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The goal of this study was to determine the relationship between age-related white
matter changes, with a specific focus on previously identified language pathways, and
language functioning in healthy aging. 228 healthy participants (126 female; 146 right-
handed), ages 18 to 76, underwent 3.0 Tesla MR diffusion weighted imaging (DWI)
and a battery of language assessments including the Boston Naming Test (BNT), the
Peabody Picture Vocabulary Test (PPVT), the Controlled Oral Word Association Test
(COWAT), Semantic Fluency Test (SFT), and a subset of the Boston Diagnostic Aphasia
Examination (CI-BDAE). Using tract based spatial statistics (TBSS), we investigated
measurements of fractional anisotropy (FA), axial diffusivity (AD), radial diffusivity (RD),
and mean diffusivity (MD). TBSS was used to create a white matter skeleton that was
then used to analyze white matter changes (indexed by FA, AD, RD, and MD) with
age and language performance. Results focused primarily on significant relationships
(o < 0.05, cluster-wise FDR corrected for multiple comparisons) in the canonical
language white matter pathways. We found a diffuse linear decrease with age in global
white matter FA and a significant focal increase in FA with age within the bilateral superior
cerebellar peduncles (SCPs). We observed that increased BNT scores were associated
with increased FA within the left SLF, and within the posterior and antero-lateral portions
of the right inferior frontal-occipital fasciculus (IFOF). Increased SFT and PPVT scores
were associated with increased FA within the posterior portion of the right IFOF and
increased FA within the left body of the corpus callosum was associated with lower
COWAT scores. We found no association between FA and BDAE. MD, RD, and AD,
were found to be inversely proportional to FA within the IFOF, with AD showing a negative
correlation with SFT, and RD and MD showing a negative correlation with BNT. There
was no association between CI-BDAE and any of the white matter measures. Significant
differences between sexes included more pronounced FA decrease with age within the
right SLF in males vs. females; there were no differences in language performance
scores between sexes. We also found that there was no decline in language testing
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scores with increasing age in our cohort. Taken together, our findings of varying
relationships between DTl metrics and language function within multiple regions of the
non-dominant IFOF suggest that more robust language networks with bilateral structural
connectivity may contribute to better overall language functioning, regardless of age.

Keywords: diffusion MRI, fractional anisotropy, tract based spatial statistics, white matter language pathways,

inferior fronto-occipital fasciculus

INTRODUCTION

Age-related changes in brain volume have been investigated
using a variety of MRI and post-processing techniques, including
alterations in white and gray matter volume and integrity
(Steen et al, 1995; Cho et al., 1997; Hanyu et al, 1997;
Tang et al., 1997, 2001; Ketonen, 1998; Bartzokis et al., 2001;
Abe et al., 2002; Ge et al, 2002a,b; Hugenschmidt et al,
2008). In addition to pure anatomical investigations showing
age-related changes in healthy aging, studies of patients with
cognitive dysfunction have documented progressive degradation
of the white matter associated with age and the degree of
cognitive dysfunction (Ylikoski et al., 1993; Inzitari, 2000;
Inzitari et al., 2000; Takahashi et al., 2004; Shenkin et al,
2005; Miranda et al., 2008; Madden et al., 2009; Ziegler
et al, 2010). There is, however, a relative paucity of data
concerning white matter structure, aging, and the relationship
between those variables and the level of language functioning
(Madhavan et al., 2014). In contrast, rich pediatric literature
explores the processes of brain maturation and language
development in numerous cross-sectional and longitudinal
studies using structural and functional neuroimaging (Holland
et al, 2001, 2007; Schmithorst et al., 2002, 2005; Szaflarski
et al, 2006, 2012). In general, this literature demonstrates
significant correlations between white matter structure and I1Q,
age-related changes in white matter maturation, and increased
left-hemispheric participation in language-related processing
with age. However, it is not well understood whether the
microstructural integrity of white matter pathways associated
with language in healthy adults predicts changes in language
function or lateralization. Thus, the primary aim of the
current study was to assess the relationship between white
matter changes, language function and lateralization, and age
in healthy adults.

Concerning white matter and language function, several
specific white matter tracts have been found to contribute
to language function including the arcuate fasciculus (AF),
uncinate fasciculus (UF), inferior longitudinal fasciculus (ILF),
superior longitudinal fasciculus (SLF), and inferior frontal-
occipital fasciculus (IFOF) (Middlebrooks et al., 2017). The
SLF is further divided into three subsections. Similar to lesions
of the Broca’s area, disruptions in the dominant SLF III are
associated with dysarthria/anarthria and speech output deficits
(Bizzi et al., 2012). Disruptions of the dominant IFOF pathway
are typically associated with anomia and paraphasic errors
(Martino et al., 2010). The ILF is a multilayer and bidirectional
tract that is involved in orthographic processing and visual
cognition; disruption of this tract may be associated with various

neuropsychological abnormalities such as visual agnosia or
hallucinations, and alexia (Zemmoura et al., 2015). The UF is
involved in semantic processing, with some evidence to suggest
that disruption of the pathway can result in problems with
proper name anomia and famous face recognition (Papagno
et al., 2016). The AF pathway is considered one of the most
important language pathways. For example, disruption of the AF
has been related to difficulties in comprehension and repetition
when combined with cortical dysfunction (Breier et al., 2008;
Allendorfer et al, 2016). The ventral WM tracts, including
the IFOF and ILE are considered association fibers that run
through the length of the temporal lobe. The ILF connects
the temporal pole, limbic network, and anterior portions of
the middle and inferior temporal gyri to the occipital lobe
(Herbet et al., 2018). The IFOF courses medially to the ILF
in the temporal lobe and connects the inferior orbitofrontal
cortex with the inferior and medial occipital lobe (Catani and
Thiebaut de Schotten, 2008). The UF is thought to share
cortical projections with the ILF and, therefore, may assist
in tasks that require temporal to frontal connections such
as word retrieval and aspects of naming (Lu et al, 2002;
Duffau et al., 2014).

Of the varying MRI acquisition techniques used to study
age-related white matter changes, diffusion weighted imaging
(DWI) has proven to be a robust marker of white matter
structural integrity (Salat et al., 2005a,b; Yoshiura et al., 2005;
Zhang et al., 2005; Lehmbeck et al., 2006; Hsu et al., 2008,
2010; Thomas et al., 2008; Yoon et al, 2008; Davis et al,
2009; Giorgio et al., 2010). DTT analysis provides a quantitative
measure of the integrity of white matter tracts assessed indirectly
by measuring the directionality of water diffusion through
fractional anisotropy (FA), and varying rates of water diffusion
through mean diffusivity (MD), radial diffusivity (RD), and axial
diffusivity (AD) (Pierpaoli and Basser, 1996; Madden et al.,
2004). Multiple previous studies have shown global decreases
in white matter FA with normal aging especially from the 4th
decade on (Courchesne et al., 2000) with regional decreases noted
in the internal capsule, corpus callosum, and frontal, parietal,
and occipital regions (Abe et al, 2002; Moseley, 2002; Hsu
et al., 2010; Lebel et al., 2012). The age-related white matter
degradation has also been suggested to occur in an anterior
to posterior gradient, with the prefrontal regions and anterior
portions of the corpus callosum (genu) being most significantly
affected (Sullivan and Pfefferbaum, 2006; Madden et al., 2009;
Zahr et al., 2009).

Tract-based spatial statistics (TBSS), a methodological
tool that extends the evaluation of DTI data by providing
great anatomical specificity in an objective manner
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(Smith et al., 2006, 2007). Longitudinal assessment with TBSS
has previously shown annual decrease in FA and increases in
AD, RD, and MD within white matter regions for older adults
suggesting that these indices together may track axonal injury
and reduced pathway coherence across the lifespan (Sexton
et al,, 2014). Although prior literature suggests that cognitive
decline is partially related to global degradation of white
matter over time, there is paucity of data investigating language
performance in correlation with changes in white matter
pathways associated specifically with language (Gerstenecker
et al., 2017; Rabin et al., 2018). Given that some individuals
develop language dysfunction with age, with or without the
development of global cognitive impairment, it is important
to understand whether age-related changes in white matter
pathways contribute to the decline in specific language domains.
Thus, direct comparison of measures of white matter integrity
using TBSS with linguistic measures may help further outline
these relationships.

Concerning the investigations of the interactions between
language and DTI, few studies have examined the relationship
between white matter FA values, anatomy, aging, and specific
language function(s). Decreased FA in the left temporo-parietal
white matter region has been correlated with poorer reading and
also may have implications in patients with dyslexia (Klingberg
et al., 2000). This region contains axons from AF and external
capsule that project from the temporal, occipital, and inferior
parietal cortices to the frontal cortex. In contrast, increased
FA in the left perisylvian parietal and inferior frontal white
matter is associated with faster lexical decision making (Gold
et al., 2007). Improved grammar learning success (the ability to
produce complex, rule-based speech) has been shown to have
a positive correlation with increased FA in left hemispheric
white matter tracts traveling posteriorly from Broca’s area via
the SLF and anteriorly to the right prefrontal cortex (Floel et al.,
2009). Another study in healthy elderly individuals showed that
normal appearing white matter had reduced FA in ILF compared
to younger adults which has implications in language function
(Obler et al., 2010). A reduction in FA in the posterior portion of
the SLF resulted in more difficulty in word retrieval in the elderly
(Stamatakis et al., 2011). Lastly, reductions in FA in UF may play
a role in slowing of lexical information processing in the aging
brain (Kemmotsu et al., 2012).

