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Abstract

The arcuate fasciculus (AF) connects cortical regions important in language processing, but how
fiber coherence and organization relates to gray matter macrostructure remains uncharacterized.
We used high-resolution structural and 30-direction diffusion imaging data from 36 healthy adults
(24 male/12 female; mean age: 30.5+9.8 years) to establish the relationships between AF
microstructure and regional variations in cortical gray matter within language networks. Cortical
pattern matching algorithms were used to measure gray matter thickness at high spatial density,
and a validated diffusion tractography method was used to reconstruct the AF in the left and right
hemisphere of each subject. Relationships between imaging measures and neuropsychological
scores of verbal fluency were additionally assessed. Results revealed positive and highly
topographical associations between arcuate fractional anisotropy and cortical thickness within
anterior and posterior language regions and surrounding cortices, more prominently in the left
hemisphere. These regional cortical thickness/fractional anisotropy relationships were primarily
attributable to variations in radial diffusivity. Associations between cortical thickness and verbal
fluency were observed in perisylvian language-related regions. Language scores associated with
left hemisphere AF axial diffusivity, but not with AF fractional anisotropy or radial diffusivity.
These findings thus suggest that particular components of white matter microstructure and
regional increases in cortical thickness benefit aspects of language processing. Further, the
topographical relationships between independent measures of white matter and gray matter
integrity suggest that rich developmental or environmental interactions influence brain structure
and function where the presence and strength of such associations may elucidate
pathophysiological processes influencing language systems.

Keywords

Diffusion Tensor Imaging; Magnetic Resonance Imaging; white matter; gray matter; language;
neuroanatomy; tractography; superior longitudinal fasciculus; fractional anisotropy

Correspondence: Dr. Katherine L. Narr, Laboratory of Neuro Imaging, Department of Neurology, Geffen School of Medicine at
UCLA, 635 Charles Young Drive South, Suite 225, Los Angeles, CA 90095-7334; Phone: 310.206.2101; Fax: 310.206.5518;
narr@Ioni.ucla.edu.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Phillips et al.

Page 2

Introduction

Although both white matter connectivity and neural integrity constitute critical components
of brain function, how white matter fiber coherence and organization relates to cortical gray
matter structure remains under-explored with in vivo imaging methods. Cortical thickness
varies across the cortical mantle in accordance with the size, density and arrangement of
neurons, glial cells and nerve fibers. Regional variations in cortical gray matter thickness
identified with computational structural magnetic imaging (sMRI) analysis methods are
shown to occur during normal brain maturation and aging and to associate with individual
differences such as sex, cognitive ability and disease status, e.g., [Thompson et al., 2004;
Luders et al., 2006; Narr et al., 2007]. White matter microstructure measured non-invasively
using diffusion tensor imaging (DTI) is most frequently estimated through the measurement
of fractional anisotropy (FA), which reflects the degree to which water diffusion is
directionally biased in brain tissue. FA is also shown to vary regionally in accordance with
demographic and clinical characteristics and measures of brain function in human subjects,
e.g., [Powell et al., 2006; Lebel et al., 2008; White et al., 2008] and may be estimated along
discrete fibers linking cortical networks using methods that assemble the local diffusion
tensor data into particular white matter pathways. Measures of axial and radial diffusivity,
which represent water diffusion parallel to the major axis of fiber orientation along and the
two minor axes respectively, may also be determined within these pathways to help establish
the basis for variations in tissue architecture [Song et al., 2002].

The arcuate fasciculus (AF), which is considered a component of the superior longitudinal
fasciculus (SLF) [Makris et al., 2005], is a major white matter tract that has received
particular attention for its role in language [Geschwind, 1970]. Some recent DTI data
suggests the AF may be further subdivided according to the termination points of fibers
[Catani et al., 2005; Catani and Mesulam, 2008; Frey et al., 2008; Lawes et al., 2008; Bernal
and Ardila, 2009]. Notwithstanding, in accordance with early postmortem studies, the long
continuous fibers of the AF are described to represent the temporo-frontal arching white
matter pathway linking posterior and anterior language-related regions. Specifically, the AF
projects from the superior temporal gyrus and Wernicke's area (Brodmann’s area (BA) 22,
involved in speech comprehension), and curves around the Sylvian fissure to connect with
Broca’s area (BA 44, 45, involved in speech production) in the inferior frontal cortex. AF
fibers also link association cortices in the caudal dorsolateral prefrontal cortex (BA 6, 8) and
the inferior parietal lobule (BA 39, 40) [Catani et al., 2005; Frey et al., 2008]. These
connections with multimodal neural sites may facilitate the processing of more complex
aspects of spoken or written words as surveyed in verbal intelligence tasks [Schmithorst et
al., 2005; Hoeft et al., 2007; Jung and Haier, 2007; Turken et al., 2008; Lebel and Beaulieu,
2009]. AF microstructure reflecting leftward language dominance [Catani et al., 2007;
Glasser and Rilling, 2008; Lebel and Beaulieu, 2009] is shown to relate to verbal recall in
adults [Catani et al., 2007] and to some cognitive abilities in children [Lebel and Beaulieu,
2009]. Associations between functional lateralization and FA within pathways connecting
inferior frontal and superior temporal brain regions activated by language tasks (verb
generation and reading comprehension) have also been demonstrated [Powell et al., 2006].

