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BACKGROUND AND PURPOSE: DTI provides a sensitive measure of change in the microstructure of
white matter integrity. The purpose of our study was to investigate age-related changes, sex differ-
ences, and age-by-sex interactions in white matter integrity (FA, AD, and RD) across the whole brain
with a large sample.

MATERIALS AND METHODS: A total of 857 healthy subjects (mean age � 56.1 � 9.9 years; age range �
24.9–84.8 years) were included in this study. All subjects were scanned at 3T. With use of TBSS, we
examined the effects of age and sex on FA, AD, and RD in the white matter.

RESULTS: Global FA was negatively correlated with age (R2 � 0.18, P � .0001), and global AD and RD
were positively correlated with age (AD: R2 � 0.02, P � .0001; RD: R2 � 0.19, P � .0001). The
correlation between age and global AD, however, was weak. Voxelwise analysis revealed a number of
regions where FA was negatively correlated with age, with most of these regions showing a significant
positive correlation between RD and age. There was a significant age-related FA increase in several
white matter regions. Voxelwise analysis also revealed many regions where FA, AD, or RD differed
between men and women; however, no region showed a significant interaction between age and sex.

CONCLUSIONS: Our results suggest that age-related changes in white matter integrity are more
strongly associated with myelin sheath degeneration than with axonal degeneration, and that, in some
specific regions, the number of remyelinated axons might increase with age. Our results also suggest
that there are no sex differences in the aging process of the white matter.

ABBREVIATIONS: AD � axial diffusivity; ANCOVA � analysis of covariance; ASSET � array spatial
sensitivity encoding technique; BET � Brain Extraction Tool; FA � fractional anisotropy; FDT �
FMRIB’s Diffusion Toolbox; FNIRT � FMRIB’s nonlinear registration tool; FSL � FMRIB Software
Library; FWE � family-wise error; MD � mean diffusivity; MMSE � Mini-Mental State Examination;
MNI � Montreal Neurological Institute; RD � radial diffusivity; TBSS � tract-based spatial statistics

DTI is an MR imaging technique that is sensitive to random
thermal motions and provides a unique and sensitive

probe for the architecture of biologic tissues. DTI has been
widely used to study the integrity of the white matter in
healthy brains and in a variety of neuropsychological diseases.
FA and MD are the most widely used diffusion parameters.
The most pervasive findings from DTI aging research are age-
related increases in MD and decreases in FA.1-10

Recently, DTI aging studies have examined eigenvalues.11

The first eigenvalue is referred to as axial diffusivity (diffusion
parallel to the axon fibers),12,13 whereas the average of the
second and third eigenvalues is termed radial diffusivity (dif-
fusivity perpendicular to the axonal fibers).12,13 Animal stud-
ies have showed that lowered AD reflects axonal injury14,15

and that increases in RD are linked to incomplete myelina-
tion,13 drug-induced demyelination,15 and loss of myelin fol-
lowing axon injury.14,15 It is suggested that in the human
brain, age-related increases in RD are due to demyelina-

tion16-19 or a decrease in axonal packing attenuation,16,19 and
age-related decreases in AD are caused by axonal degeneration
and the subsequent gliosis that follows an ischemic incident or
lesion formation.17,20,21

Previous DTI aging studies that included AD and RD mea-
sures revealed 3 prominent patterns of age differences in dif-
fusivity. In the first pattern, age-related decreases in FA are
primarily associated with a significant increase in RD but not
AD.3,16,22-24 In the second pattern, age-related decreases in FA
are associated with significant increases in both RD and
AD.2,16,22,25,26 In the third pattern, age-related decreases in FA
are associated with significant increases in RD and decreases in
AD.2,16,22 All 3 patterns are characterized by an increase in RD
with aging. The results of these studies also suggest that age-
related microstructural alterations in white matter differ
among regions.

Sex effects on global or regional white matter integrity still
remain unclear. Some DTI studies showed no sex differ-
ence,5,6,27,28 whereas others showed a significant sex differ-
ence.4,25,29-32 In one DTI study that investigated sex effects on
white matter integrity across the brain, significant sex differ-
ences in FA were seen in the right deep temporal region.4

Previous DTI studies have also investigated age-by-sex in-
teraction in diffusion characteristics.4-6,25,32-35 Some studies
reported that the interaction between age and sex was not
significant,4,6,32 and some studies reported significant interac-
tions of diffusion properties between age and sex.25,33,34 Both
sex differences and age-by-sex interactions of white matter
integrity require further evaluation with a large sample size.
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The purpose of our study was to investigate age-related
changes, sex differences, and age-by-sex interactions in white
matter integrity (FA, AD, and RD) across the whole brain with
a large sample. To the best of our knowledge, this sample is the
largest among studies that have investigated age-related
changes or sex differences in white matter integrity.

Materials and Methods

Subjects
A total of 857 healthy subjects (310 women and 547 men; mean age �

56.1 � 9.9 years; age range � 24.9 – 84.8 years) were included in this

study. All subjects were volunteers who underwent private health

screening. None of the subjects had a history of neuropsychiatric dis-

order, including serious head trauma, psychiatric disorders, or

alcohol/substance abuse or dependence. The MMSE score was 29.2 �

0.9 (range � 27–30). Two radiologists (with 6 and 10 years of expe-

rience, respectively) reviewed all scans (including T2-weighted im-

ages) and found no gross abnormalities such as infarct, hemorrhage,

or brain tumors in any of the subjects. The Fazekas score (range, 0 –3)

was 0 (absence) or 1 (caps, pencil-thin lining, and/or punctuate

foci).36 Subjects with grade 0 (n � 309, mean age � 50.7 � 8.5 years)

were significantly younger than subjects with grade 1 (n � 548, mean

age � 59.2 � 9.3 years; Mann–Whitney test, P � .0001). The ethical

committee of our institute approved this study. After a complete ex-

planation of the study to each subject, written informed consent was

obtained.