The goal of this study was to determine the relationship
between age-related white matter changes, with a specific
focus on previously identified language pathways, and language
functioning in healthy aging in a large sample of male and
female participants across all degrees of handedness using DTI
and whole brain TBSS. The secondary goal was to help to
improve our understanding of the participation of various brain
regions in language functioning including regions not included
in the previously accepted classical language model (Geschwind
and Galaburda, 1985). We hypothesized that degradation of
global white matter pathways would show consistent age-related
decline. We also hypothesized that a decrease in FA within
the specific language-associate white matter pathways would
correlate with poorer language functioning as measured with
standard linguistic tests.

MATERIALS AND METHODS

Participants

Data from two-hundred and forty-nine healthy subjects (158
females, 43 females; age range = 18-76) were analyzed for
the present study (Allendorfer et al, 2016; Nenert et al,
2017; Nair et al, 2019). Eight of the enrolled participants
were unable to complete language testing and/or imaging.
Of the 241 participants who completed both DTI scanning
and language assessments 13 were excluded upon visual
inspection of the data because of excessive artifact (e.g.,
movement) leaving 228 participants to be included in the final
analyses (Mean age = 40.85, SD = 14.68). There were 102
male and 126 female subjects, 81 with atypical handedness
and 147 being right-handed. An emphasis was placed on
oversampling participants with atypical handedness in order to
provide sufficient representation of right handed vs. atypically
handed subjects to address the analyses intended in the
study. Subject recruitment was performed from December
2008 to January 2014 by word of mouth and institutional
advertisements. This research was approved by the University of
Alabama at Birmingham (UAB), Cincinnati Children’s Hospital
Medical Center (CCHMC), and University of Cincinnati
(UC) Institutional Review Boards. All study procedures,
including language testing and MR imaging were performed
in accordance with the ethics principles of the Declaration of
Helsinki and the principles of informed consent. Each subject
provided written informed consent prior to participation in
the study. Each subject was confirmed to have no known
contraindications to receiving MRI at 3.0 Tesla. We confirmed
the health status of each participant through a battery of
questions evaluating for any ongoing neurological or psychiatric
conditions or the presence and/or absence of any pre-
existing conditions.

MRI Data Acquisition

Two hundred and one healthy subjects had imaging performed
at the CCHMC Imaging Research Center (IRC) using an 8-
channel head coil on a 3.0 T Philips MR system. An additional
48 subjects were scanned using a circular polarized head coil
on a 3.0 T Siemens MR system at the University of Alabama
at Birmingham’s Civitan Functional Neuroimaging Laboratory
(CENL). Initially, a three-plane localizer scan was performed
followed by a shim procedure to generate a homogeneous
magnetic field. Next, for localization of brain activation maps,
anatomical scans were acquired. A high-resolution T1-weighted
3D anatomical scan was attained for brain localization utilizing
a magnetization-prepared rapid acquisition with gradient echo
(MP-RAGE) sequence. Parameters for the MP-RAGE performed
in CCHMC IRC were as follows: TR/TE = 8.1/3.7 ms, flip
angle = 8°, matrix 252 x 210, FOV 25.0 x 21.0 x 18.0 cm,
slice thickness = 1 mm. At the CFNL, MP-RAGE parameters
were as follows: TR/TE = 2300/2.17 ms, flip angle = 9°, matrix
256 x 256, FOV 25.6 x 25.6 x 19.2 cm, slice thickness = 1 mm.
The DTI was performed using an echo planar image sequence
and designed to keep the b-values and number of diffusion
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directions consistent between scanners. This was completed by
using one image with no diffusion weighting (b = 0 s/mm?)
and DWIs in 32 distinct directions (b = 800 s/mm?). This
allowed us to obtain the same number of specific directions
for tensor estimation, while also keeping in line with the
30 directions required for reliable estimation of the tensor
orientation (Jones, 2004). At the IRC, the DTI parameters
were as follows: TR/TE = 9403/69 ms, matrix 76 x 67, FOV
18.0 x 16.1 cm, slice thickness = 2.37 mm. The DTI parameters
at the CFNL were TR/TE = 9400/89, matrix 96 x 96, FOV
24.0 x 24.0 cm, slice thickness = 2.5 mm.

Language Assessments

All participants received a linguistic battery. The Boston
Naming Test (BNT), Second Edition was utilized to evaluate
naming performance (Kaplan et al., 2001). The Peabody Picture
Vocabulary Test (PPVT), Fourth Edition assessed receptive
vocabulary (Dunn and Dunn, 2007). Two tests of verbal
fluency were scored: one based on the number of words
generated in 1 min for a given letter [Controlled Oral Word
Association Test (COWAT)] (Lezak, 1995) and one based
on the number of words generated for a given category
[Semantic Fluency Test (SFT)] (Cullum et al., 1995; Lezak,
1995). Finally, all participants received the Complex Ideation
subset of the Boston Diagnostic Aphasia Examination (CI-
BDAE) to test oral comprehension and recall of information
(Goodglass and Kaplan, 1972).

TBSS Data Processing

Diffusion weighted imaging data underwent standard pre-
processing and diffusion tensor modeling to produce FA, MD,
RD, and AD voxel-wise maps for each subject (Allendorfer
et al., 2012). First, FSL was used to perform TBSS on each
subjects FA map using previously established procedures to
skeletonize the data in preparation for statistical analyses (Smith
et al., 2006; Allendorfer et al., 2012). This process included
TBSS non-linear registration of FA data into the FMRIB58_FA
standard-space image (1 x 1 x 1 mm). For each FA map,
normalized images were then averaged to establish a group
mean FA image. This was then used by the FA skeletonization
program to create the group’s mean FA skeleton. The mean FA
skeleton image is thought to reflect the center of fiber bundles.
The FA skeleton image was thresholded at a value of 0.2 in
order to suppress regions of partial gray matter and/or high
inter-subject variability while also including the major white
matter tracts. Finally, each subjects FA data were projected
onto the mean FA skeleton in order to create a 4-dimensional
image file containing the skeletonized FA data for all subjects.
This 4-dimensional FA skeleton image file was then used for
statistical analyses.

For each of the other DTI metrics (MD, RD, AD),
the TBSS process involved applying the same non-linear
transformations used to register the FA data, combining
all the subjects’ data into a 4-dimensional image file, then
projecting these data onto the mean FA skeleton described
above. This process resulted in a 4-dimensional skeleton image
file for each of the other DTI metrics. These 4-dimensional

skeleton image files for MD, RD and AD were then used for
statistical analyses.

Statistical Analysis of Skeletonized TBSS
Data

Statistical analyses on the 4-dimensional skeleton image files for
FA, MD, RD and AD were performed using SPM12 (statistical
parametric mapping'). Regression analyses were computed using
SPM12 between individual FA, MD, RD, and AD skeletonized
maps and (1) subjects’ age (controlled for sex, handedness,
and MRI scanner) and (2) language assessment performance
(controlled for age, sex, handedness, and MRI scanner). Results
were considered significant at p < 0.05, cluster-wise FDR
corrected for multiple comparisons. A two sample t-test
corrected for handedness compared white matter FA between
sexes using age as an interaction variable. Location within specific
white matter tracts for regions showing significant results were
determined using the JHU ICBM-DTI-81 white matter atlas
(Mori et al., 2005).

RESULTS

The final study population consisted of 228 participants with
ages ranging from 18 to 76 (40 £ 14.7 years). There were 102
male (37 with atypical and 65 with right-handers), and 126
female subjects (44 with atypical and 82 with right-handers).
Subjects were considered neurologically normal based on
the interview and the lack of any underlying neurological
diagnoses. In addition, Mini Mental State Examination
(MMSE) (Folstein et al., 1975) performed on all participants
showed a mean score of 29.3 (£1.28) indicating normal
cognitive status.

Behavioral Testing Results

For each behavioral score, a two-way ANOVA was computed
with handedness and sex as factors (Table 1). No significant
factor or interaction was found, indicating no differences between
left-handed and right-handed participants and between sexes in
language scores.

Language Testing and Age

For each behavioral score, linear fit of the data with a
95% prediction interval was determined, along with regression
analysis between age and language scores. The results showed
a significant increase in BNT and PPVT with progressing age
(p = 0.02, R? = 0.02; Figure 1) and no significant changes in
the other measures.

Language Testing and DTl Metrics

Regression analyses were performed on all subjects’ white matter
skeletonized maps of each diffusion metric (FA, MD, RD,
AD) and computed between language assessment performance
(controlled for age, sex, handedness, and MRI scanner).

'https://www.fil.ion.ucl.ac.uk/spm/

Frontiers in Neuroscience | www.frontiersin.org

November 2019 | Volume 13 | Article 1185


https://www.fil.ion.ucl.ac.uk/spm/
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Houston et al.