Language skills acquired during development associate with increased cortical thickness in
the left inferior frontal cortex [Lu et al., 2007]. Moreover, cortical thickness in Broca’s area
demonstrates strong anatomical correlations (>.8) with thickness in Wernicke's area, the
superior temporal gyrus, inferior parietal lobule, and neighboring frontal regions. These
anatomical correlations correspond closely with tractographic maps of the AF and
strengthen as language function develops during brain maturation [Lerch et al., 2006].
However, very few studies have examined associations between white matter microstructure
and cortical thickness directly. One prior investigation showed FA and cortical thickness are
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positively associated at the level of the whole brain and hemispheres [Kochunov et al.,
2007]. Though not substantiated statistically, another study has documented positive FA-
cortical thickness relationships within the temporal cortices in elderly control subjects but
not in individuals with mild cognitive impairment [Wang et al., 2009]. To address the
hypothesis that associations between white matter microstructure and cortical thickness
occur in language networks, we used cortical pattern matching methods applied to SMRI
data and tractography methods applied to DTI data. As a secondary goal, we explored the
presence of relationships between measures of AF integrity and cortical thickness with
language function by examining associations of brain imaging measures with verbal fluency.
Verbal fluency, which requires both language expression and comprehension, is shown to
engage left lateral prefrontal (including Broca’s area) and posterior temporal language-
related regions in functional imaging tasks [Powell et al., 2006]. Performance for this task
also associates with gray matter density in left lateral prefrontal regions in healthy adults
[Newman et al., 2007]. Further, associations between FA for left frontal connections and
verbal fluency-related brain activation have been demonstrated [Powell et al., 2006]. Thus,
verbal fluency may represent one aspect of language function that associates with cortical
thickness and white matter microstructure in language networks.

Materials and Methods

Subjects

Thirty-six (24 male /12 female) normal adult subjects were recruited for participation
through direct calls using a survey sampling methodology and advertisements placed in
newspapers and fliers. Two subjects were identified as left-handed (laterality quotient scores
< —.70) as determined using a modified version of the Edinburgh Handedness Inventory
[Oldfield, 1971]. Table 1 provides demographic details of subjects within each sex.
Exclusion criteria for all subjects included mental retardation, neurological disorder (e.g.,
temporal lobe epilepsy), and recent or past history of significant and habitual drug abuse or
alcoholism. A radiologist reviewed any suspected abnormalities in the high-resolution SMRI
data. Subjects were additionally screened by clinical interview using the SCID-NP [First et
al., 1994] to exclude the presence of schizophrenia spectrum or other psychiatric disorder.
All participants provided informed consent as approved by the University of California, Los
Angeles (UCLA) Institutional Review Board.

Verbal fluency scores were obtained using the Controlled Oral Word Association Test. This
test, also known as the phonemic or letter fluency test, requires subjects to name as many
words as possible beginning with a single letter (F, A and S) during a one minute time
period [Lezak, 1997]. Total scaled scores for verbal fluency (averaged across letters) were
used to examine correlations with brain imaging measures. Neuropsychological data was
unavailable for two subjects.

Image Acquisition

DTI and sMRI data were acquired on a 1.5T Siemens Sonata scanner (Erlangen, Germany)
at the UCLA Ahmanson-Lovelace Brain Mapping Center using an 8-channel head coil. The
DTI acquisition protocol included 3 averages of a whole brain sequence with 30 non-
collinear diffusion directions, 5 b0’s, and 55 brain slices oriented perpendicular to the
anterior/posterior commissure (AC-PC) line (TR=6400 ms, TE=83 ms, b=0, 1000 sec/mm?,
FOV: 240x240 mm, matrix: 96x96, voxel size: 2.5 mm3, acquisition time: 3.52 min per
average). The DTI sequence was designed to have minimal eddy current induced distortions
[Reese et al., 2003] and parallel imaging using GRAPPA reconstruction with an acceleration
factor of 2 was employed to reduce EPI distortions [Heidemann et al., 2003]. High-
resolution T1-weighted SMRI data was acquired using a 3D MP-RAGE sequence with four
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averages (NEX) (TR=1900 ms, TE=4.38, FOV: 256x256 mm; voxel size: 1 mm3, Flip
angle: 15°, acquisition time: 8.08 min per average).

