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Abstract Aging is associated with microstructural changes in
brain tissue that can be visualized using diffusion tensor im-
aging (DTI). While previous studies have established age-
related changes in white matter (WM) diffusion using DTI,
the impact of age on gray matter (GM) diffusion remains
unclear. The present study utilized DTI metrics of mean dif-
fusivity (MD) to identify age differences in GM/WM micro-
structure in a sample of healthy older adults (N=60). A sec-
ondary aim was to determine the functional significance of
whole-brain GM/WM MD on global cognitive function using
the Repeatable Battery for the Assessment of
Neuropsychological Status (RBANS). Participants were di-
vided into three age brackets (ages 5059, 60-69, and 70+)
to examine differences in MD and cognition by decade. MD
was examined bilaterally in the frontal, temporal, parietal, and
occipital lobes for the primary analyses and an aggregate mea-
sure of whole-brain MD was used to test relationships with
cognition. Significantly higher MD was observed in bilateral
GM of the temporal and parietal lobes, and in right
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hemisphere WM of the frontal and temporal lobes of older
individuals. The most robust differences in MD were between
the 50-59 and 70+ age groups. Higher whole-brain GM MD
was associated with poorer RBANS performance in the 60—69
age group. Results suggest that aging has a significant and
differential impact on GM/WM diffusion in healthy older
adults, which may explain a modest degree of cognitive var-
iability at specific time points during older adulthood.
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Aging - Cognition

Introduction

Brain aging can be visualized in vivo using numerous imaging
modalities that are differentially sensitive to pathogenic pro-
cesses (Bartrés-Faz and Arenaza-Urquijo 2011; Good et al.
2001; Rossini et al. 2007; Westlye et al. 2010). While earlier
studies focused on volumetric changes using structural mag-
netic resonance imaging (MRI) (Good et al. 2001), there is
increased interest in examining microstructural characteristics
of aging brain tissue using diffusion tensor imaging (DTI).
DTI can detect subtle changes in cellular microstructure by
measuring patterns of water diffusion that cannot be quanti-
fied using traditional MRI sequences (Basser and Pierpaoli
1996; Westlye et al. 2010). As a result, DTT has been shown
to be useful for identifying early signs of degeneration that
precede gross changes in brain anatomy (Bosch et al. 2012;
Jahng et al. 2011; Wang et al. 2011).

Mean diffusivity (MD) is a commonly used DTI metric that
measures the rate of water diffusion within an image voxel
(Basser and Pierpaoli 1996; Bosch et al. 2012). MD can be
used to characterize structural integrity under the assumption
that cerebral diffusion is based on two components (Jespersen
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etal. 2007). The first component is that diffusion in cylindrical
structures is relatively slow due to membrane barriers that
restrain the movement of water molecules (e.g., myelinated
axon fibers). This type of diffusion is indicated by low MD
values and is characteristic of white matter (WM) (Jespersen
et al. 2007; Sundgren et al. 2004). The second component
accounts for diffusion in other brain structures (particularly
somas, glial cells, and extracellular space), and can be de-
scribed by the random displacement of water molecules that
occurs quickly and equally in all directions. This pattern of
Brownian motion is associated with high MD values on DTI
scans and is characteristic of gray matter (GM) (Sundgren
et al. 2004).

Until recently, most DTI studies had focused on WM dif-
fusivity because GM is sensitive to partial volume effects that
overestimate MD (Koo et al. 2009; Ma et al. 2004; McNab
et al. 2013; Wald 2012). However, advancements in scanner
technology and artifact correction methods have significantly
reduced inaccuracies in MD measurements (Sundgren et al.
2004; Wald 2012) and studies have begun to acknowledge the
importance of MD as an index of microstructural GM integrity
in the aging brain (Bhagat and Beaulieu 2004; Ni et al. 2010;
Pfefferbaum et al. 2010). Recent evidence suggests that older
age is associated with increased diffusivity in deep GM struc-
tures (Bhagat and Beaulieu 2004; Pfefferbaum et al. 2010) and
cortical GM of the frontal lobe (Bhagat and Beaulieu 2004; Ni
et al. 2010). Age-related increases in GM MD are consistent
with diffusion abnormalities in GM of individuals with mild
cognitive impairment (MCI), early stage Alzheimer’s disease,
Parkinson’s disease, multiple sclerosis, and cerebral autoso-
mal dominant arteriopathy with subcortical infarcts and
leukoencephalopathy (CADASIL) (Eriksson et al. 2001;
Jacobs et al. 2013; Kim et al. 2013; Molko et al. 2001; Ray
et al. 2006). In each of these studies, higher MD was associ-
ated with more severe clinical impairment, which is consistent
with MD changes that have been observed in degenerative
WM (Madden et al. 2009; Mielke et al. 2009; Sexton et al.
2011). Despite these associations, the impact of age on GM
diffusivity in regions beyond the frontal lobe remains unclear,
and no studies have directly compared GM/WM MD within a
confined lobe in a non-clinical sample. In addition, the signif-
icance of age-related differences in GM/WM diffusion has yet
to be defined. Investigation of these relationships will further
our understanding of variability associated with brain aging
and identification of diffusion abnormalities between tissues
may reveal early biomarkers of neurodegeneration.

The present study utilized DTI to examine GM/WM MD
across three different age ranges of healthy older adults: 50—
59, 60—69, and 70+. WM indices were examined to compare
aging effects between tissues. Secondary analyses were com-
pleted to examine the functional significance of age differ-
ences in MD using a global measure of cognition and
whole-brain GM/WM MD. We hypothesized that older
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individuals would demonstrate higher MD in both GM and
WM compared to younger individuals, and that higher MD
would be inversely related to cognitive performance.
Consistent with previous studies of brain aging (Naganawa
et al. 2003; Pal et al. 2011; Sexton et al. 2011; Yoshiura
et al. 2010), we further hypothesized that diffusion abnormal-
ities would be most robust in the frontal and temporal lobes of
the right hemisphere.

