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Abstract: Diffusion tensor imaging (DTI) measures diffusion of molecular water, which can be used to calculate
indices of white matter integrity. Early DTI studies of aging primarily focused on two global measures of integ-
rity; the average rate (mean diffusivity, MD) and orientation coherence (fractional anisotropy, FA) of diffusion.
More recent studies have added measures of water movement parallel (axial diffusivity, AD) and perpendicular
(radial diffusivity, RD) to the primary diffusion direction, which are thought to reflect the neural bases of age dif-
ferences in diffusion (i.e., axonal shrinkage and demyelination, respectively). In this study, patterns of age differ-
ences in white matter integrity were assessed by comparing younger and healthy older adults on multiple
measures of integrity (FA, AD, and RD). Results revealed two commonly reported patterns (Radial Increase
Only and Radial/Axial Increase), and one relatively novel pattern (Radial Increase/Axial Decrease) that varied
by brain region and may reflect differential aging of microstructural (e.g., degree of myelination) and macro-
structural (e.g., coherence of fiber orientation) properties of white matter. In addition, larger age differences in
FA in frontal white matter were consistent with the anterior—posterior gradient of age differences in white matter
integrity. Together, these findings complement other recent studies in providing information about patterns of

diffusivity that are characteristic of healthy aging. Hum Brain Mapp 31:378-390, 2010.
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INTRODUCTION

Brain aging research has been dominated by examina-
tions of age-related differences in the structure and func-
tion of gray matter (Cabeza et al., 2005), with the other
half of the brain—white matter—having been largely
ignored. The lack of attention to white matter aging in the
past likely resulted from limitations in imaging technol-
ogy, because the relatively recent advent of diffusion ten-
sor imaging (DTI) has led to widespread interest in age-
related changes in white matter.

DTI is a magnetic resonance imaging (MRI) technique
that measures the diffusion of molecular water (Basser
et al,, 1994; Pierpaoli and Basser, 1996). Water diffuses
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three to seven times more rapidly along the length of
axons aligned in white matter tracts compared to move-
ment perpendicular to the axons (Le Bihan, 2003; Pierpaoli
et al.,, 1996), because the latter is restricted by axonal cell
membranes, myelin sheaths, and neurofilaments (Beaulieu,
2002). Various properties of water diffusion can be calcu-
lated from DTI-based eigenvalue measures (A1, A2, and A3,
which indicate the rate of diffusion along the three princi-
pal axes of the diffusion ellipsoid), providing information
about the integrity of these white matter structures.

Mean diffusivity (MD) and fractional anisotropy (FA)
are the two most commonly used measures of white mat-
ter integrity. MD is the average amount of water diffusion,
calculated as the average diffusivity across all three eigen-
values, with higher values denoting increased rate of dif-
fusion. On the other hand, FA refers to the coherence of
the orientation of water diffusion, independent of rate. It
is calculated as the fraction of total diffusion that can be
attributed to anisotropic diffusion, which is derived from
the normalized variances of the three eigenvalues (see
Basser and Pierpaoli, 1996 for this equation), with higher
values corresponding to a more consistent diffusion orien-
tation. Taken together, a breakdown in white matter integ-
rity would be seen as higher MD and/or lower FA.

Accordingly, it is not surprising that the most pervasive
findings from DTI aging research are age-related increases
in MD and decreases in FA (Abe et al., 2002; Grieve et al.,
2007; Head et al., 2004; Hsu et al.,, 2008, Hugenschmidt
et al., 2008; Pfefferbaum et al., 2000, 2005; Salat et al., 2005;
Sullivan and Pfefferbaum, 2006; Yoon et al., 2008). These
age differences in integrity are seen throughout the brain,
with most studies reporting the magnitude of the differ-
ence to be larger in anterior white matter compared to
posterior regions (Abe et al., 2002; Ardekani et al., 2007;
Bucur et al., 2008; Grieve et al, 2007; Gunning-Dixon
et al., 2009; Head et al., 2004; Hedden and Gabrieli, 2005;
Madden et al., 2009; Pfefferbaum et al., 2005; Pfefferbaum
and Sullivan, 2003; Salat et al., 2004, 2005; Sullivan et al.,
2008; Zahr et al., 2009). This effect, referred to as the ante-
rior—posterior gradient, has also been seen in the time
course of age-related declines in white matter integrity,
with age differences in FA occurring earlier in frontal
white matter (Yoon et al., 2008).

What remains relatively unknown is what these age
differences in white matter integrity mean in terms of
underlying neural substrates. With the aim of shedding
light on this issue, DTI aging studies have begun to
examine the more frequently used integrity measures
(FA, MD) in relation to axial (AD) and radial (RD) diffu-
sivity, which correspond to diffusion in the primary (A1)
and perpendicular ((A2 + A3)/2) directions, respectively.
Although DTI cannot resolve neural changes within a
voxel, this shift was motivated by animal research indi-
cating that these measures may be selectively sensitive to
specific neural changes, with AD reflecting axonal differ-
ences (e.g., axonal damage or loss) (Budde et al., 2007;
Song et al.,, 2003) and RD reflecting differences in the

degree of myelination (Budde et al., 2007, Nair et al.,
2005; Song et al., 2002, 2003, 2005).

Previous DTI aging studies that included AD and RD
measures have revealed two prominent patterns of age dif-
ferences in diffusivity. In the first pattern (Radial Increase
Only), age-related decreases in FA are primarily associated
with a significant increase in RD, but not AD (Bhagat and
Beaulieu, 2004; Davis et al., 2009; Madden et al., 2009;
Zhang et al.,, 2008). In the second pattern (Radial/Axial
Increase), age-related decreases in FA are associated with
significant increases in both RD and AD (Sullivan et al.,
2006, 2008; Zahr et al., 2009). Both patterns are character-
ized by an increase in RD with aging. Given the animal lit-
erature cited above showing that increased RD is
associated with decreased myelin, and evidence that
healthy aging is accompanied by myelin damage and loss
(Peters, 2002), it is not surprising that these patterns are of-
ten interpreted to reflect age-related demyelination. How-
ever, because the focus has been on age differences in RD,
potentially important age differences in AD, and the corre-
sponding neural underpinnings, have been largely
ignored.