White Matter, Language, and Age

TABLE 1 | Demographic and performance characteristics for subjects scanned at Ci
Birmingham (UAB).

ncinnati Children’s Hospital Medical Center (CCHMC) and University of Alabama at

Demographic and assessment variable? CCHMC UAB

N, % females 184 (56.5%) 44 (52.2%)

Age in years, mean (SD) 40.4 (15.1) 42.54 (12.3)

Language assessment, mean (SD)

Boston Naming Test score 56.6 (3.7) 53.8 (5.8)

Peabody Picture Vocabulary Test 213.5 (9.3) 209 (18)*

Controlled Oral Word Association Test 40.1 (11.3) 39.1 (11.2)

Semantic Fluency Test 56.9 (11.6) 56.4 (17.3)

Boston Diagnostic Aphasia Examination 11.54 (0.85) 11.25(1.1)

Language Assessment Variable Mean (SD) Hand Sex Hand x sex
Boston Naming Test 56.1 (4.3) 1.23 (0.27) 1.89 (0.17) 0.51 (0.47)
Peabody Picture Vocabulary Test 212.6 (11.6) 2.15(0.14) 1.87 (0.17) 0.58 (0.45)
Controlled Oral Word Association Test 39.9 (11.3) 0.12 (0.73) 1.2 (0.27) 0.28 (0.59)
Semantic Fluency Test 56.8 (12.8) 0.03 (0.85) 3.73 (0.06) 0.67 (0.41)
Boston Diagnostic Aphasia Examination 11.5 (0.9) 1.66 (0.21) 0 (0.99) 0.15 (0.69)

For the combined sample, we present the mean and standard deviation for each behavioral score. In addition, two-way ANOVAs were computed, F-value and p-value
are provided for each factor (handedness and sex) and for interaction between factors with p-values indicated in parentheses. @Data are reported as mean (SD) for data
except for number of subjects (N), which are reported as frequency (%). *A significant difference was found between sites for PPVT (two sample t-test, p = 0.02).
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FIGURE 1 | Linear fit between age and behavioral scores. For each behavioral score, linear fit of data with 95% prediction interval is depicted. In addition, R? and
p-values of regression analysis between age and score is provided.

All correlations discussed below were found to be significant at
p < 0.05 corrected for multiple comparisons.

We found a positive correlation between increased FA and
language performance on PPVT, SFT, and BNT within several
white matter regions discussed below (Figures 2A,B). There was

a positive correlation between increased SFT and PPVT and
increased FA within the posterior portion of the right inferior
fronto-occipital fasciculus (Figure 2A). In contrast, there was
a negative correlation between AD and SFT scores within the
posterior right inferior fronto-occipital fasciculus (Figure 3).
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side of the brain.

FIGURE 2 | Significant correlations between FA and behavioral scores (p < 0.05, cluster-wise FDR corrected for multiple comparisons). (A) FA shows positive
relationships with BNT, PPVT, and SFT performance and a negative relationship with COWAT performance. (B) Significant correlations between FA and BNT, SFT,
and PPVT overlap in a region of the right inferior fronto-occipital fasciculus. Pictures are in neurological convention with left side in the figure corresponding to the left

For COWAT, there was a negative association between increased
FA within the body of the corpus callosum on the left (Figure 2A)
associated with decreased COWAT scores. Conversely, there was
positive correlation between AD and COWAT scores within the
right SLF (Figure 4A) and between RD and COWAT scores in
the body of the corpus callosum on the left (Figure 4B). For
the BNT, there was a positive correlation between BNT scores
and FA within the left SLF, and in the posterior and anterio-
lateral portions of the right inferior fronto-occipital fasciculus
(Figure 2A). There was a negative correlation between MD

FIGURE 3 | Significant correlations between SFT scores and AD values

(p < 0.05, cluster-wise FDR corrected for multiple comparisons). Pictures are
in neurological convention with left side in the figure corresponding to the left
side of the brain.

(Figure 5A) and RD (Figure 5B) and BNT scores within both the
left SLE, and the right inferior fronto-occipital fasciculus. Finally,
there were no significant correlations between DTI metrics and
CI-BDAE. The MNI values for the results of each regression
analysis between each of the language tests and DTI metrics are
provided in Tables 2-5.

Age Related Differences in White Matter
DTI Metrics

Tract-based spatial statistics regression analyses were performed
on all subjects and computed between individual FA, AD,
MD, and RD maps and the subjects’ age (controlled for sex,
handedness, and MRI scanner). These analyses revealed a diffuse

A COWAT

AD
(POS)

FIGURE 4 | Significant correlations between COWAT scores and (A) AD and
(B) RD values (p < 0.05, cluster-wise FDR corrected for multiple
comparisons). Pictures are in neurological convention with left side in the
figure corresponding to the left side of the brain.
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BNT

FIGURE 5 | Significant correlations between BNT scores and (A) MD and (B)
RD values (p < 0.05, cluster-wise FDR corrected for multiple comparisons).
Pictures are in neurological convention with left side in the figure
corresponding to the left side of the brain.

TABLE 2 | Locations of regions showing significant relationships between FA and
behavioral scores indicated in Figure 2A.

Language #voxels in t-value MNI coordinates (x y 2)
outcome cluster (peak)
105 4.862 -17 —24 34
COWAT 3.632 -19 -23 39
3.513 —14 -16 32
3.342 —14 -22 31
3.275 -18 -18 37
84 4.923 -35 —54 23
4.797 -33 —52 21
4.754 —36 —53 22
3.984 -32 —62 25
3.901 —34 —56 22
89 4.478 16 —58 37
4.011 19 -56 39
BNT 3.834 21 —55 43
3.528 19 —58 42
3.352 21 —61 37
49 417 36 —42 6
3.911 37 —43 5
3.872 35 —41 7
3.582 37 —49 4
3.579 37 —47 4
108 4.399 37 —52 1
PPVT 4.047 35 —42 7
4.022 37 —44 5
3.981 42 —47 —1
3.979 40 -50 1
7 4.507 37 —-34 4
SFT 4.295 35 -39 8
4.076 37 —38 2
3.94 37 -37 6
3.857 38 -31 4

All local maximal FA values separated by more than 1T mm; x, y, and z are Montreal
Neurological Institute (MNI) coordinates in the left-right, anterior-posterior, and
inferior-superior dimensions, respectively.

linear decrease in white matter FA with age (Figure 6A) and a
corresponding global increase in RD (Figure 7A). Additionally,
we found age related increases in MD which were more

TABLE 3 | Locations of regions showing significant negative relationships between
AD and performance on the SFT as shown in Figure 3.

Language outcome Extent t-value MNI coordinates (x y z)

and diffusion metric

SFT and AD 66 4.633 24 —49 34
66 4.600 22 —45 39
66 3.427 21 —49 38

All'local maximal AD values separated by more than 1 mm, X, y, and z are Montreal
Neurological Institute (MNI) coordinates in the left-right, anterior-posterior, and
inferior-superior dimensions, respectively.

TABLE 4 | Locations of regions showing significant positive relationships between
COWAT performance and AD (shown in Figure 4A) and RD (shown in Figure 4B).

Language outcome Extent t-value MNI coordinates (x y z)

and diffusion metric

COWAT and AD 81 4.843 43 -20 31
81 4.792 42 —21 34
81 4.539 40 -25 32
81 3.870 40 -23 31
81 3.790 37 -25 33
66 5.362 23 —45 37
66 4.932 24 —47 34

COWAT and RD 70 4.517 —-18 —24 34
70 4.275 -17 -25 32
70 4.026 -14 -17 32
50 4.393 52 -37 19
50 3.967 41 -39 22
50 3.873 54 -37 19
50 3.651 45 —40 25

All local maxima AD and RD values separated by more than 1 mm; x, y, and z are
Montreal Neurological Institute (MNI) coordinates in the left-right, anterior-posterior,
and inferior-superior dimensions, respectively.

prominent within the anterior > posterior white matter tracts
(Figure 8A) and decreases in AD within the central white
matter structures (Figure 8B). We also found a significant focal
increase in FA (Figure 6B) and a corresponding decrease in RD
(Figure 7B) within the bilateral superior cerebellar peduncles
(SCPs) with increasing age.

Sex Differences in White Matter DTI

Metrics

A two sample t-test was used to compare white matter FA
in males vs. females using age as an interaction variable and
corrected for handedness. With increasing age, FA decreased
faster within the right SLF in males compared to females.
However, there were no significant differences noted on further
analysis of AD, RD, and MD. There was no association between
handedness and any white matter DTI metric, regardless of sex.

Scanner Effect

To assess for possible differences between data collected on
different scanners, 44 subjects from the Cincinnati group were
randomly selected and compared to 44 matched for age, sex, and
handedness subjects from UAB. A two sample ¢-test was used
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TABLE 5 | Locations of regions showing significant negative relationships between
BNT performance and MD (shown in Figure 5A) and RD (shown in Figure 5B).