Methods
Participants

Data were analyzed from 60 older individuals (male n=22,
female n=38) who were participating in a longitudinal study
of healthy aging. Recruitment occurred through local print and
radio advertisements and from the Research Participant
Registry of the Washington University Institute of Clinical
and Translational Sciences. All individuals were required to
be English-speaking adults over the age of 50 and demonstrate
ability to complete basic daily activities based on the Lawton
& Brody Activities of Daily Living Scale (Lawton and Brody
1969). Screening procedures included a comprehensive eval-
uation of self-reported medical and psychiatric history for
each participant, and medical records were obtained when
necessary. Exclusion criteria included history of one or
more significant medical conditions (e.g., thyroid disease)
or a neurological disorder (e.g., Huntington’s disease) capable
of impacting cognition, all Axis I and II disorders (with the
exception of treated depression), substance abuse disorders,
history of head injury (defined by a loss of consciousness>
30 min.), treatment-dependent diabetes, and contraindications
for MRI (e.g., metal implants). In this study, no individuals
indicated past or current depression and therefore “treatment
effects” were not an issue. A physician examined all initial
MRI scans for gross radiological abnormalities and individ-
uals with abnormal scans were excluded from participation.

Participants were evaluated for dementia using the Mini
Mental State Examination (MMSE). Those who scored<24
were excluded from the study. While scores between 24 and
27 may indicate mild cognitive impairment (MCI), the present
study leveraged previous studies demonstrating that the sen-
sitivity of the MMSE to detect MCl is restricted, yet the scale
remains useful for detecting dementia (Nasreddine et al. 2005;
Trenkle et al. 2007). Since our study was focused on identify-
ing age-related relationships to imaging indices, we targeted
the exclusion of dementia versus milder age-related cognitive
impairments that do not meet criteria for dementia.

All individuals provided informed consent and were finan-
cially compensated for their time. All study procedures were
approved by the local institutional review board (IRB).
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Imaging protocol

Neuroimaging procedures were completed using a head-only
Magnetom Allegra 3 Tesla scanner at Washington University
in St. Louis, MO (Siemens Healthcare, Erlangen, Germany).
This high performance scanner has gradients with a maximum
strength of 40 m/T/m in a 100 pus rise time and a slew rate of
400/T/m/s. Imaging acquisition parameters were designed for
whole-brain coverage, high signal-to-noise ratio (SNR), and
minimal artifact. Subject head movement was restrained
through application of surgical tape across the forehead and
specialized foam pads, and by limiting the total scan time to
less than 1 hour. Each scanning session began with the collec-
tion of a scout scan consisting of three orthogonal planes to
confirm head positioning. Daily quality assurance tests were
also completed to ensure consistent MRI performance and
data fidelity.

Structural whole-brain scans were obtained using a T1-
weighted magnetization-prepared rapid-acquisition gradient
echo (MP-RAGE) sequence (Mugler and Brookeman 1990,
1991), a double-echo proton-density (PD)/T2-weighted turbo
spin echo (TSE) sequence, and a T2-weighted fluid-attenuated
inversion-recovery (FLAIR) TSE sequence (Hijnal et al.
1992). Magnetic inhomogeneities were adjusted through au-
tomated high-order shimming. A more detailed description of
acquisition protocols can be found in Paul et al. (2011).

DWI acquisition

DWT acquisition included a customized single-shot multi-slice
echo-planar tensor-encoded sequence with diffusion gradients
applied in 31 non-collinear diffusion directions and 24 main
directions (diffusion weighting of 5=996 s/mm?). A “core” of
tetrahedral-perpendicular directions (Conturo et al. 1996) (b=
1412 and 680 s/mm?) with 5 I, acquisitions (b=0) was also
used to maximize SNR and directional coverage. We acquired
64 contiguous slices per contrast with an acquisition matrix of
128 x128 and a 256 x 256 mm field of view (FOV; isotropic
2.0x2.02.0 mm voxels). Using a full-Fourier transform, TR=
7.82 s and TE=86.2 ms. Seventy-two total acquisitions were
averaged over 2 scan repeats. Raw neuroimaging data were
saved to a CD and backed up on the operating system, and a
SunFire V880 computer server was used to reconstruct
floating-point DWIs.

Image analysis

Each diffusion-weighted volume was corrected for subject
motion and imaging artifacts by affine registration to the BO
volume (reference scan) using FSL FLIRT (Oxford Centre for
Functional MRI of the Brain (FMRIB) Linear Image
Registration Tool; Jenkinson and Smith 2001) with mutual
information. The orientations of the gradient encoding

directions were corrected by the rotation induced by these
registrations, and brain tissue was extracted using FSL BET
(brain extraction tools; FMRIB, version 5.0). Freesurfer ver-
sion 5.1.0 was used to segment the high-resolution T1-weight-
ed volume, producing lobe regions-of-interest that included
bilateral frontal, temporal, parietal, and occipital areas for both
GM and WM. The T1-weighted image was then registered to
the diffusion volume using FSL FLIRT with mutual informa-
tion. Each region was then resampled to diffusion space with
nearest-neighbor interpolation, and the average MD within the
region was computed. Whole-brain MD was computed sepa-
rately for GM and WM using the average MD across the
frontal, temporal, parietal, and occipital lobes.

Secondary analysis: re-computation of GM MD

To minimize the possibility of CSF contamination, MD was
re-computed for each ROI using a highly conservative acqui-
sition approach. We computed isotropic diffusion-weighted
images (isoDWIs) by taking the geometric mean of the three
perpendicular images (isoDWIs at 5=680.0), of the 24 inter-
mediate images (isSoDWIs at 5=996.451), and of the four tet-
rahedral images (isoDWIs at b=1412.137). This procedure
removes direction dependence in the signal that might occur
due to subtle anisotropic diffusion. We also calculated the
mean of the Iy images (b~0). All ROIs in the study were
applied to the isoDWI and I, images.

We analyzed the signal decay curves by graphing the log of
intensity vs. b. The log signal of the b~0 data point signifi-
cantly deviated from the log signal of the three isoDWI data
points. The latter three points were observed to fall on a
straight line for all lobar regions and nearly all smaller ROIs
(e.g., caudate). The linear relation of the three b>0 points
indicated that the »=680.0 data demonstrated negligible
CSF contamination in nearly all cases (indicating a mono-
exponential decay). We further tested this by first performing
non-linear least squares fitting of a mono-exponential to a
representative sample of four contiguous gray matter voxels
and then assessing the goodness-of-fit with a X* test. We
found the data supported the mono-exponential model, with
a X of 1.051, df=9, and p=0.9993. Distortion in the shape of
gyri across the different diffusion weightings was not a major
issue, as eddy current effects were minimal. This was evi-
denced by the lack of need to apply higher-order transforma-
tions to co-register the different diffusion-weighted images
and slices in this study.