Shifting attention to age differences in AD may provide
insight into a number of neural substrates underlying age
differences in white matter integrity. Diffusion anisotropy
is known to be influenced by both microstructural, cellular
variables (e.g., axonal packing density, degree of myelina-
tion, axonal diameter, and inflammation) and macrostruc-
tural, voxel-level variables (e.g., axonal organization such
as aligned, crossing, and “kissing” fibers) (Giorgio et al.,
2008; Mori and Zhang, 2006; Pierpaoli et al., 1996). Thus, if
AD does reflect axonal differences as suggested by the ani-
mal literature cited above, then inferences can be made
about the contribution of axon-based microstructural vari-
ables to white matter aging. In addition, we may identify
macrostructural level changes with aging by examining
the regional variation of age differences in AD, because
the organization of underlying white matter tracts would
need to be considered.

Therefore, this study assessed region-specific patterns of
age differences in multiple measures of white matter integ-
rity. To furthering our understanding of the neural sub-
strates underlying the widely reported age differences in
FA, younger and healthy older adults were compared on
diffusivity measures (AD and RD; MD was not included
because it is not independent of these measures) in white
matter regions that showed significant age differences in
FA, with particularly attention to age differences in AD.
Regional variation of these patterns may reflect differential
aging of the underlying white matter, comparable to stud-
ies showing different patterns of aging across gray matter
regions (e.g., Head et al., 2005; Raz et al., 2005). Further-
more, because white matter integrity is compromised (i.e.,
decreased FA) in a variety of populations, including indi-
viduals diagnosed with schizophrenia, multiple sclerosis,
and Alzheimer’s disease (Sullivan and Pfefferbaum, 2003;
Sundgren et al., 2004), our results may help identify
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TABLE |. Demographic and neuropsychological test results

Younger adults Older adults t

Demographics
Age 189 £ 0.7 67.6 £3.1 57.5%*
Education 122 £ 04 17.0 £23 7.7%*
Male/female 5/9 4/10

Neuropsychological tests
MMSE* 299 +£ 0.3 294 + 0.7 —2.7*
WAIS-IIT vocabulary” 62.6 + 6.0 68.0 £ 5.3 2.6%
WAIS-III digit symbol coding® 919 £+ 13.9 61.6 +£13.3 —5.9%*
WAIS-III digit symbol pairing” 16.0 + 33 111 + 49 —3.1*
WAIS-III digit symbol recall® 8112 70+ 14 —2.4*
WAIS-III digit span forward® 11.8 £ 25 11.6 £ 22 ns
WAIS-II digit span backward 7.0+ 25 89 £29 ns
COWAT-FAS sum?® 46.1 = 11.4 472 £ 129 ns
USC-REMT free recall correct’ 325 +£51 254 +£52 —3.4*
USC-REMT free recall repetitions® 24425 29+ 3.5 ns
USC-REMT free recall intrusions’ 0.5+0.9 1.0 £ 0.9 ns
WJ-III word attack SS" 92.6 + 8.3 101.1 £ 2.7 3.6*
WIJ-III word identification SS” 108.6 + 10.4 112.7 + 5.0 ns

Notes: All scores are given as mean £ SD, with neuropsychological test scores based on raw data
except where standard scores (SS = age-adjusted standard score with a mean of 100 and standard
deviation of 15) are noted. Independent sample ¢ tests show group effects (*P < 0.05; **P < 0.001; ns,
not significant). Neuropsychological tests screened for dementia®; and measured vocabulary”, process-
ing speed", cued recall’, free recall’, working memory, verbal fluency®, and reading ability”. Three par-
ticipants did not complete the COWAT-FAS and USC-REMT tests. MMSE, Mini Mental State
Examination; WAIS-III, Wechsler Adult Intelligence Scale, 3rd edition; COWAT-FAS, Controlled Oral
Word Association Test-FAS; USC-REMT, University of Southern California-Repeatable Episodic Mem-

ory Test; WJ-III, Woodcock-Johnson, 3rd edition.

region-specific patterns of diffusivity that are unique to
healthy aging.

MATERIALS AND METHODS
Participants

Fourteen Georgetown University undergraduate stu-
dents (18-20 years old) and 14 older adults (63-72 years
old) who responded to advertisements in the Washington
Post Health Section were recruited. Demographic and neu-
ropsychological characterizations for each group are pre-
sented in Table I. All participants gave informed consent
and received either payment or course credit for their par-
ticipation. The Georgetown University Institutional Review
Board approved the experimental procedures.

Prior to participation, individuals were screened for con-
ditions that would prevent them from being able to enter
the MRI scanner. These conditions included being preg-
nant, having ferrous metal implants, having difficulty
lying in the supine position for 30 min, and being claustro-
phobic. In addition, individuals were excluded prior to
scanning if they reported having a health condition or
neurological disease or disorder that is known to influence
cognitive functioning and/or contribute to white matter
pathology (e.g., stroke, dementia, diabetes, and uncon-
trolled depression or hypertension).

General Procedure

Participants completed 3 days of testing. On the first day,
they completed screening procedures (informed consent, bi-
ographical and health screen questionnaires, and MRI safety
form) and the MRI scanning protocol. On the second and
third days of testing, participants completed the compre-
hensive neuropsychological test battery (see Table I) and a
computer-based learning task (data not presented here).

MRI scanning protocol

Participants were scanned using the 3.0 Tesla MRI sys-
tem (Siemens Magnetom Trio, Erlangen, Germany) at
Georgetown University’s Center for Functional and Molec-
ular Imaging. An imaging technician positioned partici-
pants in the scanner, laying them in the supine position
with a circularly polarized head coil. A mirror mounted
on the head coil allowed them to watch cable television
programming during scanning. Fitted padding was used
to minimize head movements.

A high resolution Tl-weighted structural scan
(MPRAGE) was acquired first with the following parame-
ters: scan time = 7:23 min, TR = 2,300 ms, TE = 2.94 ms,
TI = 900 ms, 9° flip angle, 1 slab, 160 sagittal slices with a
1.0-mm slice thickness, and FOV = 256 x 256 mm with a
256 x 256 matrix resulting in an effective resolution of
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1.0 mm® isotropic voxels. A Neurologist reviewed these
images, and no participant exhibited a clinically significant
structural abnormality that was atypical for their age (e.g.,
lesions and excessive atrophy).