Language outcome Extent t-value MNI coordinates (x y z)

and diffusion metric

BNT and MD 39 5.002 27 —48 38
39 3.774 29 —49 37
39 3.698 26 —47 42
93 4.891 24 —46 34
93 4.344 25 —48 32
93 4.314 23 -52 32
93 3.769 21 -53 36
143 4.386 —-33 —51 25
143 4.136 —34 —52 23
143 4.127 -33 —54 24
143 4.07 —33 —58 22
30 4.383 -23 —36 44
30 3.881 —22 —36 42
30 3.833 -25 —34 44
30 3.658 —22 —36 46
31 4.025 18 -53 36
31 3.736 17 —58 36
31 3.683 16 —56 35
62 3.98 -22 —58 28
62 3.852 —21 -53 30
62 3.741 -23 -55 28
62 3.535 —24 —51 30

BNT and RD 33 4.650 27 —48 38
33 3.597 28 —45 38
261 4.599 24 —44 35
261 4.551 19 —58 36
261 4.278 25 —41 35
250 4.525 —-33 -59 23
250 4.495 -35 —54 23
250 4.475 —-33 -53 22
250 4.434 —34 -57 23
64 4.306 —-40 —46 17
64 3.761 —42 —44 11
64 3.743 —42 -39 8
64 3.415 —42 —42 10
79 4.130 -22 —58 28
79 4.067 -27 —48 29
79 3.883 —26 —51 28
79 3.797 -23 -55 27
40 4.095 36 —41 6
40 3.864 37 —47 4
40 3.835 37 —45 4
40 3.687 37 —49 4
40 3.447 35 —43 9
40 3.853 -17 -79 15
40 3.820 —18 —81 17
40 3.647 -18 -82 21
36 3.809 -23 —36 44
36 3.698 -22 -38 47
36 3.580 —21 —42 46
36 3.557 —22 —40 45

All local maximal MD and RD values separated by more than 1T mm, x, y, and z are
Montreal Neurological Institute (MNI) coordinates in the left-right, anterior-posterior,
and inferior-superior dimensions, respectively.

to compare white matter FA, AD, RD, and MD and behavioral
scores between the two scanner groups using the behavioral score
as an interaction variable and corrected for handedness, sex,
and age. No significant differences were found between groups
in the relationship between behavior scores and DTI measures.
This process was repeated five times using different Cincinnati
subject pools but having matching characteristics to the UAB
participants, all with the same negative result. Additionally,
demographic and performance characteristics between each
scanner, not including DTI metrics, are shown in Table 1.
Age and sex were equally distributed across scanners. The only
statistically significant difference noted was between the mean
PPVT score in each scanner, however, this small numerical
difference is of unclear clinical significance.

DISCUSSION

We show a linear correlation between increasing age and global
reduction in white matter FA and a corresponding global increase
in RD in a large group of participants spanning the ages between
17 and 76. These findings are consistent with prior studies
that showed decreases in whole brain white matter volumes
with increasing age (Liu et al, 2016, 2017). Further, prior
investigations have suggested a decline in white matter volume
after the age of 60, but for the purposes of this study, we
did not dichotomize the age variable as <60 vs. >60 years
of age. However, we did perform a polynomial regression
analysis which revealed the same distribution as our linear
regression model. This finding is most likely due to a low
representation of subjects at the extremes of age. Physiologically,
the decrease in white matter FA is thought to represent age-
related alterations in myelin integrity and structure (Ziegler
et al.,, 2010). Our study helps to corroborate these findings by
showing a corresponding global increase in RD, which also
suggests demyelination, as opposed to loss of axonal integrity
(Song et al., 2003). Studies in aging primates have shown varying
forms of myelin disruption including myelin lamellae splitting
and the presence of holes in the myelin sheath (Peters, 2002).
Another study compared five healthy young female brains (mean
age 38) and five healthy elderly brains (mean age 74) and
found that the length but not the volume of myelinated fibers
was significantly reduced in the elderly population and also
suggested that thin but not thick myelinated fibers were lost
in elderly group (Tang et al, 1997). Unfortunately, there is
a lack of human data correlating diffusion MR metrics and
subsequent post-mortem histopathology in healthy adult brains.
Thus, whether changes in white matter metrics result from
volume loss in myelinated fibers, a decrease in the overall number
of myelinated fibers, or a disruption in the integrity of fibers
remains unclear.

We found a significant relationship between increasing
age and better language performance on BNT and PPVT.
However, these effects were minimal (both R%s = 0.02) and
likely representing the fact that language improves or remains
consistent until 40-60 years of age. The lack of participants at
the extremes of age may have also contributed to the best fit
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A FAdecrcase withage

B  FAincrease withage

FIGURE 6 | Significant correlations between (A) FA decrease with age and (B) FA increase with age (p < 0.05, cluster-wise FDR corrected for multiple comparisons).
Pictures are in neurological convention with left side in the figure corresponding to the left side of the brain.

analysis showing an increase in language performance on these
tests; this finding is not inconsistent with prior literature (Albert
etal., 1988). Overall, this study failed to show a significant decline
in language testing scores in our aging population, despite global
reduction in FA. However, we did find a correlation between
increased FA and a corresponding decrease in other DTT metrics
and better performance on language testing in certain tracts as
discussed below.

Analyses of findings located within specific white matter
tracts and language scores showed that increased FA within the
non-dominant posterior portion of the IFOF correlated with
higher scores on three of the four language assessments after
controlling for handedness, sex, and scanner type. Alternatively,
lower FA within the non-dominant IFOF was associated with
poorer language testing scores. Within this region, AD, RD,
and MD were found to be inversely proportional to FA, with
AD showing a negative correlation with SFT, and RD and
MD showing a negative correlation with BNT. Decreases in FA
that correspond with increases in RD and AD suggest possible
changes in either the degree of axonal or myelin degeneration.
Specifically, increases in AD correspond to axonal degeneration,

while increases in RD correspond to loss of myelin (Song
et al., 2003). Thus, changes in axonal integrity within the IFOF
may affect sematic fluency, while changes in myelination may
affect word retrieval.

The IFOF is involved in semantic language processing.
Intraoperative stimulation of this tract produced semantic
paraphasias (Martino et al., 2010). Our data suggest that an
increase in white matter FA, and corresponding decreases in MD,
RD, and AD, within the non-dominant IFOF may be associated
with improved semantic language function - this finding is
corroborated by our previous findings of changes in fMRI signal
in the non-dominant hemisphere supporting better semantic
performance (Donnelly et al., 2011). Some have argued that
activation in the non-dominant hemisphere is compensatory
and/or counteracting neurocognitive decline with progressing
age (Cabeza et al., 2002; Szaflarski et al., 2002, 2013; Nenert
et al., 2017, 2018). This is evidenced by studies showing an
association between maintenance or an increase in naming
accuracy in older adults with bi-hemispheric fMRI participation
(Wierenga et al., 2008). In contrast, others argue that non-
dominant hemisphere activation is associated with an overall
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A RD Increase With age

. RD Decrease With age

FIGURE 7 | Significant correlations between (A) RD increase with age and (B) RD decrease with age (p < 0.05, cluster-wise FDR corrected for multiple
comparisons). Pictures are in neurological convention with left side in the figure corresponding to the left side of the brain.

higher level of language functioning. In healthy adults, it has
been shown that right hemisphere activation is associated with
higher level language tasks (e.g., comprehending metaphors and
jokes), increase in linguistic complexity of sentences, and better
performance in multiple language tasks including verbal fluency,
naming, and reading (Just et al., 1996; Coulson and Wu, 2005;
Mashal et al,, 2007; van Ettinger-Veenstra et al, 2010). Our
behavioral testing analysis, while controlling for age, showed
that increased FA within several language pathways of the non-
dominant hemisphere was associated to better language scores.
This finding does not disprove that non-dominant hemisphere
support for language is compensatory with progressing age,
but rather, suggests that better bilateral structural connectivity
results in better overall language function, regardless of age.
Additionally, our findings of increased white matter FA in
the non-dominant hemisphere add further evidence to suggest
that the classical model of language lateralization (Geschwind
and Galaburda, 1985) is incomplete, and vastly underrepresents
the interconnectivity of multiple brain regions associated with
language function.

Interestingly, we found a linear increase in FA and
corresponding decrease in RD, within the bilateral SCPs with
increasing age. The superior and middle cerebellar peduncles
play a major role in the cortico-cerebellar-cortical loop, having
projections from multiple cortical areas to the contralateral

cerebellar cortex. These pathways pass through the pontine
nuclei and connect to different regions in the cerebral cortex
through a variety of thalamic nuclei (Naidich and SpringerLink,
2009). In contrast to the inferior and middle peduncles, the
SCP is the main efferent pathway of the cerebellum. It plays
an important role in coordination of the ipsilateral arm and
leg. Prior investigations using voxel based analysis of healthy
adults described a linear association with age and white matter
atrophy in the SCP (Pagani et al., 2008). Based on this prior
study, one would expect to find a decrease in FA within the
SCP with increasing age. One possible explanation for our
finding is that white matter volume is thought to remain
stable or increase slightly through adulthood, possibly peaking
in the 4th decade (Pagani et al, 2008). The mean age of
subjects in our population was 40 years. Additionally, while
the cerebellum seems to be affected by age, with volumes
declining after age 50 (Luft et al, 1999), its loss of volume
is less as compared to the cerebrum. Therefore, an outflow
tract (SCP) from the cerebellum may atrophy later in the
aging process compared to global cerebral white matter and
the inflow tracts from the cerebrum to the cerebellum (inferior
and middle cerebellar peduncles). Further analyses on this
particular white matter region, utilizing additional quantitative
white matter analysis techniques may be required in the future to
confirm this finding.
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A MD Increase With age

B () AD Decrease With age

FIGURE 8 | Significant correlations between (A) MD increase with age and (B) AD decrease with age (p < 0.05, cluster-wise FDR corrected for multiple
comparisons). Pictures are in neurological convention with left side in the figure corresponding to the left side of the brain.

