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Aging-Resilient Associations between the Arcuate Fasciculus
and Vocabulary Knowledge: Microstructure or Morphology?
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Vocabulary knowledge is one of the few cognitive functions that is relatively preserved in older adults, but the reasons for this relative
preservation have not been well delineated. We tested the hypothesis that individual differences in vocabulary knowledge are influenced
by arcuate fasciculus macrostructure (i.e., shape and volume) properties that remain stable during the aging process, rather than white
matter microstructure that demonstrates age-related declines. Vocabulary was not associated with age compared to pronounced agerelated declines in cognitive processing speed across 106 healthy adults (19.92– 88.29 years) who participated in this neuroimaging
experiment. Fractional anisotropy in the left arcuate fasciculus was significantly related to individual variability in vocabulary. This effect
was present despite marked age-related differences in a T1-weighted/T2-weighted ratio (T1w/T2w) estimate of myelin that were observed
throughout the left arcuate fasciculus and associated with age-related differences in cognitive processing speed. However, atypical
patterns of arcuate fasciculus morphology or macrostructure were associated with decreased vocabulary knowledge. These results
suggest that deterioration of tissue in the arcuate fasciculus occurs with normal aging, while having limited impact on tract organization
that underlies individual differences in the acquisition and retrieval of lexical and semantic information.
Key words: aging; arcuate fasciculus; diffusion tensor imaging; vocabulary; white matter

Significance Statement
Vocabulary knowledge is resilient to widespread age-related declines in brain structure that limit other cognitive functions. We
tested the hypothesis that arcuate fasciculus morphology, which supports the development of reading skills that bolster vocabulary, could explain this relative preservation. We disentangled (1) the effects of age-related declines in arcuate microstructure
(mean diffusivity; myelin content estimate) that predicted cognitive processing speed but not vocabulary, from (2) relatively
stable arcuate macrostructure (shape/volume) that explained significant variance in an age-independent association between
fractional anisotropy and vocabulary. This latter result may reflect differences in fiber trajectory and organization that are
resilient to aging. We propose that developmental sculpting of the arcuate fasciculus determines acquisition, storage, and access
of lexical information across the adult lifespan.

Introduction
Our ability to retrieve and use word meanings, or vocabulary
knowledge, is relatively preserved as we age (Arbuckle et al., 1998;
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Park et al., 2002; Schroeder and Salthouse, 2004; Borella et al.,
2011) compared with pronounced declines in cognitive processing speed, working memory, and inhibitory control (Salthouse,
1991; Schaie and Willis, 1993; Park et al., 1996, 2002; Persad et al.,
2002; Borella et al., 2008, 2011). The relative preservation of vocabulary knowledge is curious when considering evidence that

J.D.Y. has received consulting fees from Invenshure. The remaining authors declare no competing financial
interests.
Correspondence should be addressed to either Dr. Susan Teubner-Rhodes or Dr. Mark A. Eckert, Department of
Otolaryngology-Head and Neck Surgery, Medical University of South Carolina, 135 Rutledge Avenue, MSC550,
Charleston, SC 29425-5500. E-mail: teubnera@musc.edu or eckert@musc.edu.
DOI:10.1523/JNEUROSCI.4342-15.2016
Copyright © 2016 the authors 0270-6474/16/367210-13$15.00/0

Teubner-Rhodes et al. • Arcuate Fasciculus and Vocabulary Knowledge

age-related structural declines occur within brain regions that
support the retrieval and use of word meanings. In particular, the
arcuate fasciculus exhibits age-related tissue degeneration
(Voineskos et al., 2012), even though the language functions it
supports do not show corresponding declines.
The arcuate fasciculus, which connects lateral temporal cortex
with ventrolateral frontal cortex, has been linked to varied oral
and written language abilities during development. In particular,
arcuate fasciculus fractional anisotropy (FA) is predictive of reading skill in children and young adults (Klingberg et al., 2000;
Deutsch et al., 2005; Rimrodt et al., 2010; Frye et al., 2011; Hoeft
et al., 2011; Yeatman et al., 2011, 2012a, b; Feldman et al., 2012;
Vandermosten et al., 2012; Saygin et al., 2013). These observations are important for understanding vocabulary knowledge in
older adults because reading abilities early in life affect the growth
and attainment of vocabulary (Carlisle, 2000; Lonigan et al.,
2009) by increasing exposure to and aiding interpretation of new
words (Nagy and Anderson, 1984; Cunningham and Stanovich,
1997). Thus, the arcuate fasciculus is a target for understanding
the relative preservation of vocabulary knowledge in older adults.
However, the neural architecture that supports vocabulary
knowledge across the lifespan remains unclear. Myelination of the
arcuate fasciculus may contribute to differences in FA that predict
reading skills (Vandermosten et al., 2012) by influencing the signal
conduction (Pajevic et al., 2014) between classic language regions in
inferior frontal and lateral temporal cortex. Given that vocabulary
shows little decline with age, myelin and other tissue properties
should be relatively preserved if critical for the effective access and
use of vocabulary knowledge. Alternatively, vocabulary knowledge
could be relatively preserved despite age-related declines in white
matter tissue if macroanatomical characteristics (i.e., shape and volume) of the arcuate are critical for demonstrating vocabulary knowledge, especially for tasks requiring lexical access rather than speed.
This macrostructural hypothesis is consistent with evidence that fiber tract projection patterns map to functional organization within
participants (Saygin et al., 2012; Hermundstad et al., 2013; Osher et
al., 2016).
In the present study, we used a multimodal imaging approach
to investigate why vocabulary knowledge is relatively preserved
across the adult lifespan. This approach helped disentangle the
effects of aging and normal individual differences on measures of
tract microstructure that predict vocabulary, as these metrics can
reflect multiple structural features, including myelin, tissue density, axon density, and axonal coherence (Beaulieu, 2002; Mädler
et al., 2008; Schmierer et al., 2008). Specifically, we first examined
the degree to which FA and mean diffusivity (MD) in the arcuate
fasciculus were uniquely related to vocabulary (Feldman et al.,
2012) versus cognitive processing speed, a function that reliably
declines with age (Kennedy and Raz, 2009; Eckert, 2011; Fjell et
al., 2012). We then examined the extent to which macrostructural
organization versus microstructural declines explained these patterns of association. Macrostructural organization was defined
using an arcuate fasciculus volume measure that was sensitive to
tract shape and independent of age. Age-related microstructural
declines were assessed using a T1-weighted/T2-weighted ratio
(T1w/T2w) metric that has been shown to be sensitive to the
concentration of myelin (Glasser and Van Essen, 2011; Ganzetti
et al., 2014; Glasser et al., 2014). These analyses were performed in
the same space of the arcuate fasciculus to (1) show that normal
individual differences and aging effects can differentially affect
white matter metrics, and (2) explain why vocabulary knowledge
can be relatively preserved despite evidence of age-related declines in supporting neural architecture.
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Materials and Methods
Participants
A total of 106 adults (age: mean 54.67 years, range 19.92– 88.29 years;
education: mean 15.75 years, range 11–20 years) participated in this
study. The largely right-handed sample (Edinburgh handedness: mean
70.38, range ⫺100 to 100) included 60 female participants. An additional
2 participants (a 70.55-year-old man and a 46.65-year-old man) completed the study but were excluded from all analyses because of image
reconstruction errors.
Participants were recruited for a study on age-related hearing loss and
contributed to the collection of data that included structural MRI and
cognitive ability data, in addition to measures of language and hearing.
Exclusionary criteria for participating in this neuroimaging study included a history of head trauma, seizures, self-reported CNS disorders,
conductive hearing loss or otologic disease, and contraindications for
safe MRI scanning. Participants provided written informed consent before participating in this Medical University of South Carolina Institutional Review Board-approved study. All procedures performed were in
accordance with the ethical standards of the institutional and/or national
research committee and with the 1964 Helsinki declaration and its later
amendments or comparable ethical standards.