Two 35-direction diffusion weighted echo planar imag-
ing sequences were then acquired using gradient values of
b=0and b = 1,000 s/mm? applied in 35 orthogonal direc-
tions. Each acquisition had the following parameters: scan
time = 4:39 min, TR = 7,700 ms, TE = 100 ms, 55 axial
interleaved slices with a 2.5 mm slices thickness with no
gap, and FOV = 240 x 240 mm with a 64 x 64 matrix
resulting in an effective resolution of 2.5 mm® isotropic
voxels. The entire scanning session took ~30 min.

Data Analysis
Diffusion data processing

Diffusion-weighted data were separately processed for
each participant using the University of Oxford’s Center
for Functional Magnetic Resonance Imaging of the Brain
(FMRIB) Software Library (FSL) release 4.0 (http://
www.fmrib.ox.ac.uk/fsl). First, the two diffusion acquisi-
tions were concatenated in time to increase the signal-to-
noise ratio. The first volume within this merged data file
that did not have gradient applied (i.e., the first b = 0
image) was used to generate a binary brain mask with the
Brain Extraction Tool. These data were then corrected for
head movement and eddy current distortions using Eddy-
correct, which aligns all the volumes. Finally, DTIfit was
used to independently fit diffusion tensors to each voxel,
with the brain mask limiting the fitting of tensors to brain
space. The output of DTIfit yielded voxelwise maps of FA,
AD (A1), and RD (average of A2 and A3) for each
participant.

Between-group t-tests

A between-group skeleton-wise t-test analysis was per-
formed for the FA measure using Tract-Based Spatial Sta-
tistics (Smith et al., 2006). In this analysis, individual FA
maps were nonlinearly aligned to the FMRIB58_FA tem-
plate, affine transformed into MNI152 1 mm® standard
space, and then averaged across all participants to form a
mean FA image. The mean FA image was used to generate
a white matter skeleton that identifies the center of white
matter tracts shared by all participants. This mean FA
skeleton was thresholded at 2,000 (corresponding to FA >
0.2) to exclude voxels containing gray matter or cerebro-
spinal fluid (CBF). Prealigned FA images from each partic-
ipant were registered to the mean FA skeleton by
searching for maximum FA values perpendicular to the
skeleton. This second registration corrected for any mis-
alignment from the initial nonlinear registration and affine
transformation. The resulting skeletonized FA data were
then subjected to a skeleton-wise (i.e., voxel-wise compari-
son limited to voxels within the mean skeleton) compari-

son of FA between younger and older adults. This
between-group t-test was conducted using the Randomise
tool, which tests the t value at each voxel against a null
distribution generated from 5,000 random permutations of
group membership. The output contained statistical maps
corrected for multiple comparisons at the cluster level
(cluster-forming threshold t > 3.0, P < 0.05).

Significant clusters from the FA analysis were separately
masked and labeled with reference to the JHU ICBM-DTI-
81 White Matter Labels, part of the FSL atlas tools. To
obtain mean FA values for each participant from the sig-
nificant clusters, each mask was projected back into the
native space of each individual’s FA map using the FSL
Deproject tool. Back projected masks were then binarized
and multiplied by the individual’s FA map, leaving just
the FA values for voxels within that cluster, which were
then averaged. The same back projection and averaging
was conducted for each of the non-FA maps (A1, A2, and
A3) to obtain mean values for each participant for the sig-
nificant clusters from the FA analysis. Values for the A2
and A3 maps were averaged to get a single measure of
mean RD for each individual.

Finally, between-group t-test analyses were conducted
separately for AD and RD at each of the 28 significant
clusters from the FA analysis. Results for each diffusivity
measure were corrected for multiple comparisons using
Bonferroni corrections for 28 comparisons.

RESULTS
Neuropsychological Data

Neuropsychological test results, seen in Table I, revealed
the typical pattern of age effects, with all participants per-
forming within the age-expected range. That is, older
adults performed significantly worse than younger adults
on measures of processing speed, cued recall, and free
recall, but not vocabulary or reading ability. All partici-
pants had Mini-Mental State Examination (Folstein et al.,
1975) scores that were >28.

Age Group Differences in FA

Results of the skeleton-wise between-group t-test for FA
are presented in Figure 1. Significantly lower FA was seen
in older adults compared to younger adults in 28 white
matter clusters (see descriptions in Table II), which
included two midline, 11 bilateral, and four unilateral
regions. Three of the unilateral clusters were in the left
hemisphere, suggesting a slight hemispheric asymmetry,
especially in frontal regions (left anterior/inferior corona
radiata, left frontal cluster). Consistent with the notion that
the integrity of white matter connections degrade with
age, there were no regions with significantly higher FA in
older versus younger adults.

¢ 381 ¢



¢ Bennett et al. ¢

r longitudinal
iculus

siratum

z=40

anteror anterior Superor

pericallosal corona radiata

superior
longitudinal

fornix

pericallosal ™ posterior corona
radiata

enu of the

mRLIC supenor

stratum

) z=10 .
anterior anterior/inferior
pericallosal corona radiata

frontal

external cluster

capsule

allosal

inferior
sagittal stratum

fornix

callosum

cerebellum

anterior
icallosal

sagittal cerebral

radiata superior longitudinal

asciculus

superior

sagittal
stratum frontal

external
capsule
sagittal
stratum
cerebral

cerebellum peduncle

cluster
RLIC
external capsule
mRLIC

Figure 1.
Statistical map showing white matter clusters (red) where FA was significantly greater in younger
versus older adults, across four axial slices (panel A) and four sagittal slices (panel B). Axial sli-
ces are presented in radiological orientation (right = left). RLIC = retrolenticular part of the in-

ternal capsule.