The findings from the current study should be considered
in the context of its limitations. One area of concern is
the fact that different MRI scanners were used for data
acquisition with an imbalance in the number of participant
data from one scanner. To test whether this limitation affected
our results, we performed comparison analyses between 44
participants from the UAB cohort and 44 matched participants
from the Cincinnati cohort. This regression was performed
over five different matched groups to maximize reliability. We
found no significant difference between scanners regarding
behavioral testing scores and white matter FA, MD, RD,
or AD, which suggests that the scanner effect on our
results were minimal. Also, the relatively fewer number of
participants over the age of 70 may have limited our ability
to detect relationships between the DTI metrics and language
performance in more elderly participants. However, overall,
our study adds to our knowledge of relationships between
white matter microstructure and specific language functions
in healthy aging.

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding author.

ETHICS STATEMENT

This study was carried out in accordance with the
recommendations of the University of Cincinnati (UC),
Cincinnati Children’s Hospital Medical Center (CCHMC), and
University of Alabama at Birmingham (UAB) Institutional
Review Boards with written informed consent from all subjects.
All subjects gave written informed consent in accordance with
the Declaration of Helsinki. The protocol was approved by the
University of Cincinnati (UC), Cincinnati Children’s Hospital
Medical Center (CCHMC), and University of Alabama at
Birmingham (UAB) Institutional Review Boards.

AUTHOR CONTRIBUTIONS

JS collected the funds. JH performed the literature search. JS
designed the study. RN performed the statistical analysis. JH,
RN, JA, AG, and JS interpreted the data. JH and JS prepared the
manuscript. RN, JA, AG, JS, and JH reviewed the manuscript and
approved the content.

FUNDING

This study was supported by the NIH R01 NS048281 to JS.

Frontiers in Neuroscience | www.frontiersin.org

November 2019 | Volume 13 | Article 1185


https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Houston et al.

White Matter, Language, and Age

REFERENCES

Abe, O., Aoki, S., Hayashi, N., Yamada, H., Kunimatsu, A., Mori, H., et al.
(2002). Normal aging in the central nervous system: quantitative MR diffusion-
tensor analysis. Neurobiol. Aging 23, 433-441. doi: 10.1016/s0197-4580(01)00
318-9

Albert, M. S., Heller, H. S., and Milberg, W. (1988). Changes in naming ability with
age. Psychol. Aging 3,173-178. doi: 10.1037//0882-7974.3.2.173

Allendorfer, J. B., Hernando, K. A., Hossain, S., Nenert, R., Holland, S. K., and
Szaflarski, J. P. (2016). Arcuate fasciculus asymmetry has a hand in language
function but not handedness. Hum. Brain Mapp. 37, 3297-3309. doi: 10.1002/
hbm.23241

Allendorfer, ]. B., Storrs, J. M., and Szaflarski, J. P. (2012). Changes in white matter
integrity follow excitatory rTMS treatment of post-stroke aphasia. Restor.
Neurol. Neurosci. 30, 103-113. doi: 10.3233/RNN-2011-0627

Bartzokis, G., Beckson, M., Lu, P. H., Nuechterlein, K. H., Edwards, N., and Mintz,
J. (2001). Age-related changes in frontal and temporal lobe volumes in men: a
magnetic resonance imaging study. Arch. Gen. Psychiatry 58, 461-465.

Bizzi, A., Nava, S., Ferre, F., Castelli, G., Aquino, D., Ciaraffa, F., et al. (2012).
Aphasia induced by gliomas growing in the ventrolateral frontal region:
assessment with diffusion MR tractography, functional MR imaging and
neuropsychology. Cortex 48, 255-272. doi: 10.1016/j.cortex.2011.11.015

Breier, J. I., Hasan, K. M., Zhang, W., Men, D., and Papanicolaou, A. C. (2008).
Language dysfunction after stroke and damage to white matter tracts evaluated
using diffusion tensor imaging. AJNR Am. ]. Neuroradiol. 29, 483-487. doi:
10.3174/ajnr.a0846

Cabeza, R., Anderson, N. D., Locantore, J. K., and McIntosh, A. R. (2002).
Aging gracefully: compensatory brain activity in high-performing older adults.
Neuroimage 17, 1394-1402. doi: 10.1006/nimg.2002.1280

Catani, M., and Thiebaut de Schotten, M. (2008). A diffusion tensor imaging
tractography atlas for virtual in vivo dissections. Cortex 44, 1105-1132. doi:
10.1016/j.cortex.2008.05.004

Cho, S., Jones, D., Reddick, W. E., Ogg, R. ]., and Steen, R. G. (1997). Establishing
norms for age-related changes in proton T1 of human brain tissue in vivo.
Magn. Reson. Imaging 15, 1133-1143. doi: 10.1016/s0730-725x(97)00202- 6

Coulson, S., and Wu, Y. C. (2005). Right hemisphere activation of joke-related
information: an event-related brain potential study. J. Cogn. Neurosci. 17,
494-506. doi: 10.1162/0898929053279568

Courchesne, E., Chisum, H. J., Townsend, J., Cowles, A., Covington, J., Egaas,
B., et al. (2000). Normal brain development and aging: quantitative analysis
at in vivo MR imaging in healthy volunteers. Radiology 216, 672-682. doi:
10.1148/radiology.216.3.r00au37672

Cullum, C. M,, Filley, C. M., and Kozora, E. (1995). Episodic memory function
in advanced aging and early Alzheimer’s disease. J. Int. Neuropsychol. Soc. 1,
100-103. doi: 10.1017/s1355617700000151

Davis, S. W., Dennis, N. A, Buchler, N. G., White, L. E., Madden, D. J., and Cabeza,
R. (2009). Assessing the effects of age on long white matter tracts using diffusion
tensor tractography. Neuroimage 46, 530-541. doi: 10.1016/j.neuroimage.2009.
01.068

Donnelly, K. M., Allendorfer, J. B., and Szaflarski, J. P. (2011). Right hemispheric
participation in semantic decision improves performance. Brain Res. 1419,
105-116. doi: 10.1016/j.brainres.2011.08.065

Duffau, H., Moritz-Gasser, S., and Mandonnet, E. (2014). A re-examination of
neural basis of language processing: proposal of a dynamic hodotopical model
from data provided by brain stimulation mapping during picture naming. Brain
Lang. 131, 1-10. doi: 10.1016/j.bandl.2013.05.011

Dunn, D. M., and Dunn, L. M. (2007). Peabody Picture Vocabulary Test, Fourth
Edition: Manual. Minneapolis: Pearson.

Floel, A., de Vries, M. H., Scholz, J., Breitenstein, C., and Johansen-Berg, H. (2009).
White matter integrity in the vicinity of Broca’s area predicts grammar learning
success. Neuroimage 47, 1974-1981. doi: 10.1016/j.neuroimage.2009.05.046

Folstein, M. F., Folstein, S. E., and McHugh, P. R. (1975). Mini-mental state. a
practical method for grading the cognitive state of patients for the clinician.
J. Psychiatr. Res. 12, 189-198.

Ge, Y., Grossman, R. I, Babb, J. S., Rabin, M. L., Mannon, L. J., and Kolson, D. L.
(2002a). Age-related total gray matter and white matter changes in normal adult
brain. Part I: volumetric MR imaging analysis. AJNR Am. J. Neuroradiol. 23,
1327-1333.

Ge, Y., Grossman, R. I, Babb, J. S., Rabin, M. L., Mannon, L. J., and Kolson, D. L.
(2002b). Age-related total gray matter and white matter changes in normal
adult brain. Part II: quantitative magnetization transfer ratio histogram analysis.
AJNR Am. J. Neuroradiol. 23, 1334-1341.

Gerstenecker, A., Hoagey, D. A., Marson, D. C., and Kennedy, K. M. (2017).
White matter degradation is associated with reduced financial capacity in mild
cognitive impairment and alzheimer’s disease. J. Alzheimers. Dis. 60, 537-547.
doi: 10.3233/JAD-170341

Geschwind, N., and Galaburda, A. M. (1985). Cerebral lateralization. biological
mechanisms, associations, and pathology: II. A hypothesis and a program for
research. Arch. Neurol. 42, 521-552.

Giorgio, A., Santelli, L., Tomassini, V., Bosnell, R, Smith, S., De Stefano, N, et al.
(2010). Age-related changes in grey and white matter structure throughout
adulthood. Neuroimage 51, 943-951. doi: 10.1016/j.neuroimage.2010.
03.004

Gold, B. T., Powell, D. K., Xuan, L., Jiang, Y., and Hardy, P. A. (2007). Speed of
lexical decision correlates with diffusion anisotropy in left parietal and frontal
white matter: evidence from diffusion tensor imaging. Neuropsychologia 45,
2439-2446. doi: 10.1016/j.neuropsychologia.2007.04.011

Goodglass, H., and Kaplan, E. (1972). The Assessment of Aphasia and Related
Disorders. Philadelphia: Lea & Febiger.