Assessment of global cognition
The Repeatable Battery for the Assessment of
Neuropsychological Status (RBANS; Randolph et al. 1998)

is a commonly used screening tool for detecting cognitive
decline in aging populations (Duff et al. 2003; Gontkovsky
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et al. 2004). The RBANS contains a series of subtests that
evaluate performance in five cognitive domains: immediate
memory, visuospatial skills, language, attention, and delayed
memory. Raw scores for each subtest are scaled to create in-
dex scores for each domain and then summed and converted
to a total scaled score (provided in 10-year age bands). Total
scaled scores were used as a proxy measure of global cogni-
tive status in this study.

Statistical analyses

Participants were grouped into three age brackets to determine
whether significant differences in MD existed by decade: 50—
59 (n=25), 60-69 (n=22), and 70+ (n=13). These age
brackets have been used in previous studies to characterize
structural and cognitive changes associated with advanced
age (Ge et al. 2002; Mortamet et al. 2005; Plumet et al.
2005). Demographic variables such as gender, ethnicity, and
years of education did not differ significantly between groups
(Table 1).

A series of multivariate analyses of variance
(MANOVAs) were computed to examine the impact of
age on GM/WM MD. Age bracket served as the indepen-
dent variable and MD for the frontal, temporal, parietal,
and occipital lobes served as the dependent variables in
each MANOVA. Dependent variables for each MANOVA
were grouped by the type of brain tissue (e.g., GM or
WM) and by cerebral hemisphere. We examined MD sep-
arately for each hemisphere to allow for comparison to
previous studies that have examined brain integrity bilat-
erally and reported lateralization of aging effects (Bosch
et al. 2012; Dolcos et al. 2002; Li et al. 2009; Naganawa
et al. 2003; Rathi et al. 2013; Westlye et al. 2010;
Yoshiura et al. 2010). A Tukey HSD post hoc analysis
was computed for significant multivariate main effects to
examine the nature of significant differences between
groups.

To establish global aging effects in MD, an additional
MANOVA was computed with age bracket serving as the
independent variable and whole-brain GM/WM MD serving

as the dependent variables. Bivariate correlations were then
computed between RBANS total scores and DTI metrics to
examine MD relationships to global cognition. Correlations
were run separately for each age group to examine associa-
tions between MD and cognitive performance by decade. A
Sidak correction for multiple comparisons was used for all
multivariate analyses.

Results
Relationships between age and WM MD

A significant multivariate effect of MD was observed in right
hemisphere MD (Wilks’ A=0.674, F(8108)=2.94, p=0.005,
partial eta’=0.179), with significant univariate effects in the
frontal (F(2,57)=5.53, p=0.006) and temporal (F(2,57)=5.32,
»=0.008) lobes (Table 2). MD in the right frontal and tempo-
ral lobes was significantly higher in the 70+ age bracket com-
pared to the 50-59 age bracket. Although higher MD was
observed in the right temporal lobe of the 60—69 age bracket
compared to the 5059 age bracket (p=0.066), and in the right
frontal lobe of the 70+ age bracket compared to the 60—69 age
bracket (p=0.074), these differences did not reach statistical
significance. No significant differences were observed in re-
gions of the left hemisphere.

Relationships between age and GM MD

Results revealed a significant multivariate effect of MD in
both hemispheres (left: Wilks” A=0.651, F(8108)=3.23, p=
0.002, partial eta’=0.193; right: Wilks” A=0.481, F(8108)=
5.97, p<0.001, partial eta®=0.307) (Figs. | and 2).
Significant bilateral effects were observed for MD in tem-
poral (right: F(2,57)=16.72, p<0.001; left: F(2,57)=9.94,
p<0.001) and parietal (right: F(2,57)=6.827, p=0.002; left:
F(2,57)=6.74, p=0.002) GM (Figs. 1 and 2). In the right
temporal lobe, the 70+ age bracket demonstrated significant-
ly higher MD than 6069 age bracket (p=0.002) and the
50-59 age bracket (p<0.001). In the left temporal lobe, the

Table 1 Demographic variables

between groups Age Group Age (M, SD) Education® Gender (n) Ethnicity (n)
(M, SD) (Males, Females) (C, AA, A, H)
50-59 54.6+2.60 15.6+2.43 8,17 16,8,1,0
60-69 64.5+2.82 15.5+2.30 7,15 17,2,0,3
70+ 75.00+3.37 15.0+3.00 7,6 12,1,0,0

No significant group differences were observed between any of the demographic variables (p>.05)

? Education was measured as the number of years of the highest level of completed education. Trade school
credits and continuing education completed beyond a terminal degree were not included. ® C = Caucasian, AA =
African American, A = Asian, H = Hispanic
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Table2 White matter MD® in the

right hemisphere 50-59 60-69 70+ F p value partial eta’
Frontal 6.80+1.75 6.87+1.99 7.02+2.08 5.532 0.006* 0.163
Temporal 6.96+1.78 7.12+2.69 7.20£2.27 5.321 0.008* 0.157
Parietal 7.00+1.99 7.08+2.37 7.18+2.55 2.701 0.076 0.087
Occipital 7.12+1.75 7.18+1.99 7.11+2.08 0.239 0.788 0.008

*p<0.05 Statistically significant

aMean values were multiplied by 10~ . Standard deviation values were multiplied by 10~

70+ age bracket demonstrated significantly higher MD com-
pared to the 50-59 age bracket (»<0.001). Bilateral differ-
ences were observed for higher MD with each subsequent
increase in age bracket (50-59 vs. 60-69, p=0.053; 60—-69
vs. 70+, p=0.062), yet these differences did not reach sta-
tistical significance. In the parietal lobe, the 70+ and 60-69
age brackets demonstrated significantly higher MD than the
50-59 age bracket in both hemispheres (right: p=0.045 and
p=0.002, respectively; left: p=0.011 and p=0.007, respec-
tively). No significant differences were observed between
the 60—69 and 70+ age brackets in the parietal lobe of either
hemisphere.

Results of the MANOVA examining left hemisphere GM
also revealed significant group differences for frontal lobe MD
(F(2,57)=3.64, p=0.033), yet these differences did not reach
statistical significance when examined between each age
bracket.

Relationships between age and whole-brain MD

The MANOVA examining age differences in whole-brain
MD was significant (Wilks’ A=0.791, F(4112)=3.49, p=
0.010, partial eta’=0.111) in both GM (F(2, 57)=6.39, p=
0.003) and WM (F(2, 57)=3.46, p=0.038). Whole-brain
WM MD was significantly higher in the 70+ age bracket
compared to the 50-59 age bracket (p=0.032). Group dif-
ferences were not observed in consecutive decades. Whole-
brain GM MD was significantly higher in the 70+ and 60—
69 age brackets compared to the 50-59 age bracket (p=
0.006 and p=0.021, respectively), though the former age
groups did not differ significantly from one another.

