AF asymmetry in any of the
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groups and, thus, was not included as a covariate in exam-
ining relationships between AF asymmetry and language
performance. The observed age differences in the presence
of atypical handedness are consistent with the population
data showing decreases of the incidence of atypical hand-
edness with age [Gilbert and Wysocki, 1992] and were not
altogether unexpected. Finally, we showed that SLI was
associated with CI performance in atypical-handed sub-
jects but not in right-handed subjects. This association in
atypical-handed subjects is unique in that no other studies
to date have described this effect. The CI assessment tests
comprehension and recall of complex information, and it
is unclear why the association between performance on
this assessment and leftward asymmetry in the number of
the AF streamlines would only be observed in subjects
with atypical handedness. More studies investigating AF
asymmetry and language performance in large samples of
subjects with atypical handedness are necessary to clarify
these discrepancies.

CONCLUSIONS

In summary, we found leftward asymmetry and laterali-
zation patterns of the AF to be similar between right-
handed subjects and subjects with atypical handedness.
Interestingly, these similar patterns of AF structural asym-
metry in the handedness groups do not parallel the differ-
ential functional language lateralization patterns that we,
and others, have shown. Our sample of individuals that
ranged widely in handedness enabled us to detect an asso-
ciation between the degree of right-handedness and hemi-
spheric language function, albeit contrary to some recent
studies; we did not observe a similar association between
handedness and AF asymmetry. We argue that the inclu-
sion of individuals with atypical handedness in language
studies, and in cognitive studies in general, is necessary to
glean greater understanding of such cognitive processes
(see Willems et al. [2014] for review). We also showed
associations between leftward asymmetry of the AF and
performance on some of the language assessments includ-
ing the PPVT, SFT, and CI; although these were weak
effects that did not survive correction for multiple compar-
isons, they are still relevant to the discussion of language
functions and anatomical asymmetries. Given the small
effect sizes, it is not surprising that studies with smaller
samples did not find significant relationships between AF
asymmetry and language performance, and this should
also be kept in mind when reviewing small studies that
find significant associations. The lack of associations
between AF asymmetry and many of the language assess-
ments may also be attributed to the types of measures and
language processes we are investigating. Catani et al.
[2007] found a strong positive relationship between FA LI
for the direct pathway of the AF connecting the frontal
and temporal regions and verbal recall on the California
Verbal Learning Test [Catani et al.,, 2007]. A recent study

by the same group also showed that word learning per-
formance was positively correlated with both the radial
diffusivity of the AF direct segment pathway in the left
hemisphere as well as the functional connectivity strength
of these fronto-temporal connections [Lopez-Barroso et al.,
2013]. These studies support a greater role for AF asym-
metry in verbal learning abilities. Therefore, it would be
informative for future studies integrating language fMRI,
DTI, and language assessment to focus on the verbal learn-
ing aspects of language in both right-handed subjects and
subjects with atypical handedness. And, while DTI tractog-
raphy enabled for the reconstruction of the AF white-
matter streamlines and assessment of its structural proper-
ties in relation to language function, investigations of a
more expanded language network beyond the AF are nec-
essary to advance our understanding of structure—function
relationships since multiple brain regions are involved in
various aspects of language processing.
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