Cognitive assessments
The cognitive assessment battery included subtests from the Wechsler
Abbreviated Scale of Intelligence (WASI) (Wechsler, 1999), WoodcockJohnson III (WJ-III) Tests of Cognitive Ability and Tests of Achievement
(Woodcock et al., 2001), and the Connections cognitive processing speed
test (Salthouse et al., 2000). Subtests from these assessments were selected to evaluate the associations of vocabulary and processing speed
with arcuate fasciculus microstructure.
The WASI test of Vocabulary Knowledge served as the primary measure of vocabulary. For this task, participants defined vocabulary words
from a set of 40 items presented both verbally and in written form by
identifying their main category, features, or functions, or by giving a
specific example of the word. Participants earned between 0 and 2 points
on each item based on the quality of their response for up to 80 points in
total. This task assesses expressive vocabulary skills and was selected
because it taps both the breadth and depth of semantic knowledge.
The WJ-III Picture Vocabulary test served as a secondary measure of
vocabulary to verify results obtained with the WASI test of Vocabulary
Knowledge. This task required participants to orally identify up to 44
pictured nouns, with the difficulty of the starting item determined by age
and education. Testing proceeded to easier or harder items depending on
performance until the participant made 6 consecutive correct or incorrect responses, respectively. Each correct response was worth 1 point,
with possible scores ranging from 0 to 44. This task assesses object recognition, expressive vocabulary, and word retrieval.
Finally, the Connections Simple test served as a measure of processing
speed. For this task, participants connected circles containing either
numbers or letters in numerical or alphabetical order, respectively. Participants were given 20 s to connect as many circles of 48 as possible. The
numbers and letters tests were each administered twice, and the mean
number of connections across the four assessments was used as the Connections Simple score. Higher scores (i.e., more connections) indicate
faster processing speed.
Raw scores on the cognitive tests were converted to Z-scores for all
analyses. One participant whose score fell ⬎3 SDs below the mean was
excluded from the analyses for WASI Vocabulary Knowledge, so that
outliers would not impact the individual difference analyses.