Age Group Differences in Diffusivity Measures

Between group t-test results for the non-FA, diffusivity
measures are summarized in Table III, and the corre-
sponding statistics are presented in Table IV. These data
revealed that age-related decreases in FA are characterized

by three distinct patterns of age differences in diffusivity
measures. In the first pattern, Radial Increase Only, clus-
ters with significant age-related decreases in FA also had
significant age-related increases in RD, but no age group
effects in AD. For the second pattern, Radial/Axial
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TABLE Il. Descriptions of white matter clusters

White matter cluster

Description

Genu of the corpus callosum

Fornix

External capsule

Retrolenticular part of the
internal capsule (RLIC)

Medial RLIC

Anterior/inferior corona radiata

Anterior/superior corona radiata
Superior corona radiata
Posterior corona radiata
Superior longitudinal fasciculus
Superior sagittal stratum
Inferior sagittal stratum
Anterior pericallosal

Posterior pericallosal
Cerebellum

Cerebral peduncle

Frontal cluster

Anterior portion (y > 5), includes anterior body of the corpus callosum

Between the thalamus and lateral ventricles

Between putamen and insular cortex

Junction of the posterior limb of the internal capsule, external capsule and superior
sagittal stratum

Medial to RLIC, behind the thalamus

Anterior and inferior to the genu of the corpus callosum and anterior pericallosal WM,
left hemisphere

Anterior and superior to the genu of the corpus callosum and anterior pericallosal WM

Superior WM adjacent to BA 2, 3, 4, and 6

Parietal WM superior to posterior pericallosal WM (y < —52, z > 15)

Anterior to WM adjacent to BA 44/45 and the precentral gyrus

Between posterior corona radiata and RLIC

Temporal lobe between RLIC and inferior external capsule

Lateral to the genu of the corpus callosum

Lateral to the splenium of the corpus callosum

Anterior lobe, right hemisphere

Posterior portion of the crus ceribri, left hemisphere

Frontal lobe adjacent to insular cortex, left hemisphere

Note: Descriptions indicate when the age group difference in FA was only significant in one hemisphere for a given white matter cluster.
Coordinates (y and z) are given in mm according to Montreal Neurological Institute (MNI) space. WM, white matter; BA, Brodmann area.

Increase, clusters in which FA decreased with age also had Increase/Axial Decrease, clusters with significant age-
significantly higher RD and AD values for older adults rel- related decreases in FA also had significantly higher RD
ative to younger adults. In the third pattern, Radial and lower AD in older versus younger adults.

TABLE Ill. Age group differences in white matter integrity

FA AD RD
Radial increase only
L anterior/inferior corona radiata Y>O oO>Y
L frontal cluster Y>O OoO>Y
Posterior pericallosal Y>O OoO>Y
R cerebellum Y >0 O>Y
Inferior sagittal stratum Y>O o>y*'!
Posterior corona radiata Y >0 o>yt
Medial RLIC Y >0 O>Y
Superior longitudinal fasciculus Y>O0 OoO>Y
Superior sagittal stratum Y>O Oo>Y
Radial/axial increase
Genu of corpus callosum Y>O Oo>Y Oo>Y
External capsule Y>O Oo>Y Oo>Y
Fornix Y>O O>Y O>Y
Radial increase/axial decrease
Anterior pericallosal Y>O Y>O o>Y"
Anterior/superior corona radiata Y >0 Y >0 Oo>Y
Superior corona radiata Y>O Y > Ot Oo>Y
RLIC Y>O Y > O o>Y
L cerebral peduncle Y>O Y>O Oo>Y

Note. Significant white matter clusters from the FA comparison are organized according to
the pattern of age group differences in diffusivity measures. Results indicate where signifi-
cant effects for each diffusivity measure (P < 0.0018, Bonferroni-corrected for 28 compari-
sons per diffusivity measure) were due to higher values in younger adults (Y > O) or older
adults (O > Y). In some cases, effects were only significant for the left ™ or right hemi-
sphere (), or marginally significant (P < 0.0020) for the left 1y or right hemisphere (" ).
L, unilateral cluster in the left hemisphere; R, unilateral cluster in the right hemisphere.
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TABLE IV. Statistics for age group differences in diffusivity measures

AD (x1072 mm?/s)

RD (x10~* mm?/s)

White matter cluster t Younger Older t Younger Older
Radial increase only
L anterior/inferior corona radiata -2.9 1.309 £ 0.09 1.219 £ 0.08 3.7% 5.208 £ 0.51 6.015 & 0.64
L frontal cluster -12 1.070 + 0.06 1.037 + 0.08 4.0* 5.750 £ 0.40 6.510 £ 0.59
L posterior pericallosal 0.7 1.321 £ 0.10 1.350 £ 0.12 4.0* 3.880 &+ 0.49 4.786 + 0.70
R posterior pericallosal -0.4 1.543 £ 0.15 1.521 £ 0.17 2.9% 2.909 £ 1.00 3.980 &+ 0.93
R cerebellum —-0.6 1.016 + 0.06 1.004 + 0.06 4.5* 5.646 + 0.37 6.495 £ 0.37
L inferior sagittal stratum -1.6 1.247 £+ 0.10 1.045 + 0.46 -03 5.557 + 0.87 5.371 £ 2.53
R inferior sagittal stratum -3.1 1.298 + 0.07 1.205 + 0.09 3.4 5479 + 045 6.244 + 0.70
L posterior corona radiata -3.2 1.405 £ 0.10 1.300 + 0.07 3.5/ 4.421 £ 0.68 5.349 £ 0.74
R posterior corona radiata -1.7 1.377 £ 0.06 1.283 £ 0.10 2.8 4.455 + 0.65 5.607 + 1.37
L medial RLIC -21 1.307 + 0.07 1.255 4 0.06 5.4* 4.755 £ 0.44 5.638 + 0.43
R medial RLIC -1.8 1.298 + 0.08 1.247 + 0.07 4.1* 5.005 + 0.43 5.844 + 0.62
L superior longitudinal fasciculus 0.6 1.073 £ 0.04 1.085 + 0.05 6.9* 5.245 + 0.32 6.289 + 0.47
R superior longitudinal fasciculus 15 1.072 & 0.03 1.097 & 0.06 6.9* 5.056 + 0.27 6.159 + 0.54
L superior sagittal stratum —0.4 1.325 £ 0.07 1.313 £ 0.08 4.9* 4.016 £ 0.43 5.365 £+ 0.94
R superior sagittal stratum -0.7 1.332 £ 0.05 1.316 £ 0.07 4.8* 4.252 + 0.50 5.622 + 0.94
Radial/axial increase
Genu of corpus callosum 3.5% 1.610 £ 0.06 1.754 + 0.14 6.8% 3.018 &+ 0.50 5.358 + 1.19
L external capsule 4.4* 1.145 £ 0.04 1.229 4+ 0.06 9.1* 6.225 + 0.36 7.646 £ 0.46
R external capsule 3.5% 1.145 £ 0.04 1.212 & 0.06 9.8* 6.113 + 0.26 7.515 + 0.47
Fornix 6.3* 1914 £ 0.29 2.882 + 0.49 6.3* 11.183 + 3.21 21.128 + 491
Radial increase/axial decrease
L anterior pericallosal —4.3* 1.284 £ 0.05 1.184 £ 0.07 3.3 5.059 &+ 0.48 5.760 & 0.63
R anterior pericallosal —4.0* 1.248 £ 0.05 1.167 £ 0.05 3.8* 4.818 £+ 0.42 5.646 £ 0.70
L anterior/superior corona radiata -3.7* 1.185 + 0.05 1.110 £+ 0.06 4.1* 4.840 + 0.36 5.543 + 0.53
R anterior/superior corona radiata —4.1* 1.147 £+ 0.06 1.063 £ 0.05 3.8* 4751 £ 0.51 5.568 + 0.63
L superior corona radiata -5.0% 1.224 £ 0.05 1.134 £ 0.05 3.8% 4.541 £ 0.43 5.229 4 0.52
R superior corona radiata =31 1.188 £ 0.06 1.116 £ 0.06 4.5% 4.570 £ 0.42 5334 + 0.47
L RLIC 1.8 1.417 + 0.04 1.378 &+ 0.07 4.8* 5.009 £ 0.41 5.680 + 0.33
R RLIC —3.6* 1.427 + 0.04 1.372 4 0.04 5.0* 5.050 + 0.33 5.854 + 0.50
L cerebral peduncle -3.6* 1.602 £ 0.06 1.501 & 0.09 5.4* 4.228 + 0.54 5.425 + 0.62