DTI data processing

After image reconstruction, the diffusion gradient table was corrected for slice prescription
and images were corrected for eddy current distortions and motion artifacts using a
nonlinear 2D registration [Jezzard et al., 1998] and a 3D rigid body registration [Woods et
al., 1998a; Woods et al., 1998b] where a combined transformation file was used to minimize
interpolation. The diffusion tensor was estimated at each voxel using a linear least squares
algorithm applied to the log-transformed signal intensities. Each diffusion tensor was
diagonalized to obtain the eigenvalues that were then used to compute FA [Pierpaoli and
Basser, 1996]. Axial diffusivity, representing the principal axis of diffusion, and radial
diffusivity, reflecting the two minor axes of diffusion were computed from the principal
eigenvalue and the average of the two minor eigenvalues respectively.

Three-dimensional tract reconstruction of the AF was performed in DTIstudio [Jiang et al.,
2006] using the Fiber Assignment by Continuous Tracking (FACT) algorithm, which has
been demonstrated as a reliable method for identifying major white matter pathways with a
high degree of reproducibility [Mori et al., 1999; Mori and van Zijl, 2002; Wakana et al.,
2004; Okada et al., 2006]. Previously described protocols were used to isolate the AF
[Wakana et al., 2007; Phillips et al., 2009] using regions of interest identified in the FA-
weighted color maps of each subject [Fig. 1]. Average intra-voxel FA, and axial and radial
diffusivity was computed in each subject for the left and right AF separately. These
diffusion metrics were then used in statistical analyses to assess relationships with regional
variations in cortical thickness within the respective hemisphere. Intraclass correlation
coefficients used to determine intra and inter-rater reliability for tractography seed region
placement ranged between r=.96 and r;=.99 for measures of tract volume, voxel count and
mean FA between and within two independent raters.

sMRI data processing

Preprocessing of the T1-weighted MPRAGE images included the correction of scanner field
inhomogeneities [Sled and Pike, 1998], automated removal of extra-cortical tissue
(http://www.fmrib.ox.ac.uk/fsl/bet2/index.html) where errors in scalp editing were manually
corrected on a slice-by slice basis, correction for head tilt and alignment using a three-
translation and three-rotation rigid-body transformation [Woods et al., 1998a; Woods et al.,
1998b], and automated classification of voxels into tissue types including gray matter, white
matter and CSF [Shattuck et al., 2001]. Previously detailed cortical pattern matching
methods [Thompson et al., 2004; Narr et al., 2007] were then used to spatially relate
homologous cortical surface locations between individuals to allow relationships between
tract FA or verbal fluency test scores and cortical thickness to be assessed at high spatial
density across subjects. Briefly, parametric models of the left and right hemisphere
consisting of 65,536 vertices were first extracted from each image volume and used to
manually identify 29 sulcal/gyral landmarks for which inter- and intra-rater reliability
protocols have been previously established [Narr et al., 2007]. The sulcal landmarks were
then used as anchors to drive the surrounding cortical surface anatomy of each individual
into spatial correspondence by applying surface-warping algorithms that regrid the
hemispheric surfaces to associate the same anatomical locations across hemispheres and
individuals without scaling. Finally, cortical thickness, defined as the shortest 3D distance
from the white-gray matter interface to the hemispheric surface without crossing CSF
voxels, was estimated at each of the 65,536 spatially matched coordinate locations in each
subject, applying a 8 mm smoothing filter.
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Cortical regions of interest were additionally generated to describe and confirm the presence
of relationships between tract FA and cortical thickness for gyral regions through which the
AF traverses. These regions, including the superior and middle temporal gyri, the
supramarginal gyrus, the pre- and postcentral gyri, and the inferior frontal gyrus, were
generated using the Laboratory of Neurolmaging Probabilistic Brain Atlas (LPBA40)
[Shattuck et al., 2008] (http://www.loni.ucla.edu/Atlases/LPBA40). The superior occipital
gyrus was included as a control region of interest because the AF does not project to this
region.