MRI data acquisition
A Siemens 3 T Tim Trio and 32 channel head coil were used to collect
T1-weighted, fluid-attenuated inversion recovery (FLAIR) T2-weighted,
and diffusion images. The T1-weighted images were collected using a 3D
MPRAGE acquisition sequence (Mugler and Brookeman, 1990) with the
following parameters: 6.28 min scan, 160 slices, sagittal plane, 256 ⫻ 256
matrix, TR ⫽ 2250 ms, TE ⫽ 4.15 ms, flip angle ⫽ 9°, TI ⫽ 900 ms; slice
thickness ⫽ 1 mm, no slice gap, and an in-plane resolution ⫽ 1.0 ⫻ 1.0
mm. The following parameters were used to acquire 2D FLAIR T2-
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weighted images: 3.93 min scan, 42 slices, axial plane, 384 ⫻ 384 matrix,
TR ⫽ 9000 ms, TI ⫽ 2500 ms, TE ⫽ 94 ms, flip angle ⫽ 180°, slice
thickness ⫽ 3 mm, no slice gap, and an in-plane resolution ⫽ 0.5 ⫻ 0.5
mm. The diffusion images were collected using a 2D single-echo EPI
acquisition sequence with the following parameters: 9.10 min scan, inplane GRAPPA acceleration factor ⫽ 2, 64 diffusion directions at b ⫽
1000, 1 b ⫽ 0 image, sagittal plane, TE ⫽ 88 ms, TR ⫽ 8000 ms, flip
angle ⫽ 90°, FOV ⫽ 208 mm, image dimensions ⫽ 104 ⫻ 104 ⫻ 64, and
2 mm thick slices (resulting in 2 mm 3 isomorphic voxels).
Diffusion image processing. Affine eddy-current correction and tensor
fitting of the diffusion data were performed using the FMRIB Diffusion
Toolbox (Behrens et al., 2003). The resulting diffusion images from each
participant were coregistered to their native space T1 image using the
SPM8 mutual information algorithm and then saved with the T1 image
in a MATLAB MAT-file with the coregistration information to be
read by mrDiffusion software (www.vistalab.stanford.edu). Deterministic whole-brain streamline tractography was then performed using the
default algorithm in Automated Fiber Quantification (AFQ) (Yeatman et
al., 2012b). Trilinear interpolation of the tensor data was used to estimate
a continuous tensor field across the brain. Streamline tracking was conducted using a fourth-order Runge-Kutta path integration method
(Basser et al., 2000) and 1 mm fixed-step size. Whole-brain fiber tracking
was initialized from seed points within a white matter mask containing
all voxels where FA was ⬎0.3 and proceeded in both directions along the
principal diffusion axis. Tracking stopped when the fiber angle changed
⬎30° or FA was ⬍0.2. Only fibers with lengths between 50 and 250 mm
were retained to avoid including spurious fibers that were too short or
too long. This approach generated a set of whole-brain fibers that could
then be parcellated to identify fiber tracts of interest.
Fiber tracts were identified from the set of whole-brain streamline
fibers by selecting the fibers that pass through two way-point regions of
interest (ROIs) defining the trajectory of each tract (Yeatman et al.,
2012b). Two branches of the superior longitudinal fasciculus (SLF) were
examined: (1) the arcuate fasciculus segment that projects directly between frontal and temporal cortex; and (2) the frontoparietal or anterior
segment of the SLF (Catani et al., 2005). The anterior ROI for both
branches was a 2D coronal plane that was placed at the central sulcus and
spanned the extent of frontal white matter (excluding the cingulum). For
the arcuate fasciculus, the posterior ROI was a 2D axial plane that was
placed in the temporal lobe. It extended posterior to anterior from the
preoccipital notch through the superior temporal sulcus to Heschl’s
sulcus. The posterior ROI for the frontoparietal branch of the SLF was a
coronal plane placed at the posterior boundary of the splenium. ROIs
were defined in MNI space using the Mori Atlas (Mori et al., 2008) that is
packaged with AFQ. These ROIs were transformed from normalized
space into the native space of each participant’s diffusion data to ensure
that the same ROI was used and placed in a consistent location across
participants. Too few fibers were identified to obtain reliable diffusion
estimates for left arcuate fasciculus tracts in 3 participants and right
arcuate fasciculus tracts in 20 participants. This observation is consistent
with previous studies showing that the arcuate fasciculus is more consistently tracked across participants in the left than the right hemisphere
using these methods (Yeatman et al., 2011; Johnson et al., 2013). The
left and right frontoparietal branch of the SLF was identified in all
participants.
Core-weighted diffusion metrics (FA and MD) were calculated for 100
evenly spaced positions (i.e., nodes) along the center of each participant’s
native space tracts between the two ROIs. This approach normalized the
distance along each native-space tract so that Pearson correlations could
be performed across participants (Yeatman et al., 2011; Wandell and
Yeatman, 2013). AFQ was also used to exclude spurious fibers that projected ⬎20 mm beyond an ROI or from the core of the tract.
T1w/T2w processing. Myelin-enhanced contrast images were computed based on a T1w/T2w image (Glasser and Van Essen, 2011). T2weighted data (i.e., FLAIR) were not obtained for two participants who
were thus excluded from this analysis. All preprocessing of T1-weighted
and T2-weighted images was conducted in SPM8. Images in native space
were first bias-corrected using regularization of .0001 and a FWHM
Gaussian smoothing cutoff of 60 mm to minimize differences in T1 and
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T2 image transmit field biases before computing the ratio (Ganzetti et al.,
2014). The T2 image was then coregistered to the T1 image using normalized mutual information and resliced with trilinear interpolation.
These images were segmented using the SPM8 unified segmentation algorithm, which applies a nonlinear deformation field to ICBM Tissue
Probabilistic Atlases to match native space images (Ashburner and Friston, 2005). This generated T1 and T2 image-specific gray-matter probability masks. The mean gray-matter value from voxels with a gray-matter
probability ⬎0.5 was extracted from the gray-matter mask for each T1
and T2 image and used for subsequent normalization of voxel intensity.
Intensity normalization was necessary to obtain a common scale of voxel
values to produce a T1w/T2w ratio image. The intensity was normalized
separately for each T1 and T2 image (Glasser and Van Essen, 2011; Ganzetti et al., 2014) by removing values that were ⬎3 SDs beyond the mean
intensity of the bias-corrected image and dividing by the corresponding
mean gray-matter value. Finally, the normalized and bias-corrected T1weighted image was divided by the normalized and bias-corrected T2weighted image to yield a T1w/T2w image in native space for each
participant. Because the T1-weighted image was aligned to the diffusion
data, we were able to compute core-weighted averages of T1w/T2w at
each of the 100 AFQ tract nodes of the arcuate fasciculus.
Local tract volume processing. Arcuate fasciculus morphology was
computed as the local volume of the tract at each of the 100 nodes.
Volume was calculated specifically across AFQ nodes where there were
permutation-corrected significant associations between diffusion metrics and vocabulary. Two different automated methods were used to
compute local tract volume. The first method counted the number of
unique voxels that the fibers intersected at each node to estimate tract
volume in cubic millimeters. The second method estimated tract volume
by fitting an ellipsoid, or covariance matrix, to model the tract shape at
each node, and computing the ellipsoid volume in cubic millimeters.
These variables were strongly related (r ⫽ 0.77, p ⬍ 0.001), indicating
similar sensitivity to tract volume. Arcuate fasciculus volume was classified as atypical for participants whose volume estimates were 1 SD above
(high volume) or below (low volume) the mean tract volume across
participants for both methods. Using both volume metrics ensured reliable estimation of atypical volume, as the main difference between the
two methods is how they are affected by fiber outliers that deviate substantially from the tract core. The combined classification measure also
reflects atypical shape because it will be influenced by the local angle and
spread of fibers. Specifically, unusually extensive flaring of fibers or unusually widespread projections in the ROI can result in high volume
whereas unusually limited spread can result in low volume. To assess how
brain size affected local tract volume, we also computed intracranial
volume for each subject by summing native space gray matter, white
matter, and CSF probabilities from SPM8 segmented images.

Combining multiple measurements to dissociate different
tissue properties
Diffusivity metrics can be regionally independent because of differential
sensitivities to fiber tract properties (Burzynska et al., 2010). Although
decreased FA and increased MD often co-occur in older adults (Lebel et
al., 2012), using multiple metrics can help to uniquely characterize the
biological structure that is affected by aging (Yeatman et al., 2014). However, determining the precise tissue properties that underlie individual
differences in FA and MD is not straightforward. These measures fundamentally reflect local restrictions on the rate (MD) and direction (FA) of
diffusion, so several different combinations of structural features could
give rise to identical values of these metrics (Bennett et al., 2010; Jones et
al., 2013). Thus, T1w/T2w and local tract volume measures were used to
better understand specific tissue properties that might contribute to any
observed diffusion effects. Below, we define the tissue properties that
were characterized with each metric.
FA. The extent to which diffusion is anisotropic (i.e., directional) in
neural tissue depends on both intra- and extra-axonal barriers to diffusion. Increased number and density of microtubules and neurofilaments
and decreased membrane permeability can all increase diffusion in the
parallel relative to the perpendicular direction within the axon (Beaulieu,
2002; Mädler et al., 2008). Outside of the axon, the number, packing
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density, and degree of orientation coherence of axons, the thickness of
the myelin sheath, and the presence of crossing fibers can all affect anisotropy (Beaulieu, 2002; Mädler et al., 2008; Jones et al., 2013). Although
FA is often used to index myelin integrity, axons with high directional
coherence can exhibit high FA despite having low myelin content (Beaulieu, 2002; Mädler et al., 2008). Thus, differences in FA are only presumed
to reflect differences in myelination when FA corresponds to other myelin indices, such as T1w/T2w. In regions where FA is not related to
T1w/T2w, differences are more likely to reflect the organizational coherence of fibers, which may be observable in morphological measures, such
as local tract volume. FA can be further characterized by examining axial
diffusivity (AD) and radial diffusivity (RD), which reflect diffusion parallel and perpendicular to the principal diffusion direction, respectively.
These measures have been used to determine the source of significant FA
associations, where a pattern of high FA and AD and low RD in white
matter is thought to indicate tightly bundled, coherently organized axons
(Frye et al., 2011; Yeatman et al., 2011; Vandermosten et al., 2012).
MD. MD and FA often covary because features, such as axon size,
membrane density, and myelination, inversely affect these measures
(Lebel et al., 2012). However, widespread age-related increases in MD are
observed in frontal and temporal white matter in the absence of corresponding changes in FA (Zhang et al., 2010), suggesting that MD may be
more sensitive to tissue degeneration in normal aging. This dissociation
may occur in regions where FA is primarily driven by the degree of
coherence of axonal orientation (Beaulieu, 2002; Mädler et al., 2008;
Zhang et al., 2010) and so is less affected by white matter damage or loss.
Thus, T1w/T2w should covary with MD, but not FA, in regions of crossing and branching fibers.
T1w/T2w. Dividing T1 by T2 enhances the contrast for white matter by
correcting for scanner biases and improving the signal-to-noise ratio
(Glasser and Van Essen, 2011). As the byproduct of two nonquantitative
images, T1w/T2w is not a specific measure of myelin. However, it appears
to capture known differences in myelin density across neuronal structures and corresponds with other metrics thought to reflect myelin, including FA and the magnetization transfer ratio (Ganzetti et al., 2014).
Additionally, T1w/T2w exhibits an inverted U-shaped aging pattern
across ⬃90% of the cortical ribbon, paralleling the canonical trajectory of
cortical myelin across the lifespan (Grydeland et al., 2013). These findings suggest that T1w/T2w is a sensitive, although perhaps not specific,
marker of myelin and can index age-related declines in microstructure.
Local tract volume. The volume of a given streamline-derived tract region
is a product of the total number of fibers, axon size, and the complexity and
spread of local fiber trajectories (Frye et al., 2011; Lebel et al., 2012; Ocklenburg et al., 2014). Relatively limited loss of tract volume occurs with age
compared with pronounced declines in metrics of microstructure (Sala et al.,
2012). Thus, tract volume provides a relatively stable index of developmental
differences in morphology and organization.
Like measures of microstructure, tract volume is a complex metric
of the underlying tissue structure. Low tract volume can co-occur
with low FA, possibly reflecting a small number of fibers (Ocklenburg
et al., 2014), but high tract volume can also occur with low FA when
fibers spread out due to widespread terminations or the presence of
crossing fibers (Frye et al., 2011). Thus, both low and high tract
volume can reveal atypical tract organization across individuals.