Gray Matter Mean Diffusivity in the Right Hemisphere
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Fig. 1 Gray matter mean diffusivity in the right hemisphere

Relationships between whole-brain MD and global cognition

Correlational analyses revealed a moderately strong negative
relationship between whole-brain GM MD and RBANS total
scores (r=-.568) in the 60-69 age bracket. No significant re-
lationships were observed in other age groups or with whole-
brain WM MD.

Secondary analysis of GM MD

A significant multivariate effect of MD was observed in right
hemisphere MD (Wilks’ A=0.744, F(8104)=2.07, p=0.040,
partial eta”=0.137), with a significant univariate effect in the
temporal lobe (F(2,55)=6.09, p=0.004). Post hoc analyses
indicated that the 70+ age bracket demonstrated significantly
higher MD than the 60-69 age bracket (»=0.033) and the 50—
59 age bracket (p=0.003). No significant group differences
were observed in GM regions of the left hemisphere (Wilks’
A=0.819, F(8104)=1.36, p=0.223, partial eta®=0.095) or
whole-brain GM MD (Wilks’ A=0.863, F(4108)=2.059, p=
0.091, partial eta®=0.071).

Consistent with the primary analysis, a moderately strong
negative relationship was observed between whole-brain GM
MD and RBANS total scores (#r=-.511) in the 60-69 age
bracket. No significant correlations were observed in the other
age groups.

Discussion

Results revealed a region-specific impact of advanced age on
GM/WM MD. Age differences in GM MD were more

Gray Matter Mean Diffusivity in the Left Hemisphere
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Fig. 2 Gray matter mean diffusivity in the left hemisphere
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pervasive and posteriorly located than in WM, with older
adults demonstrating higher MD in temporal and parietal
GM of both cerebral hemispheres. By contrast, advanced
age was associated with higher MD in frontal and temporal
WM of the right hemisphere. Secondary analyses revealed a
similar pattern of age differences in whole-brain MD that was
negatively associated with global cognition among individ-
uals between ages 60—69. However, these relationships were
specific to GM and not observed in other age groups.
Collectively our results suggest that age differentially impacts
the microstructural integrity of GM and WM during older
adulthood, and that these differences may underline global
changes in overall cognitive function.

Previous research has identified significant WM changes
with advanced age that begin in the frontal lobes and progress
to posterior brain regions (Freeman et al. 2008; Madden et al.
2009; Sullivan and Pfefferbbaum 2006; Tamnes et al. 2013;
Westlye et al. 2010). DTT studies have revealed higher MD in
aging WM, which is believed to represent chronic myelin
damage and/or axonal loss (Westlye et al. 2010; Bosch et al.
2012). Our results support the findings of previous studies by
revealing a significant impact of age on MD in frontal and
temporal WM between the 50-59 and 70+ age groups.

Analysis of GM revealed a significant effect of advanced
age on higher MD in the temporal and parietal lobes.
Although cortical diffusivity has not been examined by lobe
in healthy aging populations, previous studies have reported
other brain abnormalities (e.g., gray matter volume loss, met-
abolic abnormalities, etc.) within temporal and parietal
lobes among healthy older individuals (Resnick et al. 2003)
and those with neurodegenerative disease (Barnes et al. 2007;
Baron et al. 2001; Chetelat et al 2003; Dukart et al. 2003).
Results of the present study revealed higher MD in frontal GM
of older individuals, yet group differences did not reach sta-
tistical significance.

It is unclear why significant aging effects were observed in
GM of the temporal and parietal lobes but not the frontal lobe.
Previous research has indicated that the temporal and parietal
lobes are sensitive to age-related changes in blood flow (De
Jong et al. 1997, 1999; De la Torre 2000; de Toledo Ferraz
Alves et al. 2011) and compromised vasculature has been
associated with GM loss in the temporal-parietal cortices
(De la Torre 2000). Although our sample consisted of gener-
ally healthy older adults, cerebrovascular disease is evident in
the majority of individuals over the age of 65 and many of
these individuals appear clinically asymptomatic (De la Torre
2000; Paul et al. 2005; Shaw et al. 1984). This is consistent
with a previous study of the same participants in which 49
individuals demonstrated mild cerebrovascular disease in the
absence of cognitive dysfunction (Salminen et al. 2014). It is
possible that cortical diffusion in temporal-parietal areas is
particularly sensitive to age-related changes in cerebral circu-
lation, though the physiological mechanism behind this
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relationship is unclear. More studies are needed to determine
the stability of this finding among a larger sample of healthy
older adults.

Previous research utilizing DTI to examine GM diffusion
has revealed abnormalities in frontal lobe diffusivity among
healthy older individuals (Ni et al. 2010), particularly in deep
GM structures of the frontal-subcortical circuits (Pfefferbaum
et al. 2010). Pfefferbaum et al. (2010) reported increased MD
in the caudate and putamen of older adults (ages 65—79) com-
pared to younger adults (ages 22—37). Our study revealed a
significant univariate effect for age-related changes in frontal
lobe MD, but this effect did not reach statistical significance
when examined by age bracket. A distinction of the present
study from Pfefferbaum et al. (2010) is the examination of
cortical versus subcortical GM structures. It is possible that
more pronounced alterations in diffusion occur in the subcor-
tical versus the cortical GM, or precede changes in the cortical
GM as a function of the aging process. Research has demon-
strated that subcortical diffusion metrics are highly influenced
by localized alterations in iron accumulation that are specific
to the subcortical GM regions of the brain among older indi-
viduals (Bartzokis et al. 2007; Bilgic et al. 2012; Pfefferbaum
et al. 2009, 2010). Since iron accumulation was not measured
in the present study, the possibility that subcortical-cortical
differentiation of diffusion metrics is associated with iron ac-
cumulation remains conjecture. Future studies are needed to
explore this potential interpretation of the results described
herein.