Statistical analysis

Results

Since the deformation fields serve to match cortical anatomy across subjects, variations in
gray matter thickness that occur in association with indices of white matter connectivity may
be determined at high spatial resolution. The general linear model (GLM) incorporating
multiple linear regression and implemented in R (http://www.r-project.org/) was used to
map statistically significant relationships between arcuate FA and cortical thickness at each
vertex while controlling for sex and age. Regional relationships were assessed within each
hemisphere separately. That is, relationships between mean FA values from the arcuate
measured in the left hemisphere and left hemisphere cortical thickness were assessed and
likewise relationships between right hemisphere measures were examined. Differences in
the slopes of these relationships across sex were also examined. False Discovery Rate (FDR)
methods, which estimate the proportion of false positive statistical tests (rejections of the
null hypothesis when the null hypothesis is actually true) among all positive statistical tests,
were used to control for multiple spatially correlated comparisons [Storey, 2002]. The same
linear regression model was used to test for associations between neuropsychological test
scores of verbal fluency and cortical thickness at each vertex, and to test for associations
between verbal fluency and mean FA from the AF in each hemisphere.

To further confirm the significance of results and determine the strength of associations
within specific gyral regions, the six regions of interest generated from the LPBA40 atlas
were used for both permutation testing and for establishing relationships between arcuate
FA (or verbal fluency) and cortical thickness averaged within regions and across each
hemisphere using the regression model above. For permutation testing [Anderson and Braak,
2003], the number of surface points within each gyral region showing significant
associations at a threshold of p<.05 using the reduced model (controlling for sex and age)
were compared to the number of significant surface points within the same gyral region that
occurred by chance when the residuals were randomly permuted in 10,000 new analyses.

Post hoc analyses were performed, again using the same regression model, to address
whether tract volume of the AF also associates with regional variations in cortical thickness
and verbal fluency. In addition, analyses were conducted to assess whether significant
regional relationships between cortical thickness and FA may be more attributable to
differences in axial or radial diffusivity. For these analyses, relationships between cortical
thickness and AF axial or radial diffusivity were compared at each vertex and also within the
six gyral regions of interest. Finally, since several prior studies have reported hemispheric
differences in AF microstructure, e.g., [Catani et al., 2007; Glasser and Rilling, 2008; Lebel
and Beaulieu, 2009], asymmetries for arcuate FA, axial and radial diffusivity and tract
volume were assessed using paired t-tests.

Male and female subjects did not differ significantly in age, F (1,34)=.16, p>.68 or years of
education, F(1,33)=.19, p>.66. Sex effects were also absent for left or right arcuate FA,
radial and axial diffusivity, (F(1,33)=.01-.63, all p>.50), verbal fluency, F(1,31)=1.61, p<.
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21, and for cortical thickness measurements averaged across the hemispheres or within gyral
regions of interest, (F(1,33)=.02-2.07, all p>.15). As expected, males exhibited greater
overall brain, F(1,33)=32.19, p<.001, and brain tissue volumes (F(1,33)=39.17, p<.001 for
gray matter, F(1,33)=14.33, p<.001 for white matter and F(1,33)=6.81, p<.01 for CSF) than
females. AF tract volumes did not differ between males and females (left: F(1,33)=2.40, p<.
13, right: F(1,33)=3.41, p<.07) though trended larger in males. Means and standard
deviations for age, arcuate FA, axial and radial diffusivity, brain tissue volumes, cortical
thickness measurements and verbal fluency scores are provided in Table 1. Paired t-tests
showed significantly greater left compared to right hemisphere AF axial, t(1,35)=8.10, p<.
001, and radial diffusivity, t(1,35)=3.85, p<.001. Although mean tract volume was larger in
the left hemisphere, asymmetry effects were not significant for tract volume or for arcuate
FA (all p>.05). Since brain volume was not shown to correlate with average cortical
thickness, left or right arcuate FA or with verbal fluency scores, all p>.10, brain volume was
not included as an additional covariate in any subsequent statistical analysis.

Associations between AF microstructure and cortical thickness

Arcuate FA and hemisphere averaged cortical thickness values did not deviate from
normality (Kolmogorov-Smirnov tests, all p>.05). Relationships between left and right
arcuate FA and cortical thickness assessed at each vertex are mapped to the average surface
representation of the cortex shown in Figure 2. Uncorrected probability values (left panel)
reflect positive relationships; no significant negative relationships were identified.
Corresponding partial correlation coefficients (right panel) map the strength of regional
relationships in both directions. These statistical maps show highly significant associations
between FA and cortical thickness along the trajectory of the AF encompassing Broca’s area
(BA 44, 45) and proximal prefrontal cortex (BA 6), Wernicke’s area (BA 22), and inferior
parietal (BA 39 and 40), superior and middle temporal (BA 41, 42) and inferior temporal
cortices (BA 37). Effects were pronounced for the left hemisphere particularly in primary
language areas (BA 44, 45 and 22). FDR correction indicated that 90% of the uncorrected p-
values thresholded at p<.01 (orange, red and magenta) are expected to reflect true positive
findings. Differences in the slopes of FA-cortical thickness relationships were compared
across sex, but did not survive FDR correction at any cortical location. Table 2 shows
corrected p-values from permutation analyses confirming relationships between arcuate FA
and cortical thickness in frontal, temporal and parietal gyral regions in the left hemisphere.
Results were similar for the right hemisphere, although relationships were not significant in
the inferior frontal gyrus.