Note: The t statistic and mean + standard deviation (M £ SD) scores for younger and older adults are presented for each diffusivity
measure at significant white matter clusters from the FA comparison. Bolded text with an asterisk (*) denotes significant effects at P <
0.0018 (Bonferroni-corrected for 28 comparisons per diffusivity measure), bolded text with a cross (") denotes marginally significant

effects at P < 0.0020, L = left hemisphere, R = right hemisphere.

Age Group Differences in RD across
Diffusivity Patterns

Significant age-related increases in RD were seen in all
clusters that had significant age differences in FA. To deter-
mine whether the magnitude of the age difference in RD
differed across the three diffusivity patterns, an Age Group
(younger, older) x Pattern (Radial Increase Only, Radial/
Axial Increase, Radial Increase/Axial Decrease) ANOVA
was conducted for the RD measure. As expected, results
revealed a significant main effect of Age Group, F(1,26) =
65.7, P < 0.001, indicating that RD was higher in older
(8.52 + 2.48 x 10 * mm?/s) compared to younger (5.39 +
1.07 x 10°* mm?/s) adults. There was also a significant
main effect of Pattern, F(2,52) =224.1, P < 0.001, with higher
RD in the Radial/Axial Increase pattern (8.52 & 2.30 x 107*
mm?/s) compared to the Radial Increase Only (3.23 +
0.65 x 107* mm?/s) and Radial Increase/Axial Decrease

(5.16 + 0.54 x 10~* mm?/s) patterns. Importantly, the Age
Group x Pattern interaction, F(2,52) = 43.3, P < 0.001,
revealed that the age-related difference in RD (older minus
younger adults) was significantly larger for the Radial/
Axial Increase pattern (3.78 x 10~* mm®/s) compared to the
Radial Increase Only (0.90 x 10~* mm?/s) and Radial
Increase/Axial Decrease (0.80 x 10~* mm?/s) patterns. A
follow-up two Age Group x two Pattern ANOVA con-
firmed that the magnitude of the age difference in RD was
comparable in the Radial Increase Only and Radial
Increase/Axial Decrease patterns (P > 0.20).

Age Group Differences in AD across
Diffusivity Patterns

As can be seen in Table III, the three diffusivity patterns
differ with respect to age differences in AD. That is,

* 384 o



¢ DTI and Aging ¢

clusters either had no significant age differences in AD
(Radial Increase Only), significantly higher AD in older
versus younger adults (Radial/Axial Increase), or signifi-
cantly lower AD in older versus younger adults (Radial
Increase/Axial Decrease). To determine whether the mag-
nitude of the age difference in AD was significantly differ-
ent across the three diffusivity patterns, an Age Group x
Pattern ANOVA was conducted for the AD measure.
Results revealed significant main effects of Age Group,
F(1,26) = 14.3, P < 0.001 and Pattern, F(2,52) = 211.1, P <
0.001, such that AD was higher in older (1.40 £ 0.28 x
1072 mm?/s) versus younger (1.34 £+ 0.10 x 107% mm?/s)
adults, and higher in the Radial/Axial Increase pattern
(1.61 + 020 x 107> mm?/s) compared to the Radial
Increase Only (1.24 + 0.05 x 107® mm?/s) and Radial
Increase/Axial Decrease (1.26 4+ 0.05 x 10~ mm?/s) pat-
terns. There was also a significant Age Group x Pattern
interaction, F(2,52) = 58.3, P < 0.001, which indicated that
the age-related difference in AD (older minus younger
adults) was significantly larger for the Radial/Axial
Increase pattern (3.15 x 107% mm?/s) compared to the Ra-
dial Increase Only (—0.05 x 10 mm?/s) and Radial
Increase/Axial Decrease (—0.08 x 102 mm?/s) patterns.
Importantly, a follow-up two Age Group x two Pattern
ANOVA revealed a significant interaction, F(1,26) = 6.8,
P < 0.02, indicating that the magnitude of the age difference
in AD was significantly different for the Radial Increase
Only and Radial Increase/Axial Decrease patterns.

Anterior-Posterior Gradient

There was evidence of an anterior—posterior gradient in
the magnitude of the age-related difference in FA (see Fig.
2). A correlation between the percent age group difference
in FA (calculated as FA in older adults minus FA in
younger adults, divided by the average FA value) and the
location of each cluster (measured as the average y coordi-
nate) revealed a significant positive relationship, r = 0.40,
P < 0.04, such that age-related decreases in FA were larger
in more anterior clusters. When analyzed separately for
each hemisphere, the relationship remained positive (left
hemisphere, r = 0.43; right hemisphere, » = 0.39), but no
longer attained significance (P’s > 0.13). The strength of
the correlation was magnified when only superior clusters
with z coordinates above or traversing zero were assessed,
r = 0.60, P < 0.01, whereas it did not approach signifi-
cance for inferior clusters, P > 0.85. This latter result is
comparable to previous research in which significant ante-
rior—posterior gradients of age differences in FA are
reported for superior white matter (e.g., Davis et al., 2009;
Pfefferbaum et al., 2005).