Hanyu, H., Asano, T., Ogawa, K., Takasaki, M., Shindo, H., Kakizaki, D., et al.
(1997). [Age-related changes of diffusional anisotropy in the cerebral white
matter in normal subjects]. Shinkei 49, 331-336.

Herbet, G., Zemmoura, I, and Duffau, H. (2018). Functional anatomy of the
inferior longitudinal fasciculus: from historical reports to current hypotheses.
Front. Neuroanat. 12:77. doi: 10.3389/fnana.2018.00077

Holland, S. K., Plante, E., Weber Byars, A., Strawsburg, R. H., Schmithorst, V. J.,
and Ball, W. S. Jr. (2001). Normal fMRI brain activation patterns in children
performing a verb generation task. Neuroimage 14, 837-843. doi: 10.1006/
nimg.2001.0875

Holland, S. K., Vannest, J., Mecoli, M., Jacola, L. M. Tillema, J. M.,
Karunanayaka, P. R,, et al. (2007). Functional MRI of language lateralization
during development in children. Int. . Audiol. 46, 533-551. doi: 10.1080/
14992020701448994

Hsu, J. L., Leemans, A., Bai, C. H., Lee, C. H., Tsai, Y. F., Chiu, H. C,, et al.
(2008). Gender differences and age-related white matter changes of the human
brain: a diffusion tensor imaging study. Neuroimage 39, 566-577. doi: 10.1016/
j.neuroimage.2007.09.017

Hsu, J. L., Van Hecke, W, Bai, C. H., Lee, C. H., Tsai, Y. F., Chiu, H. C,, et al. (2010).
Microstructural white matter changes in normal aging: a diffusion tensor
imaging study with higher-order polynomial regression models. Neuroimage
49, 32-43. doi: 10.1016/j.neuroimage.2009.08.031

Hugenschmidt, C. E., Peiffer, A. M., Kraft, R. A., Casanova, R., Deibler, A. R,,
Burdette, J. H., et al. (2008). Relating imaging indices of white matter integrity
and volume in healthy older adults. Cereb. Cortex 18, 433-442. doi: 10.1093/
cercor/bhm080

Inzitari, D. (2000). Age-related white matter changes and cognitive impairment.
Ann. Neurol. 47, 141-143. doi: 10.1002/1531-8249(200002)47:2<141::aid-
anal>3.3.co;2-y

Inzitari, D., Carlucci, G., and Pantoni, L. (2000). White matter changes: the clinical
consequences in the aging population. J. Neural. Transm. Suppl. 59, 1-8. doi:
10.1007/978-3-7091-6781-6_1

Jones, D. K. (2004). The effect of gradient sampling schemes on measures derived
from diffusion tensor MRI: a monte carlo study. Magn. Reson. Med. 51,
807-815. doi: 10.1002/mrm.20033

Just, M. A, Carpenter, P. A, Keller, T. A., Eddy, W. F., and Thulborn, K. R. (1996).
Brain activation modulated by sentence comprehension. Science 274, 114-116.
doi: 10.1126/science.274.5284.114

Kaplan, E., Goodglass, H., Weintraub, S., and Goodglass, H. (2001). Boston Naming
Test. Philadelphia: Lippincott Williams & Wilkins.

Kemmotsu, N., Girard, H. M., Kucukboyaci, N. E., McEvoy, L. K., Hagler, D. J.
Jr., Dale, A. M., et al. (2012). Age-related changes in the neurophysiology of
language in adults: relationship to regional cortical thinning and white matter
microstructure. J. Neurosci. 32, 12204-12213. doi: 10.1523/J]NEUROSCI.0136-
12.2012

Ketonen, L. M. (1998). Neuroimaging of the aging brain. Neurol. Clin. 16, 581-598.
doi: 10.1016/s0733-8619(05)70082-7

Frontiers in Neuroscience | www.frontiersin.org

November 2019 | Volume 13 | Article 1185


https://doi.org/10.1016/s0197-4580(01)00318-9
https://doi.org/10.1016/s0197-4580(01)00318-9
https://doi.org/10.1037//0882-7974.3.2.173
https://doi.org/10.1002/hbm.23241
https://doi.org/10.1002/hbm.23241
https://doi.org/10.3233/RNN-2011-0627
https://doi.org/10.1016/j.cortex.2011.11.015
https://doi.org/10.3174/ajnr.a0846
https://doi.org/10.3174/ajnr.a0846
https://doi.org/10.1006/nimg.2002.1280
https://doi.org/10.1016/j.cortex.2008.05.004
https://doi.org/10.1016/j.cortex.2008.05.004
https://doi.org/10.1016/s0730-725x(97)00202-6
https://doi.org/10.1162/0898929053279568
https://doi.org/10.1148/radiology.216.3.r00au37672
https://doi.org/10.1148/radiology.216.3.r00au37672
https://doi.org/10.1017/s1355617700000151
https://doi.org/10.1016/j.neuroimage.2009.01.068
https://doi.org/10.1016/j.neuroimage.2009.01.068
https://doi.org/10.1016/j.brainres.2011.08.065
https://doi.org/10.1016/j.bandl.2013.05.011
https://doi.org/10.1016/j.neuroimage.2009.05.046
https://doi.org/10.3233/JAD-170341
https://doi.org/10.1016/j.neuroimage.2010.03.004
https://doi.org/10.1016/j.neuroimage.2010.03.004
https://doi.org/10.1016/j.neuropsychologia.2007.04.011
https://doi.org/10.3389/fnana.2018.00077
https://doi.org/10.1006/nimg.2001.0875
https://doi.org/10.1006/nimg.2001.0875
https://doi.org/10.1080/14992020701448994
https://doi.org/10.1080/14992020701448994
https://doi.org/10.1016/j.neuroimage.2007.09.017
https://doi.org/10.1016/j.neuroimage.2007.09.017
https://doi.org/10.1016/j.neuroimage.2009.08.031
https://doi.org/10.1093/cercor/bhm080
https://doi.org/10.1093/cercor/bhm080
https://doi.org/10.1002/1531-8249(200002)47:2<141::aid-ana1>3.3.co;2-y
https://doi.org/10.1002/1531-8249(200002)47:2<141::aid-ana1>3.3.co;2-y
https://doi.org/10.1007/978-3-7091-6781-6_1
https://doi.org/10.1007/978-3-7091-6781-6_1
https://doi.org/10.1002/mrm.20033
https://doi.org/10.1126/science.274.5284.114
https://doi.org/10.1523/JNEUROSCI.0136-12.2012
https://doi.org/10.1523/JNEUROSCI.0136-12.2012
https://doi.org/10.1016/s0733-8619(05)70082-7
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Houston et al.

White Matter, Language, and Age

Klingberg, T., Hedehus, M., Temple, E., Salz, T., Gabrieli, J. D., Moseley, M. E., et al.
(2000). Microstructure of temporo-parietal white matter as a basis for reading
ability: evidence from diffusion tensor magnetic resonance imaging. Neuron 25,
493-500. doi: 10.1016/s0896-6273(00)80911-3

Lebel, C., Gee, M., Camicioli, R., Wieler, M., Martin, W., and Beaulieu, C. (2012).
Diffusion tensor imaging of white matter tract evolution over the lifespan.
Neuroimage 60, 340-352. doi: 10.1016/j.neuroimage.2011.11.094

Lehmbeck, J. T, Brassen, S., Weber-Fahr, W., and Braus, D. F. (2006). Combining
voxel-based morphometry and diffusion tensor imaging to detect age-related
brain changes. Neuroreport 17, 467-470. doi: 10.1097/01.wnr.0000209012.
24341.7f

Lezak, M. D. (1995). Neuropsychological Assessment. New York, NY: Oxford
University Press.

Liu, H., Wang, L., Geng, Z., Zhu, Q., Song, Z., Chang, R., et al. (2016). A voxel-
based morphometric study of age- and sex-related changes in white matter
volume in the normal aging brain. Neuropsychiatr. Dis. Treat. 12, 453-465.
doi: 10.2147/NDT.S90674

Liu, H, Yang, Y., Xia, Y., Zhu, W, Leak, R. K., Wei, Z,, et al. (2017). Aging of
cerebral white matter. Ageing Res. Rev. 34, 64-76. doi: 10.1016/j.arr.2016.11.006

Lu, L. H,, Crosson, B., Nadeau, S. E., Heilman, K. M., Gonzalez-Rothi, L. J.,
Raymer, A., et al. (2002). Category-specific naming deficits for objects and
actions: semantic attribute and grammatical role hypotheses. Neuropsychologia
40, 1608-1621. doi: 10.1016/s0028-3932(02)00014-3

Luft, A. R,, Skalej, M., Schulz, J. B., Welte, D., Kolb, R., Burk, K., et al. (1999).
Patterns of age-related shrinkage in cerebellum and brainstem observed in vivo
using three-dimensional MRI volumetry. Cereb. Cortex 9, 712-721. doi: 10.
1093/cercor/9.7.712

Madden, D. J., Spaniol, J., Costello, M. C., Bucur, B., White, L. E., Cabeza, R.,
et al. (2009). Cerebral white matter integrity mediates adult age differences in
cognitive performance. J. Cogn. Neurosci. 21, 289-302. doi: 10.1162/jocn.2009.
21047