Results from analyses performed to assess relationships between FA and cortical thickness
averaged within each gyral region of interest were in agreement with the statistical mapping
results where significant positive associations were observed in gyral regions through which
the AF projects including the superior and middle temporal gyri, supramarginal gyrus, pre-
and postcentral gyri, and the inferior frontal gyrus in the left hemisphere and in all regions
with the exception of the inferior frontal gyrus in the right hemisphere (r and p-values are
provided in Figure 3). Associations were not significant for cortical thickness values
averaged across the entire left hemisphere: r(1,33)=.15, p>.40 or the entire right hemisphere:
r(1,33)=.07, p>.63, nor for the superior occipital gyrus control region, left: r(1,33)=.16, p>.
65 and right: r(1,33)=-.01, p>.96. The slopes of the relationships for all gyral regions of
interest did not differ statistically between males and females, F(1,33)=.001-3.01, all p>.09.
Follow-up analyses performed to examine FA-cortical thickness relationships after
excluding the two left handed subjects from the sample did not alter the direction, strength
or pattern of results (results not shown).

Follow-up testing of relationships between left and right AF axial and radial diffusivity and
cortical thickness at each vertex mapped to the average surface representation of the cortex
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are shown in Figure 4. Positive associations between cortical thickness and axial
diffusivity (top panel) and negative associations between cortical thickness and radial
diffusivity (shaded bottom panel) are seen in a similar spatial pattern to the regional
associations observed for arcuate FA and cortical thickness shown in Figure 2. However,
only left hemisphere radial diffusivity exceeded FDR thresholding to indicate that >90% of
uncorrected findings at .01 represent true positives. Associations between axial and radial
diffusivity and cortical thickness averaged across each hemisphere and within each gyral
region showed significant effects for radial diffusivity in the bilateral postcentral and right
supramarginal gyrus and middle temporal gyrus only [partial correlations and probability
values are provided in Table 3], although trends were observed for other regions.

Associations between verbal fluency and cortical thickness

Verbal fluency scores showed significant correlations with regional variations in cortical
thickness predominantly in left perisylvian regions. Uncorrected probability values and
corresponding partial correlation coefficients showing regional associations between cortical
thickness and verbal fluency measures are encoded in color in the left and right panels of
Figure 5. Significant associations that survived permutation testing were observed within the
superior temporal, pre- and postcentral gyri in the left hemisphere [corrected p-values are
provided in Table 2]. Analyses examining relationships between verbal fluency and cortical
thickness averaged within each of the six gyral regions of interest were in agreement with
the statistical mapping results, showing significant correlations for the left superior temporal
gyrus, r(1,33)=.41, p<.02, the precentral, gyrus, r(1,33)=.38, p<.03, and postcentral gyrus,
r(1,33)=.43, p<.02.

Associations between verbal fluency and AF microstructure

Associations between arcuate FA and verbal fluency did not reach the threshold of statistical
significance, r(1,31)=.27, p>.20 and r(1,31)=.05, p>.78 for the left and right arcuate
respectively. However, verbal fluency scores were significantly correlated with axial
diffusivity in the left, r(1,31)=.37, p<.03, but not in the right hemisphere, r(1,31)=.02, p>.92
[Figure 5, bottom panel]. Radial diffusivity was not shown to associate with verbal fluency
in either hemisphere, both p>.20.

Associations between AF tract volume with cortical thickness and verbal fluency

Post hoc analyses performed to assess relationships between AF tract volume and cortical
thickness sampled at each vertex were not significant at cortical location even without FDR
correction (results not shown). Further, AF tract volume did not show significant
associations with cortical thickness averaged across each hemisphere or within each gyral
region of interest [partial correlation coefficients and probability values are provided in
Table 3]. Similarly, AF tract volume did not show significant associations with measures of
verbal fluency, r(1,33)=-.01, p>.97 and r(1,33)=-.08, p>.62 for the left and right hemispheres
respectively.