The laterality of diffusion outcomes in this study is note-
worthy. Aging has been associated with reduced hemispheric
asymmetry and various “hemi-aging models” have been pro-
posed to explain lateralized brain changes with advanced age
(Dolcos et al. 2002). There is some evidence to support a right
hemi-aging model that describes higher heterogeneity of brain
aging in the right hemisphere compared to the left (Bosch et al.
2012; Dolcos et al. 2002). Although most studies of hemi-
aging have focused on functional outcomes of asymmetry,
there have been previous reports of increased WM diffusivity
(Naganawa et al. 2003; Yoshiura et al. 2010) and reduced
functional connectivity (Dolcos et al. 2002; Li et al. 2009) in
the right hemisphere of older individuals. Accordingly, results
of the present study revealed significant differences in WM
MD between age groups that were localized to the right hemi-
sphere. Lateralized differences in MD were not observed in
GM, however, which may reflect enhanced tissue dissimilarity
with advanced age (Rathi et al. 2013). It is also possible that
hemispheric changes in GM and WM occur at different time
points during older adulthood, therefore investigation of hemi-
spheric diffusion patterns between tissues is an important di-
rection for future research.

Similar to the primary analyses, results of the secondary
analyses revealed higher MD in whole-brain GM and WM
among older individuals, yet these differences were only
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related to lower global cognitive function in GM between ages
60—69. The limited number of individuals in the 70+ group
may have reduced power to detect a significant relationship
between cognition and GM MD after age 70. Studies
employing a larger number of individuals in this age group
are needed to determine the plausibility of this explanation.

The distinct pathological mechanisms of age-related differ-
ences in GM/WM diffusion are unclear. The coherent align-
ment of WM microstructure facilitates directional restriction
of water diffusion along the length of myelinated axons (Koo
et al. 2009). Thus, changes in WM diffusion are highly sug-
gestive of microstructural decline (Bosch et al. 2012; Westlye
et al. 2010). GM, however, is highly isotropic and alterations
in diffusivity may be a secondary effect of decreased neuronal
size and macrostructural damage (Bartzokis et al. 2007;
Freeman et al. 2008; Sundgren et al. 2004). Reduced neuronal
size is associated with an increase in extracellular space that
may lead to increased diffusivity (Pfefferbaum et al. 2010).
The compositional complexity of GM structures also de-
creases with age (Bartzokis et al. 2007; Freeman et al.
2008), and fewer neuropil boundaries may contribute to age-
related increases in GM diffusivity. GM diffusion may also be
sensitive to age differences in CNS inflammation and future
studies are needed that investigate potential relationships be-
tween DTI metrics and inflammatory biomarkers.

An important element of this study was the re-computation
of GM MD. Although some variations in MD across subjects
are due to physiologic factors in GM such as water content
(Alexander et al. 2007), another main cause of GM MD var-
iation across subjects is partial volume averaging with CSF.
This effect is an artifact, rather than a microstructural feature
of GM and is a source of “multi-exponential decay” that is not
a good biological approximation of integrity. The solution to
this problem is to suppress the CSF signal by excluding the b~
0 data from the analysis and re-calculating the diffusion tensor
and MD. As indicated by our secondary analyses, the CSF
effect on the resulting MD measurements was reduced to neg-
ligible levels for almost all brain regions and the underlying
signal measures a straightforward, mono-exponential decay.
Implementing this conservative approach eliminated some of
the findings presented in the primary analyses and this as an
important design consideration for future research investiga-
tions of GM MD.

Some limitations of this study should be noted. First, the
cell sizes of each age bracket may have limited our ability to
detect additional differences in MD and cognition between
age groups. Several outcomes observed in this study were just
above the .05 alpha level and it is possible that these results
would achieve statistical significance in a larger sample of
older adults. Second, we cannot comment on the impact of
WM lesions on age-related DTI alterations, as presence of
WM lesions was not an exclusionary factor in this study.
WM lesions are recognized as a consequence of the aging

process for many individuals, and therefore exclusion of
nondemented individuals with WM lesions would have elim-
inated age-related effects that the grouping variables were
intended to capture. Third, this cohort consisted primarily of
highly educated Caucasian and African American individuals
and results may not be generalizable to a more diverse sample
of older adults. Finally, we cannot infer patterns of
intraindividual diffusion changes by age bracket, as this study
was restricted to cross-sectional data. Longitudinal studies are
needed to determine the evolution of diffusion changes in both
GM and WM regions among older individuals.

Conclusion

The present study revealed distinct differences in GM/WM
diffusivity across older adulthood. The most robust differ-
ences were observed between the 50-59 and 70+ age groups
in both GM and WM, with the oldest age group demonstrating
significantly greater diffusion abnormalities compared to the
youngest age group. Age differences in GM MD were ob-
served bilaterally in the temporal and parietal lobes, while
differences in WM MD were specific to the right frontal and
temporal lobes. Correlational analyses revealed a modest re-
lationship between whole-brain GM MD and global cognitive
performance between the ages of 60—69. Re-calculation of the
diffusion tensor and MD and revealed a positive relationship
between age and GM MD in the right temporal lobe, and this
approach represents an important design consideration for fu-
ture research. Studies utilizing larger sample sizes within each
age range are needed to confirm the results of the present
study, particularly among a more diverse sample of older
adults. Longitudinal examination of tissue diffusion will fur-
ther our understanding of intraindividual changes between
GM and WM microstructure in older adulthood.

Acknowledgments This work was supported by the National Institutes
of Health/National Institute of Neurological Disorders and Stroke [grant
numbers ROINS052470, ROINS039538]; the National Institutes of
Health/National Institute of Mental Health [grant number
R21MH090494]; and the Australian National Health and Medical Re-
search Council [grant number 1037196]. Recruitment database searches
were supported in part by the National Institutes of Health/National Cen-
ter for Research Resources [grant number UL1 TR000448].

Conflict ofinterest L. Salminen, T. Conturo, D. Laidlaw, R. Cabeen, E.
Akbudak, E. Lane, J. Heaps, J. Bolzenius, L. Baker, S. Cooley, S. Scott,
L. Cagle, S. Phillips, and R. Paul declare no conflicts of interest.

Informed Consent All procedures followed were in accordance with
the ethical standards of the responsible committee on human experimen-
tation (institutional and national) and with the Helsinki Declaration of
1975, and the applicable revisions at the time of the investigation.
Informed consent was obtained from all patients for being included in
the study.

@ Springer



Brain Imaging and Behavior

References

Alexander, A. L., Lee, J. E., Lazar, M., & Field, A. S. (2007). Diffusion
tensor imaging of the brain. Neurotherapeutics, 4(3), 316-329.
Barnes, J., Foster, J., & Fox, N. C. (2007). Structural magnetic resonance
imaging-derived biomarkers for Alzheimer’s disease. Biomarkers in

Medicine, 1, 79-92.