Statistical analyses
Correlation analyses between demographic variables (age and education) and cognitive variables (Vocabulary Knowledge, Picture Vocabulary, and Connections Simple) were performed in SPSS (IBM, 2013) to
understand individual differences in performance on the cognitive tasks.
Correlations with a quadratic term for age (age 2), which consisted of the
residuals of age-squared after regressing out age in years (see, e.g., Park et
al., 1996), were also computed to investigate the possibility of U-shaped
aging effects on performance.
Correlation analyses between the core-weighted diffusion metrics
(FA and MD) and the primary cognitive variables of interest, Vocabulary
Knowledge and Connections Simple, were performed in R (version
2.15.0). Correlations were performed at each of 100 nodes in the left and
right arcuate fasciculus. Results were corrected for multiple comparisons
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Table 1. Correlations of education and age with vocabulary and processing speed
measuresa

Simple correlations
Education
Age
Age 2
Partial correlations controlling for education
Education
Age
Age 2

Vocabulary
Knowledge

Picture
Vocabulary

0.54***
0.04
0.10

0.45***
0.16
0.02

—
0.05
⫺0.03

—
0.18
⫺0.10

Connections
Simple
0.05
⫺0.64***
0.02
—
⫺0.64***
0.00

a
Simple correlations with Z-transformed scores on the cognitive metrics and partial correlations after controlling for
education. Age 2, Residuals of age-squared after regressing out actual age in years. Bootstrap (1000) CIs for significant correlations: Education with Vocabulary Knowledge 关0.39, 0.67兴, Picture Vocabulary 关0.27, 0.59兴; Age with
Connections Simple 关⫺0.75, ⫺0.53兴.
***p ⬍ 0.001.

using nonparametric random permutation tests because statistical results in neighboring tract positions are nonindependent (10,000 permutations; family-wise error corrected ␣ ⫽ 0.05) (Nichols and Holmes,
2002). Follow-up uncorrected control analyses were performed for positive permutation results to better characterize the primary FA and MD
effects. For each result, the longest contiguous distribution of nodes
where diffusion metrics significantly correlated with vocabulary or processing speed was used to compute a mean FA or MD metric for
follow-up behavioral and diffusion control analyses. These control analyses (1) determined the specificity of observed associations between diffusion metrics and performance, (2) assessed the degree to which these
associations were dependent on age and associated declines in T1w/T2w,
and (3) controlled for demographic variables and total intracranial
volume.

Results
Education and age associations with cognitive measures
Table 1 shows that vocabulary, but not processing speed, was
higher for individuals who had more education, whereas processing speed, but not vocabulary, declined with age (Fig. 1). These
results are consistent with prior evidence showing that processing
speed exhibits greater aging-related decrements than declarative
knowledge like vocabulary (Schaie and Willis, 1993; Park et al.,
2002). The absence of a relationship between age and vocabulary
could not be attributed to cross-sectional differences in years of
education or to a U-shaped aging pattern. No significant correlations between age and vocabulary emerged after controlling for
education (Table 1, bottom half).
To ensure that including both left- and right-handed participants in our sample did not affect the results, participants were
categorized by Edinburgh handedness into left (⫺100 to 0; n ⫽
14), right (1–74; n ⫽ 14), and strongly right-handed (75–100; n ⫽
78) groups due to a rightward skewed distribution. Handedness
groups did not exhibit significant mean differences in performance on any of the cognitive assessments (Vocabulary Knowledge: F(2,102) ⫽ 2.22, p ⫽ 0.11; Picture Vocabulary: F(2,103) ⫽ 1.92,
p ⫽ 0.15; Connections Simple: F(2,103) ⫽ 1.10, p ⫽ 0.34), nor did
the relationship between age and performance on the cognitive
assessments differ between the handedness groups (Vocabulary
Knowledge: Zs ⬍ 1.10, ps ⬎ 0.27; Picture Vocabulary: Zs ⬍ 1.53,
ps ⬎ 0.13; Connections Simple: Zs ⬍ 0.81, ps ⬎ 0.42).
Arcuate FA selectively predicts vocabulary knowledge
Significant positive correlations were observed between left arcuate fasciculus FA and Vocabulary Knowledge where the tract descends toward the temporal lobe behind the posterior end of the
Sylvian fissure (Figs. 2, 3A) (nodes 73– 88, FA: rs ⫽ [0.30, 0.39],
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Figure 1. Correlations of education (top) and age (bottom) with vocabulary (red, left) and processing speed (blue, right). M, Male; F, female. Gray shading represents the 95% CI. Processing speed
was measured by performance on the Connections Simple task such that higher values indicate faster processing speed. A, B, Education was significantly positively correlated with Vocabulary
Knowledge but not processing speed. C, D, Age in years did not predict Vocabulary Knowledge but was significantly negatively correlated with processing speed.