Discussion

White matter tracts transmit information between functionally connected cortical regions,
though whether measures of white matter connectivity relate to regional cortical gray matter
structure within language networks has not been a focus of prior research. The AF is a major
white matter tract with extensive projections that plays a role in language processing. Using
in vivo structural and diffusion imaging data, we showed strong and highly localized
associations between indices of AF white matter microstructure and gray matter
macrostructure within cortical regions encompassing Broca's and Wernicke's area, ventral
premotor/motor, primary auditory and inferior parietal cortex and surrounding areas that
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were pronounced in the left hemisphere, particularly in the inferior frontal cortex. In
principle, variations in FA may reflect differences in the degree of angular distribution of
fibers, differences in the number of densely packed fibers or differences in the degree
myelination of fibers [Song et al., 2002; Madler et al., 2008]. Caution has been advised in
interpreting axial and radial diffusivities in terms of underlying tissue characteristics
[Wheeler-Kingshott and Cercignani, 2009], particularly in the context of crossing fibers,
partial volume effects or pathology. Nonetheless, given the large size of the AF and the
inclusion only of normal subjects in this study, the more pronounced regional associations
between cortical thickness and radial diffusivity may support variations in the degree of
myelination as the basis for the observed relationships between cortical thickness and FA.
Furthermore, increased cortical thickness may reflect microstructural features of the neuropil
that are beneficial for neural processing [Lu et al., 2007; Narr et al., 2007]. Thus, positive
associations between measures of white matter connectivity and cortical thickness in regions
widely acknowledged to contribute to language function could prove useful as a biological
marker for determining the functional integrity of language networks.

Language circuitry in the human brain is complex, and processing nodes appear to be both
highly specialized, to reflect a large degree of interactivity and interdependence and to
involve multiple linguistic stages involving central brain systems as well as those in the
sensory and motor periphery [Bookheimer, 2002; Hickok, 2009]. In the current study, verbal
fluency, which requires both language comprehension and expression did not correlate with
arcuate FA. However, positive associations with AF axial diffusivity were observed in the
left hemisphere suggesting that some aspects of AF structure relate to this aspect of
language function specifically. Again, with caution [Wheeler-Kingshott and Cercignani,
2009], these results might suggest that fiber number/density may more closely relate with
task performance. In independent contrasts, results further suggest that regional increases in
cortical thickness benefit language function. Specifically, as consistent with functional
imaging studies showing the involvement of posterior prefrontal and temporal language-
related regions as well as premotor cortex in word generation tasks [Vigneau et al., 2006],
significant associations between verbal fluency scores and cortical thickness were observed
in left-hemisphere perisylvian regions including the superior temporal and ventral pre- and
postcentral gyrus, although associations in the left inferior frontal cortices did not survive
statistical correction procedures.

Although this investigation is the first to our knowledge to map associations between indices
of AF fiber integrity and gray matter structure in cortical regions relevant for language
processing at high spatial resolution, one prior study has described positive relationships
between cortical thickness and FA sampled arbitrarily from temporal lobe regions in an
older adult sample [Wang et al., 2009]. Our findings showing positive associations between
cortical thickness and AF microstructure in young adults thus complement and extend this
prior research. While our observations underscore that the AF serves as a major pathway
linking anterior and posterior language regions in line with classic postmortem and prior
DTI tractography studies, some recent diffusion data suggests that this fiber pathway may be
separated into more specialized components. For example, though noting that ground truths
from human postmortem studies remain lacking, some studies define the AF to include
fibers of the SLF, while others describe the AF to be a functionally and anatomically distinct
segment of the SLF [Makris et al., 2005] and/or indicate that fibers of the AF may
subdivided into direct and indirect parallel pathways [Catani et al., 2005]. Using
sophisticated methods, one recent investigation has also demonstrated that connections from
BA 44 and 45 (Broca’s area) may be differentiated to represent dorsal and ventral language-
related white matter pathways [Frey et al., 2008]. In particular, investigators have shown
that the ventral language pathway connecting posterior and anterior language regions occurs
via the extreme and/or external capsule and uncinate fasciculus [Frey et al., 2008]. These

Hum Brain Mapp. Author manuscript; available in PMC 2012 November 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Phillips et al.

Page 9

pathways may contribute to distinct aspects of language processing; the AF ‘dorsal pathway’
for mapping sound to articulation and the ‘ventral pathway’ for higher-level language
comprehension [Hickok and Poeppel, 2004; Saur et al., 2008]. However, while prior studies
suggest that language pathways may be anatomically differentiated when examined on a
finer scale [Catani et al., 2005; Makris et al., 2005; Frey et al., 2008; Lawes et al., 2008;
Hong et al., 2009], even those mapping more distinct connections of the AF show the
majority of fibers overlap with the arching pathway of the AF linking anterior prefrontal and
posterior superior temporal language regions as well as proximal cortical association areas
[Bernal and Altman, 2009].