Baron, J. C., Chetelat, G., Desgranges, B., Perchey, G., Landeau, B., de la
Sayette, V., & Eustache, F. (2001). In vivo mapping of gray matter
loss with voxel-based morphometry in mild Alzheimer’s disease.
Neurolmage, 14(2), 298-309.

Bartrés-Faz, D., & Arenaza-Urquijo, E. M. (2011). Structural and func-
tional imaging correlates of cognitive and brain reserve hypotheses
in healthy and pathological aging. Brain Topography, 24(3-4), 340—
357.

Bartzokis, G., Tishler, T. A., Lu, P. H., Villablanca, P., Altshuler, L. L.,
Carter, M., & Mintz, J. (2007). Brain ferritin iron may influence age-

and gender-related risks of neurodegeneration. Neurobiology of

Aging, 28(3), 414-423.

Basser, P. J., & Pierpaoli, C. (1996). Microstructural and physiological
features of tissues elucidated by quantitative-diffusion-tensor MR1L.
Journal of Magnetic Resonance Series B, 111(3), 209-219.

Bhagat, Y. A., & Beaulieu, C. (2004). Diffusion anisotropy in subcortical
white matter and cortical gray matter: changes with aging and the
role of CSF-suppression. Journal of Magnetic Resonance Imaging,
20(2), 216-227. doi:10.1002/jmri.20102.

Bilgic, B., Pfefferbaum, A., Rohlfing, T., Sullivan, E. V., &
Adalsteinsson, E. (2012). MRI estimates of brain iron concentration
in normal aging using quantitative susceptibility mapping.
Neurolmage, 59(3), 2625-2635.

Bosch, B., Bartrés-Faz, D., Arenaza-Urquijo, E. M., Rami, L., Sala-
Llonch, R., Junqué, C., & Solé-Padullés, C. (2012). Multiple DTI
index analysis in normal aging, amnestic MCI and AD. Relationship
with neuropsychological performance. Neurobiology of Aging,
33(1), 61-74.

Chetelat, G., Desgranges, B., de la Sayette, V., Viader, F., Eustache, F., &
Baron, J. C. (2003). Mild cognitive impairment Can FDG-PET pre-
dict who is to rapidly convert to Alzheimer’s disease? Neurology,
60(8), 1374-1377.

Conturo, T. E., McKinstry, R. C., Akbudak, E., & Robinson, B. H.
(1996). Encoding of anisotropic diffusion with tetrahedral gradients:
a general mathematical diffusion formalism and experimental re-
sults. Magnetic Resonance in Medicine, 35(3), 399—412.

de Jong, G. I, Vos, R. D., Steur, E. J., & Luiten, P. G. M. (1997).
Cerebrovascular hypoperfusion: a risk factor for Alzheimer’s dis-
case? Annals of the New York Academy of Sciences, 826(1), 56-74.

de Jong, G. L, Farkas, E., Stienstra, C. M., Plass, J. R. M., Keijser, J. C.,
de la Torre, J. C., & Luiten, P. G. M. (1999). Cerebral hypoperfusion
yields capillary damage in the hippocampal CA1 area that correlates
with spatial memory impairment. Neuroscience, 91(1), 203-210.

de la Torre, J. C. (2000). Critically attained threshold of cerebral hypo-
perfusion: the CATCH hypothesis of Alzheimer’s pathogenesis.
Neurobiology of Aging, 21(2), 331-342.

de Toledo Ferraz Alves, T. C., Scazufca, M., Squarzoni, P., de Souza
Duran, F. L., Tamashiro-Duran, J. H., Vallada, H. P., & Busatto,
G. F. (2011). Subtle gray matter changes in temporo-parietal cortex
associated with cardiovascular risk factors. Journal of Alzheimer’s
Disease, 27(3), 575-589.

Dolcos, F., Rice, H. J., & Cabeza, R. (2002). Hemispheric asymmetry and
aging: right hemisphere decline or asymmetry reduction.
Neuroscience & Biobehavioral Reviews, 26(7), 819-825.

Duff, K., Patton, D. E., Schoenberg, M. R., Mold, J., Scott, J. G., &
Adams, R. A. (2003). Age- and education-corrected independent
normative data for the RBANS in a community dwelling elderly
sample. The Clinical Neuropsychologist, 17, 351-366.

@ Springer

Dukart, J., Mueller, K., Villringer, A., Kherif, F., Draganski, B.,
Frackowiak, R., & Schroeder, M. L. (2013). Relationship between
imaging biomarkers, age, progression and symptom severity in
Alzheimer’s disease. Neuroimage Clin, 3, 84-94.

Eriksson, S. H., Rugg-Gunn, F. J., Symms, M. R., Barker, G. J., &
Duncan, J. S. (2001). Diffusion tensor imaging in patients with
epilepsy and malformations of cortical development. Brain, 124,
617-626.

Freeman, S. H., Kandel, R., Cruz, L., Rozkalne, A., Newell, K., Frosch,
M. P, & Hedley-Whyte, E. T. (2008). Preservation of neuronal
number despite age-related cortical brain atrophy in elderly subjects
without Alzheimer disease. Journal of Neuropathology &
Experimental Neurology, 67(12), 1205-1212.

Ge, Y., Grossman, R. 1., Babb, J. S., Rabin, M. L., Mannon, L. J., &
Kolson, D. L. (2002). Age-related total gray matter and white matter
changes in normal adult brain. Part I: volumetric MR imaging anal-
ysis. American Journal of Neuroradiology, 23(8), 1327-1333.

Gontkovsky, S. T., Beatty, W. W., & Mold, J. W. (2004). Repeatable
battery for the assessment of neuropsychological status in a normal,
geriatric sample. Clinical Gerontologist, 27(3), 79-86. doi:10.1300/
JO18v27n03 07.

Good, C. D., Johnsrude, I. S., Ashburner, J., Henson, R. N., Fristen, K.
J., & Frackowiak, R. S. (2001). A voxel-based morphometric
study of ageing in 465 normal adult human brains. Neurolmage,
14, 21-26.

Hajnal, J. V., Bryant, D. J., Kasuboski, L., Pattany, P. M., de Coene, B.,
Lewis, P. D., & Bydder, G. M. (1992). Use of fluid attenuated in-
version recovery (FLAIR) pulse sequences in MRI of the brain.
Journal of Computer Assisted Tomography, 16(6), 841-844.