Before concluding that anterior white matter is more
susceptible to aging than posterior regions, it is important
to recognize that the age-related decline is regionally com-
plex. For example, variability of the magnitude of age dif-
ferences was greater in posterior clusters, which included
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Figure 2.

The percent of age group difference in FA, calculated for each
white matter cluster by dividing the group difference in FA
(younger minus older adults) by the average FA for that cluster,
is plotted as a function of each cluster’s average y coordinate (in
mm according to MNI space). As the regression line indicates,
age-related decreases in FA were significantly larger in anterior
(panel B) versus posterior (panel A) clusters. This relationship
was significant for the frequently reported superior clusters
(closed circle) with z coordinates above or traversing zero, but
did not attain significance for inferior clusters (open circles). Av-
erage y coordinates (from left to right) correspond to the fol-
lowing cluster: —63.5, left posterior corona radiata; —57.0, right
posterior corona radiata; —53.5, right cerebellum; —51.5, left
posterior pericallosal; —51.5, right posterior pericallosal; —26.5,
right retrolenticular part of the internal capsule (RLIC); —26.0,
left medial RLIC (mRLIC); —26.0, left RLIC; —25.0, right mRLIC;
—22.5, left cerebral peduncle; —13.0, right inferior sagittal stra-
tum; —11.0, left inferior sagittal stratum; 2.0, left external cap-
sule; 2.5, right external capsule; 10.5, right superior longitudinal
fasciculus; 16.5, left superior longitudinal fasciculus; 19.5, genu of
the corpus callosum; 21.5, right superior corona radiata; 26.0,
left superior corona radiata; 27.0, left frontal cluster; 34.5, right
anterior/superior corona radiata; 36, right anterior pericallosal;
36.5, left anterior pericallosal; 38.5, left anterior/superior corona
radiata; 41.0, right superior sagittal stratum; 43, left anterior/in-
ferior corona radiata; 51.5, left superior sagittal stratum.

regions with both the largest (left inferior sagittal stratum,
right cerebellum) and smallest (bilateral retrolenticular
part of the internal capsule and posterior pericallosal
white matter) age group differences in FA. Note that the
fornix was removed from this analysis and from Figure 2,
because the percentage of age-related FA decrease was
more than four standard deviations above the average dif-
ference of the remaining white matter clusters.

DISCUSSION
Summary of Findings

This study examined age group differences in white
matter microstructure by comparing younger and healthy
older adults on multiple measures of white matter integ-
rity. The main finding was that age-related decreases in
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FA were associated with three region-specific patterns of
age differences in diffusivity measures (AD and RD).

Radial increase only

In most clusters, decreased FA in older adults was asso-
ciated with an age-related increase in RD but no age dif-
ference in AD. This has been the predominant pattern
reported in several previous DTI aging studies (Bhagat
and Beaulieu, 2004; Davis et al., 2009; Fjell et al., 2008;
Madden et al., 2009; Zhang et al., 2008). The present find-
ings replicated earlier studies that also showed this pattern
in frontal (Zhang et al., 2008), posterior pericallosal (Ver-
nooij et al., 2008; Zhang et al., 2008), superior longitudinal
fasciculus (Madden et al., 2009; Sullivan et al., 2008), and
sagittal stratum (Burzynska et al., submitted) white matter.

Radial/Axial increase

In other clusters, decreased FA in older adults was asso-
ciated with an age-related increase in both RD and AD,
which has also been the primary pattern reported in sev-
eral other DTI aging studies (Sullivan et al., 2006, 2008;
Zahr et al., 2009). The current findings replicated some
earlier reports of this pattern in the genu of the corpus cal-
losum (Burzynska et al., submitted; Sullivan et al., 2006,
2008; Zahr et al., 2009), external capsule (Burzynska et al.,
submitted; Sullivan et al., 2008), and fornix (Burzynska
et al., submitted; Sullivan et al., 2008; Vernooij et al., 2008;
Zahr et al., 2009). A few studies found that the genu of the
corpus callosum (Davis et al.,, 2009; Madden et al., 2009;
Vernooij et al., 2008) or external capsule (Bhagat and Beau-
lieu, 2004) fit into the Radial Increase Only pattern, which
may be linked to the possibility that the Radial Increase
Only and Radial/Axial Increase patterns reflect different
degrees of severity of the same underlying neural changes
that affect RD.

Radial increasel/Axial decrease

Remaining clusters with decreased FA in older adults
had an age-related increase in RD and decrease in AD.
This pattern was only recently identified in another DTI
aging study (Burzynska et al., submitted), with two earlier
studies having each observed this pattern in a single white
matter region. The present finding of the Radial Increase/
Axial Decrease pattern in frontal white matter (anterior
pericallosal, anterior/superior corona radiata) overlaps
with earlier observations in the superior frontal gyrus
(Bhagat and Beaulieu, 2004), superior corona radiata (Bur-
zynska et al., submitted), and frontal forceps (Burzynska
et al., submitted; Sullivan et al., 2008). This pattern was
also previously seen in the retrolenticular part of the inter-
nal capsule (Burzynska et al., submitted). In contrast to the
other patterns, possible neural substrates underlying the
Radial Increase/Axial Decrease pattern in healthy aging

have only recently been proposed (e.g., lesion-induced
axonal loss and gliosis; Burzynska et al., submitted).

Age-Related Increases in RD

In this study, age-related increases in RD were charac-
teristic of all clusters in each of the three patterns, suggest-
ing that the neural changes underlying RD increases with
healthy aging affect white matter microstructure through-
out the brain. However, the magnitude of the age differ-
ence in RD was significantly larger in the Radial/Axial
Increase pattern, indicating that the severity of these neu-
ral changes may be exacerbated in these clusters.