Madden, D. J., Whiting, W. L., Huettel, S. A., White, L. E., MacFall, J. R., and
Provenzale, J. M. (2004). Diffusion tensor imaging of adult age differences in
cerebral white matter: relation to response time. Neuroimage 21, 1174-1181.
doi: 10.1016/j.neuroimage.2003.11.004

Madhavan, K. M., McQueeny, T., Howe, S. R,, Shear, P., and Szaflarski, J. (2014).
Superior longitudinal fasciculus and language functioning in healthy aging.
Brain Res. 1562, 11-22. doi: 10.1016/j.brainres.2014.03.012

Martino, J., Brogna, C., Robles, S. G., Vergani, F., and Duffau, H. (2010). Anatomic
dissection of the inferior fronto-occipital fasciculus revisited in the lights of
brain stimulation data. Cortex 46, 691-699. doi: 10.1016/j.cortex.2009.07.015

Mashal, N., Faust, M., Hendler, T., and Jung-Beeman, M. (2007). An fMRI
investigation of the neural correlates underlying the processing of novel
metaphoric expressions. Brain Lang. 100, 115-126. doi: 10.1016/j.bandl.2005.
10.005

Middlebrooks, E. H., Yagmurlu, K., Szaflarski, J. P., Rahman, M., and Bozkurt,
B. (2017). A contemporary framework of language processing in the human
brain in the context of preoperative and intraoperative language mapping.
Neuroradiology 59, 69-87. doi: 10.1007/500234-016-1772-0

Miranda, B., Madureira, S., Verdelho, A., Ferro, J., Pantoni, L., Salvadori, E.,
et al. (2008). Self-perceived memory impairment and cognitive performance
in an elderly independent population with age-related white matter changes.
J. Neurol. Neurosurg. Psychiatry 79, 869-873. doi: 10.1136/jnnp.2007.131078

Mori, S., Wakana, S., Van Zijl, P. C., and Nagae-Poetscher, L. (2005). MRI Atlas of
Human White Matter. Amsterdam: Elsevier.

Moseley, M. (2002). Diffusion tensor imaging and aging - a review. NMR Biomed.
15, 553-560. doi: 10.1002/nbm.785

Naidich, T. P., and SpringerLink (2009). Duvernoy’s Atlas of the Human Brain
Stem and Cerebellum High-Field MRI: Surface Anatomy, Internal Structure,
Vascularization and 3D Sectional Anatomy. Vienna: Springer Vienna.

Nair, S., Nenert, R. E., Allendorfer, J. B., Goodman, A. M., Vannest, J., Mirman, D.,
et al. (2019). Sex, age, and handedness modulate the neural correlates of active
learning. Front. Neurosci. 13:961. doi: 10.3389/fnins.2019.00961

Nenert, R., Allendorfer, J. B., Martin, A. M., Banks, C., Vannest, J., Holland, S. K.,
etal. (2017). Age-related language lateralization assessed by fMRI: the effects of
sex and handedness. Brain Res. 1674, 20-35. doi: 10.1016/j.brainres.2017.08.021

Nenert, R., Allendorfer, J. B., Martin, A. M., Banks, C., Vannest, J., Holland,
S. K., et al. (2018). Longitudinal fMRI study of language recovery after a left

hemispheric ischemic stroke. Restor. Neurol. Neurosci. 36, 359-385. doi: 10.
3233/RNN-170767

Obler, L. K., Rykhlevskaia, E., Schnyer, D., Clark-Cotton, M. R,, Spiro, A. IIL, Hyun,
J., et al. (2010). Bilateral brain regions associated with naming in older adults.
Brain Lang. 113, 113-123. doi: 10.1016/j.bandl.2010.03.001

Pagani, E., Agosta, F., Rocca, M. A., Caputo, D., and Filippi, M. (2008). Voxel-based
analysis derived from fractional anisotropy images of white matter volume
changes with aging. Neuroimage 41, 657-667. doi: 10.1016/j.neuroimage.2008.
03.021

Papagno, C., Casarotti, A., Comi, A., Pisoni, A., Lucchelli, ., Bizzi, A., et al. (2016).
Long-term proper name anomia after removal of the uncinate fasciculus. Brain
Struct. Funct. 221, 687-694. doi: 10.1007/s00429-014-0920-8

Peters, A. (2002). The effects of normal aging on myelin and nerve fibers: a review.
J. Neurocytol. 31, 581-593.

Pierpaoli, C., and Basser, P. J. (1996). Toward a quantitative assessment of diffusion
anisotropy. Magn. Reson. Med. 36, 893-906. doi: 10.1002/mrm.1910360612
Rabin, J. S., Perea, R. D., Buckley, R. F., Neal, T. E., Buckner, R. L., Johnson, K. A,,
et al. (2018). Global white matter diffusion characteristics predict longitudinal
cognitive change independently of amyloid status in clinically normal older

adults. Cereb Cortex. 29, 1251-1262. doi: 10.1093/cercor/bhy031

Salat, D. H., Tuch, D. S., Greve, D. N, van der Kouwe, A. J., Hevelone, N. D., Zaleta,
A. K, et al. (2005a). Age-related alterations in white matter microstructure
measured by diffusion tensor imaging. Neurobiol. Aging 26, 1215-1227. doi:
10.1016/j.neurobiolaging.2004.09.017

Salat, D. H., Tuch, D. S., Hevelone, N. D, Fischl, B., Corkin, S., Rosas, H. D., et al.
(2005b). Age-related changes in prefrontal white matter measured by diffusion
tensor imaging. Ann. N. Y. Acad. Sci. 1064, 37-49. doi: 10.1196/annals.13
40.009

Schmithorst, V. J., Wilke, M., Dardzinski, B. J., and Holland, S. K. (2002).
Correlation of white matter diffusivity and anisotropy with age during
childhood and adolescence: a cross-sectional diffusion-tensor MR imaging
study. Radiology 222, 212-218. doi: 10.1148/radiol.2221010626

Schmithorst, V. J., Wilke, M., Dardzinski, B. J., and Holland, S. K. (2005). Cognitive
functions correlate with white matter architecture in a normal pediatric
population: a diffusion tensor MRI study. Hum. Brain Mapp. 26, 139-147.
doi: 10.1002/hbm.20149

Sexton, C. E., Walhovd, K. B., Storsve, A. B., Tamnes, C. K., Westlye, L. T,,
Johansen-Berg, H., et al. (2014). Accelerated changes in white matter
microstructure during aging: a longitudinal diffusion tensor imaging study.
J. Neurosci. 34, 15425-15436. doi: 10.1523/JNEUROSCI.0203-14.2014

Shenkin, S. D., Bastin, M. E., Macgillivray, T.J., Deary, I. ], Starr, J. M., Rivers, C. S.,
et al. (2005). Cognitive correlates of cerebral white matter lesions and water
diffusion tensor parameters in community-dwelling older people. Cerebrovasc.
Dis. 20, 310-318. doi: 10.1159/000087930

Smith, S. M., Jenkinson, M., Johansen-Berg, H., Rueckert, D., Nichols, T. E.,
Mackay, C. E., et al. (2006). Tract-based spatial statistics: voxelwise analysis
of multi-subject diffusion data. Neuroimage 31, 1487-1505. doi: 10.1016/j.
neuroimage.2006.02.024

Smith, S. M., Johansen-Berg, H., Jenkinson, M., Rueckert, D., Nichols, T. E., Miller,
K. L., etal. (2007). Acquisition and voxelwise analysis of multi-subject diffusion
data with tract-based spatial statistics. Nat. Protoc. 2, 499-503. doi: 10.1038/
nprot.2007.45

Song, S. K, Sun, S. W,, Ju, W. K, Lin, S. J., Cross, A. H., and Neufeld, A. H.
(2003). Diffusion tensor imaging detects and differentiates axon and myelin
degeneration in mouse optic nerve after retinal ischemia. Neuroimage 20,
1714-1722. doi: 10.1016/j.neuroimage.2003.07.005

Stamatakis, E. A., Shafto, M. A., Williams, G., Tam, P., and Tyler, L. K. (2011).
White matter changes and word finding failures with increasing age. PLoS One
6:€14496. doi: 10.1371/journal.pone.0014496

Steen, R. G., Gronemeyer, S. A., and Taylor, J. S. (1995). Age-related changes in
proton T1 values of normal human brain. J. Magn. Reson. Imaging 5, 43-48.
doi: 10.1002/jmri. 1880050111

Sullivan, E. V., and Pfefferbaum, A. (2006). Diffusion tensor imaging and aging.
Neurosci. Biobehav. Rev. 30, 749-761.