psFWE ⬍ 0.05; MD: psFWE ⬎ 0.10). Weaker associations that did
not survive correction for multiple comparisons were observed
for FA in the right arcuate fasciculus (nodes 81–94, rs ⫽ [0.21,
0.29], ps ⬍ 0.05 uncorrected). By contrast, Vocabulary Knowledge was not related to diffusion metrics in the frontoparietal
branch of the SLF within the left (FA: psFWE ⬎ 0.12; MD: psFWE ⬎
0.26) or right hemisphere (FA: psFWE ⬎ 0.16; MD: psFWE ⬎ 0.86).
A follow-up multiple regression analysis on nodes 73– 88 of
the left arcuate fasciculus demonstrated that RD, but not AD, was
a significant predictor of Vocabulary Knowledge (RD: ␤ ⫽
⫺0.34, t(99) ⫽ ⫺3.41, p ⬍ 0.001; AD: ␤ ⫽ 0.08, t(99) ⫽ 0.82, p ⫽
0.41; all reported ␤ values are standard estimates), suggesting that
the FA-Vocabulary Knowledge relationship was primarily driven
by diffusivity perpendicular to the principal diffusion direction.
FA in this region was also associated with Picture Vocabulary but
not with Connections Simple performance (Table 2), suggesting
that this result was specific to word knowledge.
Despite males having higher vocabulary scores than females
(Vocabulary Knowledge: t(103) ⫽ 2.08, p ⬍ 0.05; Picture Vocabulary: t(104) ⫽ 3.48, p ⬍ 0.001), correlations between left arcuate
fasciculus FA and vocabulary did not significantly differ by gender (Vocabulary Knowledge: Z ⫽ ⫺0.54, p ⫽ 0.59; Picture Vocabulary: Z ⫽ ⫺0.16, p ⫽ 0.88). Similarly, there was no

significant difference in the strength of this relation between
handedness groups (Vocabulary Knowledge: Zs ⬍ 1.46, ps ⬎
0.14; Picture Vocabulary: Zs ⬍ 0.99, ps ⬎ 0.32).
Arcuate fasciculus diffusivity selectively predicts
processing speed
Processing speed was not significantly predicted by arcuate fasciculus FA (left: psFWE ⬎ 0.26; right: psFWE ⬎ 0.43). However,
MD in the left arcuate fasciculus was significantly negatively correlated with processing speed in a large segment of the tract that
overlaps with the region that was associated with Vocabulary
Knowledge (Fig. 3B; nodes 9 –11 and 40 – 85: rs ⫽ [⫺0.28,
⫺0.40], psFWE ⬍ 0.05). MD along a similar segment of the right
arcuate fasciculus was also significantly negatively correlated with
processing speed (Fig. 3C; nodes 51–75 and 79 – 80, rs ⫽ [⫺0.31,
⫺0.41], psFWE ⬍ 0.05). Significant negative correlations between
MD and processing speed were also observed in anterior and
posterior segments of the left frontoparietal SLF (nodes 1–11 and
94 –100, rs ⫽ [⫺0.26, ⫺0.30], psFWE ⬍ 0.05) and a posterior
segment of the right frontoparietal SLF (nodes 84 –100, rs ⫽
[⫺0.26, ⫺0.33], psFWE ⬍ 0.05). None of the correlations between
FA and processing speed in the frontoparietal SLF were significant (left: psFWE ⬎ 0.14; right: psFWE ⬎ 0.09).
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Fig. 5). In particular, hierarchical regression showed that, although FA was a
significant predictor of Vocabulary Knowledge (␤ ⫽ 0.38, t(98) ⫽ 4.10, p ⬍ 0.001),
neither age nor T1w/T2w significantly improved model fit (age: ⌬R 2 ⫽ 0.001, F(1,97)
⫽ 0.07, p ⫽ 0.80; T1w/T2w: ⌬R 2 ⬍ 0.001,
F(1,97) ⫽ 0.001, p ⫽ 0.98) and including
them in the model did not diminish the
strength of FA as a predictor (␤ ⫽ 0.38,
t(96) ⫽ 4.03, p ⬍ 0.001). These results indicate that the relationship between left
arcuate fasciculus FA and vocabulary
persisted across the lifespan despite agerelated differences in tract microstructure, which may be due to declining
myelin.
White matter associations with
processing speed are age-dependent
Compared with the FA and vocabulary results, regions where MD was associated with
processing speed showed a different pattern
of association with age and T1w/T2w. MD
was significantly correlated with age (positively) and T1w/T2w (negatively) in the left
and right arcuate fasciculus as well as the left
and right frontoparietal SLF (Table 3; Fig.
5). These results suggest that age-related
white matter decline occurred where there
were age-related increases in MD, as expected when barriers to diffusion are
reduced.
Hierarchical regression demonstrated
that age predicted processing speed above
and beyond MD in the arcuate fasciculus
(left, nodes 40 – 85: ␤ ⫽ ⫺0.57, t(98) ⫽
⫺7.00, p ⬍ 0.001; right, nodes 51–75: ␤ ⫽
⫺0.56, t(81) ⫽ ⫺6.60, p ⬍ 0.001) and the
frontoparietal
SLF (left, nodes 1–11: ␤ ⫽
Figure 2. Tract renderings of the left arcuate fasciculus from selected participants with (A) low Vocabulary Knowledge (bottom
quartile) and low or high tract volume and (B) high Vocabulary Knowledge (top quartile) and normal tract volume. F, Female; M, ⫺0.61, t(101) ⫽ ⫺7.74, p ⬍ 0.001; right,
male. Yellow area in the posterior segment of the tract represents nodes 73– 88 where FA was significantly positively correlated nodes 84 –100: ␤ ⫽ ⫺0.60, t(101) ⫽ ⫺7.71,
with Vocabulary Knowledge ( pFWE ⬍ 0.05). Some fibers do not appear to pass through the ROIs for individual participants; this is p ⬍ 0.001). Adding age to the model rebecause AFQ’s fiber selection algorithm uses a smoothed ROI to correct for small errors in coregistration from MNI space to the duced the strength of MD as a predictor of
participant’s native space.
processing speed in all regions of interest
(left arcuate, nodes 40 – 85: from ␤ ⫽
⫺0.41 to ␤ ⫽ ⫺0.19, t(98) ⫽ ⫺2.37, p ⫽ 0.02; right arcuate, nodes
As shown in Table 2 and Figure 4, the FA-Vocabulary Knowl51–75: from ␤ ⫽ ⫺0.44 to ␤ ⫽ ⫺0.26, t(81) ⫽ ⫺3.08, p ⬍ 0.01; left
edge and MD-processing speed associations in the arcuate fascicfrontoparietal SLF, nodes 1–11: from ␤ ⫽ ⫺0.28 to ␤ ⫽ ⫺0.10,
ulus were statistically unique effects (i.e., cases with high MD and
t(101) ⫽ ⫺1.20, p ⫽ 0.23; right frontoparietal SLF, nodes 84 –100:
low processing speed did not have low FA and low Vocabulary
from ␤ ⫽ ⫺0.31 to ␤ ⫽ ⫺0.14, t(101) ⫽ ⫺1.82, p ⫽ 0.07). Adding
Knowledge). Together with the FA and vocabulary results, these
T1w/T2w did not further improve model fit for the arcuate fasfindings demonstrate unique influences on cognition within
ciculus (left, nodes 40 – 85: ⌬R 2 ⫽ 0.004, F(1,97) ⫽ 0.67, p ⫽ 0.43;
overlapping regions of the arcuate fasciculus.
right, nodes 51–75: ⌬R 2 ⫽ 0.004, F(1,80) ⫽ 0.61, p ⫽ 0.44; collinearity diagnostics indicated that 42%–50% of the variance in
White matter associations with vocabulary knowledge
the T1w/T2w ratio was explained by age and MD in the left and
are age-independent
right arcuate) or the frontoparietal SLF (left, nodes 1–11: ⌬R 2 ⫽
T1w/T2w proved to be a sensitive index of age-related tissue de0.0004, F(1,100) ⫽ 0.07, p ⫽ 0.80; right, nodes 84 –100: ⌬R 2 ⫽
clines. As shown in Table 3, age was significantly and negatively
correlated with T1w/T2w in nodes 73– 88 of the left arcuate fas0.02, F(1,100) ⫽ 2.78, p ⫽ 0.10; collinearity diagnostics indicated
ciculus, where FA was associated with vocabulary (Fig. 5A). This
that 52%–57% of the variance in the T1w/T2w ratio was exregion of the arcuate fasciculus was therefore susceptible to ageplained by age and MD in the left and right frontoparietal SLF),
related differences in white matter microstructure. FA was not,
but replacing age with T1w/T2w yielded a similar pattern of rehowever, significantly correlated with age or T1w/T2w (Table 3;
sults. Thus, age-related declines in tract microstructure contrib-
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Figure 3. Correlations with diffusion metrics in the (A, B) left arcuate fasciculus and (C) left frontoparietal SLF by node position, and corresponding fiber renderings from an example participant.
FP SLF, Frontoparietal superior longitudinal fasciculus. Color represents the r value of the correlation at each node position. Shaded gray area represents nodes where the permutation-corrected
significance level was p ⬍ 0.05, which are depicted in color on the rendered fibers. y-axis indicates the mean value of the diffusion metric at each node represented by the x-axis. Error bars indicate
SD of the mean diffusion metric. A, FA was significantly positively correlated with Vocabulary Knowledge in nodes 73– 88 of the left arcuate fasciculus. B, MD was significantly negatively correlated
with processing speed in nodes 9 –11 and 40 – 85 of the left arcuate fasciculus. C, MD was significantly negatively correlated with processing speed in nodes 1–11 and 94 –100 of the left
frontoparietal SLF. The spread of the fibers at the posterior end of the tract is consistent with prior work (Catani et al., 2005).
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Table 2. Diffusion correlations with language and processing speed measuresa