The precise role of the AF towards language and other aspects of cognitive function remain
under active investigation. However, much empirical evidence from complementary areas of
research point to functional circuits for which projections of the AF can be linked [Hickok,
2009]. For example, research on auditory-motor integration in speech underscores the
relation between posterior auditory-related language areas (Wernicke's area) and anterior
inferior frontal areas related to speech production. In particular, the posterior left superior
temporal gyrus has been implicated in phonological access during speech production, e.g.,
[Hickok et al., 2000; Okada et al., 2003; Indefrey and Levelt, 2004; Okada and Hickok,
2006] and a left-dominant auditory-motor integration circuit for speech and associated
functions has been shown to encompass the superior temporal sulcus, the pars opercularis
portion of Broca's area, and an area close to the termination point of the sylvian fissure at the
parietal-temporal boundary (termed area Spt) [Hickok et al., 2003; Hickok, 2009]. From a
functional perspective, this network that includes the inferior parietal cortex, links with
aspects of speech production in addition to phonological short-term memory, vocabulary
development, and auditory-feedback control of speech. These functions are relevant for
understanding pathological conditions such as stuttering, auditory hallucinations and
conduction aphasia, a syndrome associated with speech repetition deficits [Hickok and
Poeppel, 2000, 2004, 2007; Hickok, 2009]. In clinical studies lesions of the AF are
associated with conduction aphasia specifically. However, speech repetition deficits may
also be attributable to damage of the overlaying cortex [Anderson et al., 1999; Bernal and
Ardila, 2009], highlighting that the integrity of both gray matter and white matter are critical
for language function. AF lesions are also associated with specific naming, reading and
writing impairments as well as other neurological abnormalities such as ideomotor apraxia
[Bernal and Ardila, 2009]. Thus, clinical/pathological data supports the involvement of the
AF in many features of language function as well as in other information processes
consistent with findings from functional imaging and electrocortical studies that suggest
complex circuitry and parallel processing within language networks [Matsumoto et al.,
2004; Catani and Mesulam, 2008; Hickok, 2009].

Our findings of associations between verbal fluency scores with cortical thickness in
perisylvian regions, but only with the axial diffusivity aspect of AF microstructure may
reflect duplicity of function in language networks [Bernal and Ardila, 2009]. Further,
specific language functions such as word generation, may better associate with anatomically
distinct components of the AF or with overlapping and/or ancillary language pathways as
have been identified in recent diffusion studies [Catani et al., 2005; Makris et al., 2005; Frey
et al., 2008; Lawes et al., 2008; Hong et al., 2009]. For example, when comparing AF
tractography results with peak activation coordinates from prior functional imaging studies
of phonology and lexical-semantics, Glasser and Rilling (2008) showed that AF connections
between the superior temporal gyrus and the frontal lobe overlapped with left-lateralized
phonological activations, while left lateralized lexical-semantic activations overlapped
terminations of the AF in the middle temporal gyrus.
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Hemispheric dominance is an important characteristic of language function. Existing
evidence suggests that AF connections between auditory association cortex and frontal
regions are less pronounced in the right hemisphere [Powell et al., 2006; Glasser and Rilling,
2008] findings that are consistent with our statistical mapping results showing stronger and
more spatially diffuse relationships between AF fiber integrity and cortical thickness in the
left with respect to the right hemisphere [Figure 2]. Several prior studies have demonstrated
asymmetries of AF microstructure such as tract size, fiber density FA, and/or with regard to
fiber trajectories, e.g., [Buchel et al., 2004; Nucifora et al., 2005; Parker et al., 2005; Catani
et al., 2007; Glasser and Rilling, 2008; Lebel and Beaulieu, 2009]. Our results showing
significant leftward asymmetries of AF axial and radial diffusivity and trends for larger
mean tract volumes in the left hemisphere are compatible with these observations. As
mentioned above, AF pathways in the left and right hemisphere may be responsive to
distinct aspects of language where, for example, right hemisphere AF connections may be
more involved in processing prosodic information [Glasser and Rilling, 2008]. Others have
also shown increased FA in fibers arising from Broca's area (left BA 44/45) in the left
inferior prefrontal cortex, but not from its right-hemisphere homologue in association with
better grammar learning in healthy subjects [Floel et al., 2009]. In the present study,
significant arcuate FA-cortical thickness correlations in the inferior prefrontal cortex were
only observed in the left hemisphere adding further support for differences in the
connectivity patterns of the AF between hemispheres. Findings also resonate with recent
evidence suggesting that the evolution of the AF has specific relevance to language
specialization [Glasser and Rilling, 2008].