Szaflarski, J. P., Allendorfer, J. B., Banks, C., Vannest, J., and Holland, S. K. (2013).
Recovered vs. not-recovered from post-stroke aphasia: the contributions from
the dominant and non-dominant hemispheres. Restor. Neurol. Neurosci. 31,
347-360. doi: 10.3233/RNN-120267

Frontiers in Neuroscience | www.frontiersin.org

November 2019 | Volume 13 | Article 1185


https://doi.org/10.1016/s0896-6273(00)80911-3
https://doi.org/10.1016/j.neuroimage.2011.11.094
https://doi.org/10.1097/01.wnr.0000209012.24341.7f
https://doi.org/10.1097/01.wnr.0000209012.24341.7f
https://doi.org/10.2147/NDT.S90674
https://doi.org/10.1016/j.arr.2016.11.006
https://doi.org/10.1016/s0028-3932(02)00014-3
https://doi.org/10.1093/cercor/9.7.712
https://doi.org/10.1093/cercor/9.7.712
https://doi.org/10.1162/jocn.2009.21047
https://doi.org/10.1162/jocn.2009.21047
https://doi.org/10.1016/j.neuroimage.2003.11.004
https://doi.org/10.1016/j.brainres.2014.03.012
https://doi.org/10.1016/j.cortex.2009.07.015
https://doi.org/10.1016/j.bandl.2005.10.005
https://doi.org/10.1016/j.bandl.2005.10.005
https://doi.org/10.1007/s00234-016-1772-0
https://doi.org/10.1136/jnnp.2007.131078
https://doi.org/10.1002/nbm.785
https://doi.org/10.3389/fnins.2019.00961
https://doi.org/10.1016/j.brainres.2017.08.021
https://doi.org/10.3233/RNN-170767
https://doi.org/10.3233/RNN-170767
https://doi.org/10.1016/j.bandl.2010.03.001
https://doi.org/10.1016/j.neuroimage.2008.03.021
https://doi.org/10.1016/j.neuroimage.2008.03.021
https://doi.org/10.1007/s00429-014-0920-8
https://doi.org/10.1002/mrm.1910360612
https://doi.org/10.1093/cercor/bhy031
https://doi.org/10.1016/j.neurobiolaging.2004.09.017
https://doi.org/10.1016/j.neurobiolaging.2004.09.017
https://doi.org/10.1196/annals.1340.009
https://doi.org/10.1196/annals.1340.009
https://doi.org/10.1148/radiol.2221010626
https://doi.org/10.1002/hbm.20149
https://doi.org/10.1523/JNEUROSCI.0203-14.2014
https://doi.org/10.1159/000087930
https://doi.org/10.1016/j.neuroimage.2006.02.024
https://doi.org/10.1016/j.neuroimage.2006.02.024
https://doi.org/10.1038/nprot.2007.45
https://doi.org/10.1038/nprot.2007.45
https://doi.org/10.1016/j.neuroimage.2003.07.005
https://doi.org/10.1371/journal.pone.0014496
https://doi.org/10.1002/jmri.1880050111
https://doi.org/10.3233/RNN-120267
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Houston et al.

White Matter, Language, and Age

Szaflarski, J. P., Altaye, M., Rajagopal, A., Eaton, K., Meng, X., Plante, E.,
et al. (2012). A 10-year longitudinal fMRI study of narrative comprehension
in children and adolescents. Neuroimage 63, 1188-1195. doi: 10.1016/j.
neuroimage.2012.08.049

Szaflarski, J. P., Binder, J. R,, Possing, E. T., McKiernan, K. A.,, Ward, B. D,
and Hammeke, T. A. (2002). Language lateralization in left-handed and
ambidextrous people: fMRI data. Neurology 59, 238-244. doi: 10.1212/wnl.59.
2.238

Szaflarski, J. P., Schmithorst, V. J., Altaye, M., Byars, A. W., Ret, J., Plante, E.,
et al. (2006). A longitudinal functional magnetic resonance imaging study of
language development in children 5 to 11 years old. Ann. Neurol. 59, 796-807.
doi: 10.1002/ana.20817

Takahashi, T., Murata, T., Omori, M., Kosaka, H., Takahashi, K., Yonekura, Y., et al.
(2004). Quantitative evaluation of age-related white matter microstructural
changes on MRI by multifractal analysis. J. Neurol. Sci. 225, 33-37. doi: 10.
1016/j.jns.2004.06.016

Tang, Y., Nyengaard, J. R., Pakkenberg, B., and Gundersen, H. J. (1997). Age-
induced white matter changes in the human brain: a stereological investigation.
Neurobiol. Aging 18, 609-615. doi: 10.1016/s0197-4580(97)00155-3

Tang, Y., Whitman, G. T., Lopez, I, and Baloh, R. W. (2001). Brain volume
changes on longitudinal magnetic resonance imaging in normal older people.
J. Neuroimag. 11, 393-400. doi: 10.1111/j.1552-6569.2001.tb00068.x

Thomas, C., Moya, L., Avidan, G., Humphreys, K., Jung, K. J., Peterson, M. A.,
et al. (2008). Reduction in white matter connectivity, revealed by diffusion
tensor imaging, may account for age-related changes in face perception. J. Cogn.
Neurosci. 20, 268-284. doi: 10.1162/jocn.2008.20025

van Ettinger-Veenstra, H. M., Ragnehed, M., Hallgren, M., Karlsson, T.,
Landtblom, A. M., Lundberg, P., et al. (2010). Right-hemispheric brain
activation correlates to language performance. Neuroimage 49, 3481-3488. doi:
10.1016/j.neuroimage.2009.10.041

Wierenga, C. E., Benjamin, M., Gopinath, K., Perlstein, W. M., Leonard, C. M.,
Rothi, L. J., et al. (2008). Age-related changes in word retrieval: role of bilateral
frontal and subcortical networks. Neurobiol. Aging 29, 436-451. doi: 10.1016/j.
neurobiolaging.2006.10.024

Ylikoski, R., Ylikoski, A., Erkinjuntti, T., Sulkava, R., Raininko, R., and Tilvis, R.
(1993). White matter changes in healthy elderly persons correlate with attention

and speed of mental processing. Arch. Neurol. 50, 818-824. doi: 10.1001/
archneur.1993.00540080029009

Yoon, B, Shim, Y. S, Lee, K. S., Shon, Y. M., and Yang, D. W. (2008). Region-
specific changes of cerebral white matter during normal aging: a diffusion-
tensor analysis. Arch. Gerontol. Geriatr. 47, 129-138. doi: 10.1016/j.archger.
2007.07.004

Yoshiura, T., Mihara, F., Tanaka, A., Togao, O., Taniwaki, T., Nakagawa, A.,
et al. (2005). Age-related structural changes in the young adult brain shown
by magnetic resonance diffusion tensor imaging. Acad. Radiol. 12, 268-275.
doi: 10.1016/j.acra.2004.12.015

Zahr, N. M., Rohlfing, T., Pfefferbaum, A., and Sullivan, E. V. (2009). Problem
solving, working memory, and motor correlates of association and commissural
fiber bundles in normal aging: a quantitative fiber tracking study. Neuroimage
44,1050-1062. doi: 10.1016/j.neuroimage.2008.09.046

Zemmoura, I, Herbet, G., Moritz-Gasser, S., and Duffau, H. (2015). New insights
into the neural network mediating reading processes provided by cortico-
subcortical electrical mapping. Hum. Brain Mapp. 36, 2215-2230. doi: 10.1002/
hbm.22766

Zhang, Y. T., Zhang, C. Y., Zhang, J., and Li, W. (2005). Age-related changes of
normal adult brain structure: analysed with diffusion tensor imaging. Chin.
Med. J. 118, 1059-1065.

Ziegler, D. A., Piguet, O., Salat, D. H., Prince, K., Connally, E., and Corkin, S.
(2010). Cognition in healthy aging is related to regional white matter integrity,
but not cortical thickness. Neurobiol. Aging 31, 1912-1926.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Houston, Allendorfer, Nenert, Goodman and Szaflarski. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Neuroscience | www.frontiersin.org

14

November 2019 | Volume 13 | Article 1185


https://doi.org/10.1016/j.neuroimage.2012.08.049
https://doi.org/10.1016/j.neuroimage.2012.08.049
https://doi.org/10.1212/wnl.59.2.238
https://doi.org/10.1212/wnl.59.2.238
https://doi.org/10.1002/ana.20817
https://doi.org/10.1016/j.jns.2004.06.016
https://doi.org/10.1016/j.jns.2004.06.016
https://doi.org/10.1016/s0197-4580(97)00155-3
https://doi.org/10.1111/j.1552-6569.2001.tb00068.x
https://doi.org/10.1162/jocn.2008.20025
https://doi.org/10.1016/j.neuroimage.2009.10.041
https://doi.org/10.1016/j.neuroimage.2009.10.041
https://doi.org/10.1016/j.neurobiolaging.2006.10.024
https://doi.org/10.1016/j.neurobiolaging.2006.10.024
https://doi.org/10.1001/archneur.1993.00540080029009
https://doi.org/10.1001/archneur.1993.00540080029009
https://doi.org/10.1016/j.archger.2007.07.004
https://doi.org/10.1016/j.archger.2007.07.004
https://doi.org/10.1016/j.acra.2004.12.015
https://doi.org/10.1016/j.neuroimage.2008.09.046
https://doi.org/10.1002/hbm.22766
https://doi.org/10.1002/hbm.22766
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

	White Matter Language Pathways and Language Performance in Healthy Adults Across Ages
	Introduction
	Materials and Methods
	Participants
	MRI Data Acquisition
	Language Assessments
	TBSS Data Processing
	Statistical Analysis of Skeletonized TBSS Data

	Results
	Behavioral Testing Results
	Language Testing and Age
	Language Testing and DTI Metrics
	Age Related Differences in White Matter DTI Metrics
	Sex Differences in White Matter DTI Metrics
	Scanner Effect

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