L arcuate fasciculus FA (nodes 73– 88)
L arcuate fasciculus MD (nodes 40 – 85)
R arcuate fasciculus MD (nodes 51–75)
L frontoparietal SLF MD (nodes 1–11)
R frontoparietal SLF MD (nodes 84 –100)

Vocabulary
Knowledge

Picture
Vocabulary

Connections
Simple

0.38***b
⫺0.18
⫺0.10
⫺0.06
⫺0.07

0.31**
⫺0.14
⫺0.08
⫺0.10
⫺0.04

0.16
⫺0.41***b
⫺0.44***b
⫺0.28**b
⫺0.31**b

a
Correlations of diffusion metrics averaged across tract segments with Z-transformed scores on the cognitive metrics. L, Left; R, right. Bootstrap (1000) CIs for significant correlations: L arcuate FA (nodes 73– 88) with Vocabulary
Knowledge 关0.17, 0.55兴 and Picture Vocabulary 关0.12, 0.48兴; L arcuate MD (nodes 40 – 85) with Connections Simple
关⫺0.57, ⫺0.23兴; and R arcuate MD (nodes 51–75) with Connections Simple 关⫺0.60, ⫺0.25兴.
b
The nodes in the defined region exhibited significant correlations in permutation testing across the entire tract.
**p ⬍ 0.01; ***p ⬍ 0.001.

uted to the relation between MD and processing speed in the
bilateral arcuate fasciculus and frontoparietal SLF.
Local tract volume impacts arcuate fasciculus associations
with vocabulary
The results above indicate that FA associations with vocabulary
were not dependent on age or age-related declines in T1w/T2w.
Because FA is affected by many different white matter properties,
we next investigated the hypothesis that these associations reflected differences in tract morphology (i.e., macrostructure)
rather than microstructure per se. Arcuate fasciculus volume estimates across nodes 73– 88 identified participants with high volume (n ⫽ 9), low volume (n ⫽ 7), or volume within the normal
range. Thus, the 16 cases with extreme values were within the tails
of a normal distribution of local arcuate fasciculus volume across
participants. These cases exhibited small volume tracts with few
fibers or large volume tracts with substantial flaring in the posterior segment of the tract where the FA-vocabulary relationship
was significant (Fig. 2A). In contrast, cases with volume in the
normal range exhibited relatively modest flaring as the fibers
curved behind the Sylvian fissure (Fig. 2B). Intracranial volume
did not differ between participants with normal compared with
high arcuate fasciculus volume (t(93) ⫽ ⫺0.71, p ⫽ 0.48) but was
significantly lower for participants with low arcuate volume
than those with normal arcuate volume (t(91) ⫽ 3.10, p ⬍ 0.01;
Table 4). Importantly, age did not differ across the volume
groups (F(2,99) ⫽ 1.20, p ⫽ 0.30; Table 4), indicating that arcuate
fasciculus volume classification was independent of age.
Local arcuate fasciculus volume was related to Vocabulary
Knowledge, as cases with volumes in the normal range exhibited
significantly higher Vocabulary Knowledge compared with the
high-volume (t(93) ⫽ 2.28, p ⬍ 0.05) and low-volume participants (t(91) ⫽ 3.06, p ⬍ 0.01; Table 4). Removing high- and
low-volume participants decreased the variance in Vocabulary
Knowledge explained by FA in the left arcuate fasciculus by 5%,
although the correlation remained significant (r ⫽ 0.31, p ⬍
0.05). These results suggest that the macrostructure of the arcuate
fasciculus, rather than aging effects on tract microstructure,
contribute to normative individual variability in vocabulary
knowledge and may underlie its relative stability across the adult
lifespan.
Predicting vocabulary knowledge from demographic and
neuroanatomical factors
A multiple linear regression predicting Vocabulary Knowledge from gender, education, intracranial volume, and left
arcuate fasciculus FA (nodes 73– 88) was performed to assess
the extent to which the arcuate fasciculus effects were inde-