In spite of employing sophisticated imaging analysis methods, several limitations that are
relevant to the current research should be noted. Firstly, although diffusion imaging has
proved to be extremely useful tool for characterizing the anatomy of white matter pathways
in the human brain, the lower spatial resolution of DTI data may increase the potential for
partial volume effects. Second, although more sensitive methods have been developed that
may allow the determination of primary and secondary fiber directions that may better
resolve the anatomy of specific white matter tracts [Behrens et al., 2007], it is still not
possible to fully resolve crossing fibers at the voxel-level. Third, variations in tractography
results between studies may arise from the different strategies for fiber tracking and/or from
operator bias. Though several studies have suggested that the AF is more differentiated that
originally thought, the present study was focused on mapping the classical and more
prominent arching pathway of the AF, which has also been described as the temporal
component of the SLF [Wakana et al., 2004; Wakana et al., 2007], with high reproducibility
to determine correlations with cortical gray matter structure in language networks. However,
it is possible that subcomponents of the AF that differ according to their end points in frontal
(Broca’s area versus BA 6), premotor, parietal (supramarginal and angular gyral areas) and
superior and middle temporal cortices may better associate with particular aspects of
language processing [Makris et al., 2005; Bernal and Altman, 2009]. Finally, although males
and females did not show differences in the slopes of the relationships between arcuate FA
and cortical thickness, studies including larger samples may be required to detect more
subtle differences in the spatial pattern or magnitude of these relationships across sex.

In conclusion, the presence of strong topographical associations between indices of FA
connectivity with gray matter thickness in frontal, temporal and parietal language-related
regions supports that these pathways are functionally interrelated and are influenced by
structural integrity of gray and white matter across language networks. Further, associations
between cortical thickness and aspects of AF microstructure with word generation are in line
with separate observations showing that increased cortical thickness as well as greater AF
connectivity relate to language acquisition and skill [Lu et al., 2007; Floel et al., 2009].
Understanding the relationships between measures of white matter fiber and gray matter
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integrity may provide new insight towards understanding the underlying disturbances of
neurodevelopmental disorders such as dyslexia or schizophrenia for which language
dysfunction represents a primary feature.
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Figure 1.

Locations of the seed regions used for extracting the arcuate fasciculus. (A) The coronal
section showing the middle of the internal capsule posterior limb used to identify the core of
the arcuate fasciculus (intense triangular shaped area), (B) fiber tracts projecting from A, (C)
fiber tracts selected from the level of the anterior commissure in the axial plane that project
laterally to the sagittal striatum, and (D) fiber bundles crossing both A and C.
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Figure 2.

Statistical maps showing topographic associations between arcuate fasciculus fractional
anisotropy, and cortical thickness encoded in color. Uncorrected probability values and
partial correlation coefficients (age and gender controlled) are shown in the left and right
panels respectively. Far left insets: The AF mapped in different orientations. The bottom left
inset shows the gyral regions of interest from the LPBA40 atlas mapped onto the average
representation of the cortex.
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Figure 3.
Relationships between arcuate fasciculus (AF) fractional anisotropy (FA) and cortical
thickness averaged within gyral regions of interest for the left (top panels) and right (bottom

panels) hemispheres respectively.
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Figure 4.
Statistical maps showing associations between arcuate fasciculus axial diffusivity (top

panel) and radial diffusivity (shaded bottom panel) and cortical thickness encoded in
color. Uncorrected probability values and partial correlation coefficients (age and gender
controlled) are shown on the left and right respectively.
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Figure 5.

Top: Statistical maps showing relationships between verbal fluency and cortical thickness.
Uncorrected probability values and partial correlation coefficients (age and gender
controlled) encoded in color are shown in the left and right panels respectively. Bottom:
Relationships between verbal fluency scores and left and right hemisphere arcuate fasciculus
axial diffusivity (x10% mm?/s).
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Table 2
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Permutation results (obtained using the reduced model) for cortical thickness associations within gyral regions

of interest for arcuate fasiculus (AF) fractional anisotropy (FA) and verbal fluency measures.

Gyral Region of Interest

p-value
Middle Temporal Gyrus 0.003
Superior Temporal Gyrus 0.004
Supramarginal Gyrus 0.01
Postcentral Gyrus 0.0009
Precentral Gyrus 0.0008
Inferior Frontal Gyrus 0.01

Thickness/ arcuate FA

Left corrected

associations
Right corrected

p-value

0.03
0.004
0.03
0.008
0.02
0.14

Thickness/verbal fluency
associations

Left corrected

p-value

0.38
0.03
0.14
0.02
0.02
0.24

Right corrected

p-value

1.0
0.40
0.27
0.53
0.33

1.0
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