Jacobs, H. L., van Boxtel, M. P., Gronenschild, E. H., Uylings, H. B.,
Jolles, J., & Verhey, F. R. (2013). Decreased gray matter diffusivity:
a potential early Alzheimer’s disease biomarker? Alzheimer'’s &
Dementia, 9(1), 93-97.

Jahng, G., Xu, S., Weiner, M. W., Meyerhoff, D. J., Park, S., & Schuff, N.
(2011). DTI studies in patients with Alzheimer’s disease, mild cog-
nitive impairment, or normal cognition with evaluation of the intrin-
sic background gradients. Neuroradiology, 53(10), 749-762. doi:10.
1007/500234-011-0845-3.

Jenkinson, M., & Smith, S. (2001). A global optimisation method for
robust affine registration of brain images. Medical Image Analysis,
5(2), 143-156.

Jespersen, S. N., Kroenke, C. D., Ostergaard, L., Ackerman, J. J., &
Yablonskiy, D. A. (2007). Modeling dendrite density from magnetic
resonance diffusion measurements. Neurolmage, 34(4), 1473—1486.

Kim, H. J., Kim, S. J., Kim, H. S., Choi, C. G., Kim, N., Han, S., & Lee,
C. S. (2013). Alterations of mean diffusivity in brain white matter
and deep gray matter in Parkinson’s disease. Neuroscience Letters,
550, 64-68.

Koo, B. B., Hua, N., Choi, C. H., Ronen, 1., Lee, J. M., & Kim, D. (2009).
A framework to analyze partial volume effect on gray matter mean
diffusivity measurements. Neurolmage, 44(1), 136—144.

Lawton, M. P,, & Brody, E. (1969). Assessment of older people: Self-
maintaining and instrumental activities of daily living. Gerontology,
9, 179-186.

Li, Z., Moore, A. B., Tyner, C., & Hu, X. (2009). Asymmetric connec-
tivity reduction and its relationship to “HAROLD” in aging brain.
Brain Research, 1295, 149—158.

Ma, X., Kadah, Y. M., LaConte, S. M., & Hu, X. (2004). Enhancing
measured diffusion anisotropy in gray matter by eliminating CSF
contamination with FLAIR. Magnetic Resonance in Medicine,
51(2),423-427.

Madden, D.J., Bennett, I. J., & Song, A. W. (2009). Cerebral white matter
integrity and cognitive aging: contributions from diffusion tensor
imaging. Neuropsychology Review, 19(4), 415-435. doi:10.1007/
s11065-009-9113-2.


http://dx.doi.org/10.1002/jmri.20102
http://dx.doi.org/10.1300/J018v27n03_07
http://dx.doi.org/10.1300/J018v27n03_07
http://dx.doi.org/10.1007/s00234-011-0845-3
http://dx.doi.org/10.1007/s00234-011-0845-3
http://dx.doi.org/10.1007/s11065-009-9113-2
http://dx.doi.org/10.1007/s11065-009-9113-2

Brain Imaging and Behavior

McNab, J. A., Polimeni, J. R., Wang, R., Augustinack, J. C., Fujimoto,
K., Player, A., & Wald, L. L. (2013). Surface based analysis of
diffusion orientation for identifying architectonic domains in the
in vivo human cortex. Neurolmage, 69, 87—100.

Mielke, M. M., Kozauer, N. A., Chan, K. C. G., George, M., Toroney, J.,
Zerrate, M., & Albert, M. (2009). Regionally-specific diffusion ten-
sor imaging in mild cognitive impairment and Alzheimer’s disease.
Neurolmage, 46(1), 47-55.

Molko, N., Pappata, S., Mangin, J. F., Poupon, C., Vahedi, K., Jobert, A.,
& Chabriat, H. (2001). Diffusion tensor imaging study of subcortical
gray matter in CADASIL. Stroke, 32(9), 2049-2054.

Mortamet, B., Zeng, D., Gerig, G., Prastawa, M., & Bullitt, E. (2005).
Effects of healthy aging measured by intracranial compartment vol-
umes using a designed MR brain database. In Medical Image
Computing and Computer-Assisted Intervention-MICCAI 2005
(pp- 383-391). Springer Berlin Heidelberg.

Mugler, J. P., & Brookeman, J. R. (1990). Three-dimensional magnetiza-
tion-prepared rapid gradient-echo imaging (3D MP RAGE).
Magnetic Resonance in Medicine, 15(1), 152—-157.

Mugler, J. P., & Brookeman, J. R. (1991). Rapid three-dimensional T1-
weighted MR imaging with the MP-RAGE sequence. Journal of
Magnetic Resonance Imaging, 1(5), 561-567.

Naganawa, S., Sato, K., Katagiri, T., Mimura, T., & Ishigaki, T. (2003).
Regional ADC values of the normal brain: differences due to age,
gender, and laterality. European Radiology, 13(1), 6—11.

Nasreddine, Z. S., Phillips, N. A., Bédirian, V., Charbonneau, S.,
Whitehead, V., Collin, 1., & Chertkow, H. (2005). The Montreal
Cognitive Assessment, MoCA: a brief screening tool for mild cog-
nitive impairment. Journal of the American Geriatrics Society,
53(4), 695-699.

Ni, J. M., Chen, S., Liu, J. J., Huang, G., Shen, T. Z., & Chen, X. R.
(2010). Regional diffusion changes of cerebral grey matter during
normal aging—A fluid-inversion prepared diffusion imaging study.
European Journal of Radiology, 75(2), 134—138.

Pal, D., Trivedi, R., Saksena, S., Yadav, A., Kumar, M., Pandey, C. M., &
Gupta, R. K. (2011). Quantification of age- and gender-related
changes in diffusion tensor imaging indices in deep grey matter of
the normal human brain. Journal of Clinical Neuroscience, 18(2),
193-196. doi:10.1016/j.jocn.2010.05.033.

Paul, R. H., Haque, O., Gunstad, J., Tate, D. F., Grieve, S. M., Hoth, K., &
Gordon, E. (2005). Subcortical hyperintensities impact cognitive
function among a select subset of healthy elderly. Archives of
Clinical Neuropsychology, 20(6), 697-704.

Paul, R., Lane, E. M., Tate, D. F., Heaps, J., Romo, D. M., Akbudak, E.,
& Conturo, T. E. (2011). Neuroimaging signatures and cognitive
correlates of the Montreal cognitive assessment screen in a nonclin-
ical elderly sample. Archives of Clinical Neuropsychology, 26(5),
454-460.