pendent of other developmental influences. Together, these
variables explained 39% of the variance in Vocabulary Knowledge, although only education (␤ ⫽ 0.45, p ⬍ 0.001) and left
arcuate fasciculus FA (␤ ⫽ 0.28, p ⬍ 0.01) were significant
predictors (gender: ␤ ⫽ ⫺0.13, p ⫽ 0.18; intracranial volume:
␤ ⫽ 0.05, p ⫽ 0.64). Importantly, this result demonstrates that
FA in the left arcuate fasciculus significantly predicts Vocabulary Knowledge, even after accounting for effects of gender,
brain size, and education.

Discussion
Vocabulary knowledge was significantly associated with left
arcuate fasciculus FA where the fibers pass by the supramarginal gyrus on their way to and from the temporal lobe. These
effects were partially dependent on local tract volume and
were not due to age despite evidence of age-related decline in
T1w/T2w across the arcuate fasciculus. In contrast, significant
associations between processing speed and arcuate fasciculus
microstructure were largely explained by aging effects. These
results suggest that vocabulary knowledge is relatively preserved with age because it depends, at least in part, on the
macrostructural development of the arcuate fasciculus.
The role of the left arcuate fasciculus in
vocabulary knowledge
The arcuate fasciculus findings are consistent with considerable evidence linking left temporal-parietal white matter measures to the development and maintenance of normal
language skills that include naming, verbal fluency, phonological decoding, and vocabulary (Klingberg et al., 2000; Deutsch
et al., 2005; Wong et al., 2011). For instance, FA in lefthemisphere temporal-parietal white matter predicted the ability to name objects in pictures, after controlling for age,
education, and total brain volume (Kucukboyaci et al., 2014).
Similarly, we observed an FA association with vocabulary that
was independent of age, education, gender, and total intracranial volume.
Inhomogeneous organization of arcuate fasciculus fibers
or a relatively small number of fibers may underlie associations between FA and reading skills (Deutsch et al., 2005;
Carter et al., 2009). Indeed, the qualitatively unique patterns
of arcuate fasciculus morphology shown in Figure 2 and the
results of the volume classification analysis support the premise that poor language abilities stem from atypical arcuate
fasciculus patterning.
The cases with quite large arcuate volumes and extensive
projections could reflect atypical pruning during development. Disrupted or incomplete synaptic pruning increases the
number of neuronal connections but weakens their functional
connectivity (Chung et al., 2013; Zhan et al., 2014), and is
associated with abnormal enlargement of cortical and subcortical structures that predicts behavioral impairments (BeckelMitchener and Greenough, 2004; Hessl et al., 2004; Molnár
and Kéri, 2014). The cases with quite small arcuate volumes
could reflect extensive crossing fibers through the arcuate that
limit the effectiveness of deterministic fiber tracking methods
with 64 direction diffusion data. This idea may be supported
by the RD association with vocabulary knowledge and could
be due to an indirect posterior arcuate pathway that lies adjacent to and overlaps with the direct pathway examined in the
current study (Catani et al., 2005; Catani and Thiebaut de
Schotten, 2008; Budisavljevic et al., 2015; Weiner et al., 2016).
Although spatial heterogeneity limited our ability to reliably
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Figure 4. Correlations of diffusion metrics averaged across nodes in the arcuate fasciculus and frontoparietal SLF with vocabulary (red, left) and processing speed (blue, right). M, Male; F, female;
FP SLF, frontoparietal superior longitudinal fasciculus. Gray shading represents the 95% CI. Processing speed was measured by performance on the Connections Simple task such that higher values
indicate faster processing. A, B, Left arcuate fasciculus FA (nodes 73– 88) was significantly positively correlated with Vocabulary Knowledge but not processing speed. C, D, Left arcuate fasciculus MD
(nodes 40 – 85) did not predict Vocabulary Knowledge but was significantly negatively correlated with processing speed. The correlation with processing speed in D was significantly stronger in
males than females (Z ⫽ ⫺2.04, p ⬍ 0.05; males: r ⫽ ⫺0.61, p ⬍ 0.001; females: r ⫽ ⫺0.28, p ⬍ 0.05). E, F, Left frontoparietal SLF MD (nodes 1–11) did not predict Vocabulary Knowledge
but was significantly negatively correlated with processing speed. The correlation with processing speed in F was significantly stronger in males than females (Z ⫽ ⫺2.17, p ⬍ 0.05; males: r ⫽
⫺0.57, p ⬍ 0.001; females: r ⫽ ⫺0.20, p ⫽ 0.13).

track these putative fibers, Vanderauwera et al. (2015) demonstrated an association between diffusion properties of the
posterior arcuate fasciculus and a phonological processing
measure, even when controlling for crossing fibers using

spherical deconvolution. A simpler explanation, which is consistent with the observation of reduced intracranial volume, is
that fewer arcuate fibers in these cases reflect fewer neuronal
targets or impoverished lexical-semantic representations in
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Table 3. Correlations of age, the T1w/T2w ratio, and diffusion metrics in regions of
interesta
L arcuate fasciculus (nodes 73– 88)
1. Age
2. T1w/T2w ratio
3. FA
L arcuate fasciculus (nodes 40 – 85)
1. Age
2. T1w/T2w ratio
3. MD
R arcuate fasciculus (nodes 51–75)
1. Age
2. T1w/T2w ratio
3. MD
L frontoparietal SLF (nodes 1–11)
1. Age
2. T1w/T2w ratio
3. MD
R frontoparietal SLF (nodes 84 –100)
1. Age
2. T1w/T2w ratio
3. MD

1

2

3

—
⫺0.64***
0.05

—
0.02

—

—
⫺0.67***
0.38***

—
⫺0.45***

—

—
⫺0.60***
0.32**

—
⫺0.43***

—

—
⫺0.69***
0.30**

—
⫺0.39***

—

—
⫺0.74***
0.29**

—
⫺0.33***

—

a

T1w/T2w ratio and diffusion metrics were averaged across the relevant nodes. L, Left; R, right.
**p ⬍ 0.01; ***p ⬍ 0.001.