Animal literature has shown RD increases in mice that
have been genetically modified to be myelin deficient
(Nair et al., 2005; Song et al., 2002) or treated with cupri-
zone to induce myelin loss (Song et al., 2005). Combined
with evidence that myelin damage and loss is prevalent in
healthy aging (Peters, 2002), these findings suggest that
age-related demyelination contributes to RD increases in
older compared to younger adults. However, myelin is not
the only factor contributing to restricted diffusion meas-
ured by FA because anisotropic diffusion can occur in the
absence of myelin (Beaulieu, 2002; Berman et al., 2005; Le
Bihan, 2003; Pierpaoli et al., 1996). Thus, it may be an
oversimplification to conclude that age-related increases in
RD are due solely to demyelination in healthy aging.

Alternatively, some researchers have proposed that the
primary determinant of anisotropy is the packing density
of axons within a voxel (Beaulieu, 2002; Shenkin et al.,
2003; cf., Pierpaoli et al., 1996). Axonal packing density
encompasses a variety of microstructural level variables
(e.g., degree of myelination, axonal diameter, and inflam-
mation) that can influence the amount of extracellular
water between axons, and thus the amount of diffusion in
the non-primary direction. One benefit of this explanation
is that it applies to multiple white matter changes known
to occur with aging (Gunning-Dixon et al., 2009; Peters,
2002), but that cannot be separately assessed with the cur-
rent resolution of most DTI sequences (Sullivan et al.,
2008).

Region-specific differences in the degree of age-related
change in axonal packing density may explain why the
age difference in RD was significantly larger in the Ra-
dial/Axial Increase pattern. For example, age differences
in microstructural level variables contributing to decreased
axonal packing density may be mild enough in Radial
Increase Only and Radial Increase/Axial Decrease clusters
to only increase RD. However, more severe decreases in
axonal packing density from, for example, a greater loss of
myelin or axons in aging, would lead to a global increase
in extracellular water, resulting in larger RD increases and
subsequent AD increases in Radial/Axial Increase clusters.
This hypothesis is supported by evidence that the genu of
the corpus callosum, a Radial/Axial Increase cluster, con-
tains many small diameter unmyelinated and thinly
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myelinated axons (Aboitiz et al., 1992), the latter of which
are highly susceptible to degeneration and demyelination
in aging (Marner et al., 2003; Tang et al., 1997).

Age-Related Decreases in AD

Previous DTI aging articles that have examined AD and
RD tend to focus on age-related increases in the latter,
which, as mentioned earlier, are often interpreted to reflect
age-related demyelination (e.g., Davis et al., 2009). As a
result, the DTI aging literature has largely ignored age dif-
ferences in AD and its potential underlying neural
substrates.

In this study, the three observed patterns differed with
respect to age effects for the AD measure, with either no
significant age differences in AD (Radial Increase Only),
significantly higher AD in older adults (Radial/Axial
Increase), or significantly higher AD in younger adults
(Radial Increase/Axial Decrease). As can be seen from the
statistics presented in Table IV, 80% of the Radial Increase
Only clusters have non-significant age-related decreases in
AD. Importantly, however, follow-up comparisons
revealed that the magnitude of the age-related decrease in
AD was significantly larger in the Radial Increase/Axial
Decrease pattern compared to the Radial Increase Only
pattern, indicating that these patterns are quantitatively
different.

One interpretation of age-related decreases in AD can be
inferred from previous research on the effect of ischemic
stroke on DTI-based measures of white matter integrity in
humans (Pierpaoli et al., 2001; Thomalla et al., 2004) and
mice (Song et al., 2003). These studies suggest that axonal
degeneration and subsequent gliosis that follow an ische-
mic incident or lesion formation lead to a disruption of
diffusion coherence, which decreases diffusion parallel to
the primary diffusion direction. Burzynska et al. (submit-
ted) recently interpreted a Radial Increase/Axial Decrease
pattern in this manner. However, it may not completely
explain the present results given that examination of high-
resolution structural scans by a Neurologist did not reveal
any clinically significant structural abnormalities. Further-
more, this pattern of diffusivity change is commonly seen
following insults in regions with consistent fiber orienta-
tion (Pierpaoli et al., 2001), whereas Radial Increase/Axial
Decrease clusters in this study often contained projection
tracts in regions with many crossing fibers, especially infe-
rior-to-superior tracts that pass through long range ante-
rior-to-posterior tracts (e.g., thalamic radiations in the
RLIC, anterior/superior and superior corona radiata, and
anterior pericallosal clusters; and corticospinal tract in
superior corona radiata and cerebral peduncle clusters).

We propose an alternative interpretation: age-related
AD decreases may result from disrupted macrostructural
organization. Radial Increase/Axial Decrease clusters with
multiple white matter tracts likely have less coherent dif-
fusion in any given orientation, and thus decreased AD.

On its own, this effect should not differ across age groups
(Head et al., 2004). However, macrostructural organization
of these regions may be disrupted in older adults because
of existing age differences in microstructural variables that
affect axonal packing density (e.g., demyelination and axo-
nal shrinkage) (Stadlbauer et al., 2008; Zhou et al., 1997),
which may magnify the AD decrease in these regions with
aging. In other words, AD in a cluster with crossing fibers
would reflect the average primary diffusion direction of
two highly aligned tracts in younger adults, but the aver-
age of two loosely aligned tracts (due to age-related
decreased packing density) in older adults, leading to
lower AD in the latter group. Future research will be nec-
essary to determine whether the Radial Increase/Axial
Decrease pattern results from age-related axonal degenera-
tion versus age differences in  macrostructural
organization.

Anterior-Posterior Gradient

Results of this study support an anterior-posterior gra-
dient, with the magnitude of the age difference in FA
being significantly larger in anterior white matter clusters.
The present findings are in line with histological studies
showing that anterior white matter is more susceptible to
age-related alterations on variables affecting measures of
integrity (e.g., myelin loss or damage) (e.g., Peters, 2002),
and studies showing that other changes in the aging brain
(e.g., gray matter shrinkage and neurotransmitter function-
ing) predominantly affect frontal regions (Raz, 2000; Salat
et al.,, 2004; West, 1996). Nonetheless, it is important to
note that the anterior—posterior gradient of age differences
may be misleading, because age differences in white mat-
ter integrity often occur throughout the brain, as seen in
the present data (see Fig. 1) and in previous studies (Head
et al.,, 2004; Madden et al., 2004; Salat et al., 2005), with
substantial variability in the magnitude of age differences
across regions (see Fig. 2).