Pfefferbaum, A., Adalsteinsson, E., Rohlfing, T., & Sullivan, E. V.
(2009). MRI estimates of brain iron concentration in normal aging:
comparison of field-dependent (FDRI) and phase (SWI) methods.
Neurolmage, 47(2), 493—-500.

Pfefferbaum, A., Adalsteinsson, E., Rohlfing, T., & Sullivan, E. V.
(2010). Diffusion tensor imaging of deep gray matter brain struc-
tures: effects of age and iron concentration. Neurobiology of Aging,
31(3), 482-493.

Plumet, J., Gil, R., & Gaonac’h, D. (2005). Neuropsychological assess-
ment of executive functions in women: effects of age and education.
Neuropsychology, 19(5), 566-577.

Randolph, C. C., Tireney, M. C., Mohr, E. E., & Chase, T. N. (1998). The
Repeatable Battery for the Assessment of Neuropsychological
Status (RBANS): preliminary clinical validity. Journal of Clinical
and Experimental Neuropsychology, 20(3), 310-320. doi:10.1076/
jeen.20.3.310.823.

Rathi, Y., Pasternak, O., Savadjiev, P., Michailovich, O., Bouix, S.,
Kubicki, M., & Shenton, M. E. (2013). Gray matter alterations in
early aging: a diffusion magnetic resonance imaging study. Human
Brain Mapping, 35(8), 3841-3856. doi:10.1002/hbm.22441.

Ray, K. M., Wang, H., Chu, Y., Chen, Y. F., Bert, A., Hasso, A. N., & Su,
M. Y. (2006). Mild cognitive impairment: apparent diffusion coeffi-
cient in regional gray matter and white matter structures 1.
Radiology, 241(1), 197-205.

Resnick, S. M., Pham, D. L., Kraut, M. A., Zonderman, A. B., &
Davatzikos, C. (2003). Longitudinal magnetic resonance imaging
studies of older adults: a shrinking brain. The Journal of
Neuroscience, 23, 3295-3301.

Rossini, P. M., Rossi, S., Babiloni, C., & Polich, J. (2007). Clinical neu-
rophysiology of aging brain: from normal aging to neurodegenera-
tion. Progress in Neurobiology, 83(6), 375—400.

Salminen, L. E., Schofield, P. R., Pierce, K. D., Conturo, T. E., Tate, D. F.,
Lane, E. M., & Paul, R. H. (2014). Impact of the AGTR1 A1166C
polymorphism on subcortical hyperintensities and cognition in
healthy older adults. Age, 36(4), 1-8. doi:10.1007/s11357-014-
9664-x.

Sexton, C. E., Kalu, U. G., Filippini, N., Mackay, C. E., & Ebmeier, K. P.
(2011). A meta-analysis of diffusion tensor imaging in mild cogni-
tive impairment and alzheimer’s disease. Neurobiology of Aging,
32(12), 2322.e5-2322.e18. doi:10.1016/j.neurobiolaging.2010.05.
019.

Shaw, T. G., Mortel, K. F., Meyer, J. S., Rogers, R. L., Hardenberg, J., &
Cutaia, M. M. (1984). Cerebral blood flow changes in benign aging
and cerebrovascular disease. Neurology, 34(7), 855.

Sullivan, E. V., & Pfefferbaum, A. (2006). Diffusion tensor imaging and
aging. Neuroscience and Biobehavioral Reviews, 30(6), 749-761.

Sundgren, P. C., Dong, Q., Gomez-Hassan, D., Mukherji, S. K., Maly, P.,
& Welsh, R. (2004). Diffusion tensor imaging of the brain: review of
clinical applications. Neuroradiology, 46(5), 339-350.

Tamnes, C. K., Walhovd, K. B., Dale, A. M., Ostby, Y., Grydeland, H.,
Richardson, G., & Fjell, A. M. (2013). Brain development and ag-
ing: overlapping and unique patterns of change. Neurolmage, 68,
63-74.

Trenkle, D. L., Shankle, W. R., & Azen, S. P. (2007). Detecting cognitive
impairment in primary care: performance assessment of three
screening instruments. Journal of Alzheimer’s Disease, 11(3), 323—
335.

Wald, L. L. (2012). The future of acquisition speed, coverage, sensitivity,
and resolution. Neurolmage, 62(2), 1221-1229.

Wang, Y., Wang, Q., Haldar, J. P., Yeh, F. C., Xie, M., Sun, P., & Song, S.
K. (2011). Quantification of increased cellularity during inflamma-
tory demyelination. Brain, 134(12), 3590-3601.

Westlye, L. T., Walhovd, K. B., Dale, A. M., Bjernerud, A., Due-
Tennessen, P., Engvig, A., & Fjell, A. M. (2010). Life-span changes
of the human brain white matter: diffusion tensor imaging (DTI) and
volumetry. Cerebral Cortex, 20(9), 2055-2068.

Yoshiura, T., Noguchi, T., Hiwatashi, A., Togao, O., Yamashita, K.,
Nagao, E., & Honda, H. (2010). Intra- and interhemispheric varia-
tions of diffusivity in subcortical white matter in normal human
brain. European Radiology, 20(1), 227-233. doi:10.1007/s00330-
009-1534-z.

@ Springer


http://dx.doi.org/10.1016/j.jocn.2010.05.033
http://dx.doi.org/10.1076/jcen.20.3.310.823
http://dx.doi.org/10.1076/jcen.20.3.310.823
http://dx.doi.org/10.1002/hbm.22441
http://dx.doi.org/10.1007/s11357-014-9664-x
http://dx.doi.org/10.1007/s11357-014-9664-x
http://dx.doi.org/10.1016/j.neurobiolaging.2010.05.019
http://dx.doi.org/10.1016/j.neurobiolaging.2010.05.019
http://dx.doi.org/10.1007/s00330-009-1534-z
http://dx.doi.org/10.1007/s00330-009-1534-z

	Regional age differences in gray matter diffusivity among healthy older adults
	Abstract
	Introduction
	Methods
	Participants
	Imaging protocol
	DWI acquisition
	Image analysis
	Secondary analysis: re-computation of GM MD

	Assessment of global cognition
	Statistical analyses

	Results
	Relationships between age and WM MD
	Relationships between age and GM MD
	Relationships between age and whole-brain MD
	Relationships between whole-brain MD and global cognition
	Secondary analysis of GM MD


	Discussion
	Conclusion
	References