posterior middle temporal cortex (Lau et al., 2008) that could
limit the complexity of combinatorial semantic operations in
this region (Humphries et al., 2007). The results of the current
study suggest that there is an optimal organization of arcuate
fasciculus fibers for the acquisition and use of vocabulary
knowledge that may be determined by the rate of arcuate fiber
growth and pruning early in development (Yeatman et al.,
2012a). This relationship may emerge selectively in an arcuate
fasciculus region where fibers project toward targets that diverge in location across individuals, thus producing more
variability in tract organization.
Arcuate fasciculus fibers appear to provide scaffolding for the
development of reading skills that play an important role in the
acquisition of new words. Four- to six-year-old prereading children with relatively elevated arcuate fasciculus volume and FA
were better at combining sounds into words and decomposing
words into sounds (Saygin et al., 2013). This FA association with
phonological awareness was observed in a similar posterior distribution as the present study. In addition, correct recognition of
recently learned sound sequences was associated with diffusion
metrics in the left arcuate fasciculus (López-Barroso et al., 2013).
These results suggest that optimal arcuate fasciculus organization
provides for superior phonological awareness that translates into
better reading fluency and facilitates the acquisition of vocabulary knowledge.
The left arcuate fasciculus findings may not simply reflect
the accumulation of vocabulary knowledge. Glasser and
Rilling (2008) proposed that the left arcuate fasciculus supports both a dorsal phonological-articulatory and a ventral
lexical-semantic route of speech processing, with terminations in the superior and middle temporal gyri, respectively.
The left posterior middle temporal gyrus/superior temporal
sulcus in particular is thought to be involved in lexical storage
(Lau et al., 2008), and cortical stimulation of this region disrupts retrieval of semantic knowledge (Corina et al., 2010).
Optimal arcuate fasciculus structure may therefore support
accurate retrieval of lexical-semantic information.

Despite consistent evidence that the left arcuate fasciculus
supports a variety of reading and language skills, the present findings are among the first to directly link it to adult vocabulary
knowledge. Madhavan et al. (2014) observed a significant association between left arcuate fasciculus FA and verbal fluency in
healthy adults across the lifespan but found no association with
receptive vocabulary. Importantly, both of the vocabulary measures in the current study characterize not only how much word
knowledge a person has accumulated, but also the ability to retrieve and express that information. Additionally, the methods
used in this study may have been sensitive to associations between
left arcuate fasciculus and vocabulary because they (1) examined
spatially specific effects along the course of the tract and (2) used
core-weighted FA estimates to limit the impact of adjacent tracts
that may have influenced findings in previous studies (Beaulieu et
al., 2005; Deutsch et al., 2005; Niogi and McCandliss, 2006).
Resilience of arcuate fasciculus associations with vocabulary
knowledge to aging
We observed evidence of typical age-related decline in T1w/
T2w in middle to posterior segments of the arcuate fasciculus
bilaterally, including the left posterior region where FA was
associated with vocabulary knowledge regardless of age. Previous studies have described T1w/T2w as an index of myelin
within gray matter (Glasser and Van Essen, 2011; Grydeland et
al., 2013; Ganzetti et al., 2014; Glasser et al., 2014), but it is
unclear how it relates to myelin content in white matter (Sandrone et al., 2015). To the extent that T1w/T2w indexes myelin, loss of myelin may not be critical to the use of vocabulary
knowledge in older adults, even though age-related changes in
T1w/T2w co-occur with declines in cognitive processing
speed. While myelination is likely critical to the development
of vocabulary knowledge (Wandell and Yeatman, 2013), our
results suggest that the use of vocabulary in adulthood depends on other tissue properties known to affect FA. Such
properties include the number of fibers, their orientation,
and/or the coherence of their organization (Beaulieu, 2002;
Mädler et al., 2008).
The local tract volume findings from this study have important implications for interpreting significant associations
between FA and language abilities (e.g., reading skills, vocabulary knowledge) that are consistently observed in left
temporal-parietal white matter. These associations are often
attributed to individual differences in tract microstructure
(Klingberg et al., 2000), which is a reasonable interpretation
given that FA can be influenced by myelin content and fiber
density and may be critical in development. Our results suggest that macrostructure also affects FA in this region of the
arcuate fasciculus where fibers begin to flare outward as they
project to different terminations in the temporal lobe (Fig. 2).
Thus, vocabulary knowledge may be relatively unaffected
by age-related declines and is more strongly determined by
developmental differences in arcuate fasciculus organization
that affect the acquisition and expression of vocabulary
knowledge across the adult lifespan. FA effects were specific to
the left temporal-parietal arcuate fasciculus branch and remained significant after controlling for intracranial volume,
suggesting that the organization of the left posterior arcuate
fasciculus in particular is important for the expression of vocabulary knowledge. Normal variation in left arcuate morphology may limit the potential impact of age-related white
matter declines on vocabulary knowledge, suggesting that
large longitudinal studies are necessary to detect any effects of
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Figure 5. Correlations between age, T1w/T2w, and diffusion metrics averaged across nodes in the arcuate fasciculus and frontoparietal SLF. M, Male; F, female; FP SLF, frontoparietal superior
longitudinal fasciculus. Gray shading represents 95% CI. A, B, Age was significantly negatively correlated with T1w/T2w in both the left arcuate (nodes 73– 88) and left frontoparietal SLF (1–11).
C, D, Age was not correlated with FA in the left arcuate (nodes 73– 88) but was significantly positively correlated with MD in the left frontoparietal SLF (nodes 1–11). E, F, T1w/T2w was not correlated
with FA in the left arcuate (nodes 73– 88) but was significantly positively correlated with MD in the left frontoparietal SLF (nodes 1–11).

pronounced age-related white matter declines on vocabulary
knowledge.
In conclusion, the structural organization of the left posterior arcuate fasciculus explains unique variance in vocabulary
knowledge in adults. The arcuate fasciculus effect was resilient
to age-related declines in a T1w/T2w myelin-enhanced contrast but was associated with extreme posterior tract volume,

suggesting that it reflects stable individual differences in tract
morphology. Thus, developmental patterning of arcuate fasciculus projections appears to be important for the expression
of vocabulary knowledge that is resilient to the widespread
effects of aging on white matter microstructure. Considering
the developmental profiles that give rise to variability in left
arcuate fasciculus morphology may help delineate the neural
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Table 4. Mean (SD) of Vocabulary Knowledge, FA, intracranial volume, and age by
left arcuate fasciculus volume classification
a

Vocabulary Knowledge
FA
Intracranial volume
Age

Normal

High Volume

Low Volume

64.70 (7.67)
0.51 (0.07)
1492.72 (185.58)
55.24 (16.55)

58.44 (9.25)*
0.48 (0.05)
1538.73 (176.69)
51.32 (22.45)

55.43 (8.22)*
0.45 (0.06)*
1271.57 (112.15)**
45.38 (18.17)

a

Vocabulary Knowledge is reported as raw scores.
*p ⬍ 0.05; **p ⬍ 0.01; difference from normal group.

mechanisms underlying individual differences in language
abilities across the lifespan.
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