Limitations

The primary limitation of this study is that DTI, as
implemented here and in most previous studies, cannot
assess individual neural substrates that contribute to ani-
sotropy and diffusivity smaller than the 1-3-mm voxel
size, such as degree of myelination, fiber orientation, and
axonal loss. Thus, future studies using either higher reso-
lution DTT or other techniques that can assess white matter
microstructure at the cellular level (e.g., magnetic reso-
nance spectroscopy) will be necessary to validate interpre-
tations of patterns of age differences in diffusivity, such as
those proposed here.

Nonetheless, certain DTI-based studies may be useful in
furthering our understanding of these patterns. For exam-
ple, future studies that can incorporate measures of inter-
voxel coherence (e.g. lattice index) may be able to assess
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whether clusters with decreased FA and AD are in regions
with crossing fibers (i.e., in regions with low lattice index),
which may provide additional support for the theory that
the Radial Increase/Axial Decrease pattern reflects age dif-
ferences in macrostructural organization in these regions.
Similarly, future studies could examine the classification of
various white matter regions longitudinally to provide
additional support for the notion that the patterns reflect
varying degrees of severity of underlying neural changes.
For example, such studies may show that at younger ages
where white matter aging is minimal, most regions are
classified as the Radial Increase Only pattern, whereas
with increasing age and severity of underlying microstruc-
tural changes, more regions may be classified by the Ra-
dial/Axial Increase pattern. The presence of nonsignificant
trends for age-related increases and decreases in AD in
most regions classified by the Radial Increase Only pattern
(see Table IV) indicate that clusters have the potential to
be reclassified over time depending on the progression of
underlying microstructural and/or macrostructral level
white matter changes.

Another potential limitation of the present study stems
from the use of Tract-Based Spatial Statistics (TBSS). This
technique was chosen because it involves a high quality
across-subject registration procedure that relies on a “skel-
eton” created from the center of white matter tracts com-
mon to all participants (Smith et al.,, 2006, 2007), which
minimizes alignment issues commonly seen when compar-
ing groups, such as healthy older versus younger adults,
with gross-level brain differences (e.g., atrophy, ventricular
enlargement, and sulcal expansion). This approach
restricts analyses to major white matter tracts, thus reduc-
ing the area of white matter that could be identified as
having significant age differences in FA. However, it has
the benefit of reducing false identification of group differ-
ences, because it excludes white matter regions subject to
partial voluming effects due to, for example, gray matter
atrophy (Hugenschmidt et al., 2008) or CSF contamination
(Bhagat and Beaulieu, 2004; Hirsch et al., 1999; Papadakis
et al.,, 2002) that can decrease anisotropy and increase dif-
fusivity measures. Thus, the skeletonizing technique used
here minimized the likelihood that partial voluming effects
can explain the present results, even in Radial/Axial
Increase pattern clusters that are surrounded by gray mat-
ter and CSF.

The present analyses restricted age group comparisons
of RD and AD to regions with significant age differences
in FA, because the primary aim was to make inferences
about the possible neural substrates underlying this com-
monly observed age difference in white matter integrity.
However, certain patterns of age differences cannot be
detected using this approach (e.g., regions with increased
RD and/or AD, but not FA), and potential variations in
the pattern of effects across voxels within each cluster
were not assessed. Importantly, the region specificity of
patterns identified here showed substantial overlap with
findings from earlier DTI aging studies that used unre-

stricted analyses (i.e., voxel-wise comparisons for each dif-
fusivity measure) (Burzynska et al., submitted; Vernooij
et al.,, 2008; Zhang et al., 2008). Similarly, when skeleton-
wise comparisons were conducted separately for each dif-
fusivity measure (AD and RD) using the present data (not
shown), every Radial/Axial Increase region continued to
show the same pattern, as did the majority of Radial
Increase Only (9/15) and Radial Increase/Axial Decrease
(4/9) regions. Together, these results suggest that limiting
analyses to regions with significant age differences in FA
had minimal impact on the generality of the present
results.

CONCLUSIONS AND IMPLICATIONS

This study used the well-established approach of exam-
ining AD and RD in conjunction with FA to assess pat-
terns of age differences in diffusivity and to make
inferences about the underlying neural substrates. Of the
nine previous DTI aging studies that have also assessed
age differences in these diffusivity measures, only one
recent report has taken steps to categorize these patterns
and discuss the relevance of age-related AD decreases
(Burzynska et al., submitted), complementing this study.
However, this study is one of the first to propose that a
macrostructural level variable may underlie age differen-
ces in white matter integrity.

Taken together, results revealed three patterns of age
differences in diffusivity in white matter clusters that had
significant age-related decreases in FA. In line with evi-
dence from animal research, we propose that these three
patterns reflect various combinations of at least two quali-
tatively different changes in underlying white matter that
differentially affect RD and AD. First, age-related increases
in RD, seen in all white matter clusters in this study, may
reflect an age-related decrease in axonal packing density
from microstructural level variables including demyelin-
ation, axonal loss or damage, and inflammation. These
underlying neural changes may be mild in certain brain
regions (Radial Increase Only pattern), whereas other
regions that are more susceptible to aging, such as the
genu of the corpus callosum, may have moderate to severe
changes leading to increased RD and AD (Radial/Axial
Increase pattern). Second, age-related decreases in AD,
seen in the Radial Increase/Axial Decrease pattern, may
reflect age-related axonal degeneration. However, given
that this pattern primarily occurred in white matter
regions with crossing fibers, the age-related decrease in
the coherence of diffusion may instead be due to age-
related differences in macrostructural organization. Results
also revealed that age differences in FA were larger in an-
terior white matter clusters, consistent with the anterior—
posterior gradient of aging, though differences were seen
throughout the brain.

This study takes an important step toward understand-
ing the neural substrates underlying differences in white
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matter integrity in healthy aging, though future research
replicating these results and interpretations is necessary.
Because many populations are characterized by decreased
FA (e.g., schizophrenia, multiple sclerosis, mild cognitive
impairment, and Alzheimer’s disease), regional specificity
of the various patterns of diffusivity may help dissociate
changes in white matter integrity that are unique to
healthy aging. Previous research suggests that age differ-
ences in FA are largest and occur earliest in frontal brain
regions (i.e., the anterior—posterior gradient), but it may be
possible to identify specific patterns of diffusivity occur-
ring in specific locations that are characteristic of healthy
brain aging, such as increases in all diffusivity measures
occurring earliest in the genu of the corpus callosum.
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