Imaging Data Acquisition
MR data were obtained on two 3T Signa HDx scanners (GE Medical

Systems, Milwaukee, Wisconsin) of the exact same model with an

8-channel brain phased-array coil. Diffusion tensor images were ac-

quired by using a single-shot spin-echo echo-planar sequence in 50

axial sections (TR � 13,200 ms; TE � 62 ms; FOV � 288 mm; section

thickness � 3 mm with no gap; acquisition matrix � 96 � 96; NEX �

1; image matrix � 256 � 256). Diffusion weighting was applied along

13 noncollinear directions with a b-value of 1000 seconds/mm2, and a

single volume was collected with no diffusion gradients applied (b0).

Parallel imaging (ASSET) was used with an acceleration factor of 2.0.

The reconstructed voxel dimensions were 1.125 � 1.125 � 3.0 mm.

Image Processing
Image analysis was performed by using TBSS 1.2,37,38 which is part of

FSL 4.1 (http://www.fmrib.ox.ac.uk/fsl).39 First, the raw diffusion

data were corrected for eddy current distortion and head motion by

using FDT 2.0,39 and corrected for spatial distortion due to gradient

nonlinearity by using grad_unwarp.40 Following brain extraction by

using BET 2.1,41 FA, AD, and RD maps were created by fitting a tensor

model to the diffusion data by using FDT. The FA data of all subjects

were then aligned into MNI 152 space by using FNIRT 1.0,39 which

uses a b-spline representation of the registration warp field. The

FMRIB58_FA standard-space image was used as the target. Next, a

mean FA image was created and thinned to create a mean FA skeleton,

which represents the centers of all tracts common to the group. The

mean FA skeleton image was thresholded at an FA value of 0.2 to

prevent inclusion of nonskeleton voxels.37 The aligned FA data of

each subject were then projected onto this skeleton. The AD and RD

data were also aligned into MNI 152 space and projected onto the

mean FA skeleton (by using the FA data to find the projection

vectors).

Statistical Analyses
Differences in skeleton average FA, AD, and RD were tested by using

ANCOVA, with skeleton average FA, AD, or RD as the dependent

variable, and age, sex, age-by-sex, and scanner as independent vari-

ables. The relationship between age and skeleton average FA, AD, or

RD was evaluated by using a simple linear regression analysis and a

quadratic regression analysis. These statistical analyses were per-

formed by using JMP 8.0 (SAS Institute, Cary, North Carolina). A P

value of �.05 was considered to indicate a statistically significant

difference.

Voxelwise analyses of the skeletonized data were performed by

using permutation-based, voxelwise nonparametric testing (as imple-

mented in the Randomise Tool part of FSL).42 First, we identified

areas in which FA, AD, or RD was significantly correlated with age.

Sex and scanner were also included as covariates. Next, we identified

areas with a significant effect of sex on FA, AD, or RD. Finally, we

identified areas with a significant interaction between age and sex.

Significance levels for t tests (1-tailed) were set at P � .025, corrected

for multiple comparisons by using the FWE rate (voxel-level infer-

ence). We computed 2 t contrasts (positive, negative) for t tests. The

number of permutations was 5000.

Results

Age and Sex Effects on Global FA, AD, and RD
ANCOVA for skeleton average FA, AD, and RD revealed a
main effect of age (FA, F � 170.4, P � .0001; AD, F � 19.5, P �
.0001; RD, F � 185.3, P � .0001). There was no sex-by-age
interaction (FA, F � 0.68, P � .41; AD, F � 0.51, P � .47; RD,
F � 1.32, P � .25). Although there was a main effect of sex on
FA and AD (FA, F � 43.1, P � .0001; AD, F � 28.4, P � .0001),
there was no significant main effect of sex on RD (F � 3.10,
P � .08).

Simple regression analysis showed a significant negative
correlation between age and FA (R2 � 0.18, P � .0001, FA �
0.46 – 0.00062 � Age [y]). A significant positive correlation
was seen between age and AD (R2 � 0.02, P � .0001, AD
[�10�3 mm2/s] � 1.12 � 0.00033 � Age [y]) and between age
and RD (R2 � 0.19, P � .0001, RD [�10�3 mm2/s] � 0.51 �
0.00098 � Age [y]). Quadratic regression analysis also showed
a significant relationship between age and FA (R2 � 0.18, P �
.0001; FA � 0.46 – 0.00062 � Age [y] - 0.0000047 � (Age [y] -
56.1) ˆ 2), between age and AD (R2 � 0.04, P � .0001; AD
[�10�3 mm2/s] � 1.12 � 0.00029 � Age [y] � 0.000023 �
(Age [y] - 56.1) ˆ 2), and between age and RD (R2 � 0.21, P �
.0001; RD [�10�3 mm2/s] � 0.51 � 0.00095 � Age [y] �
0.000020 � (Age [y] - 56.1) ˆ 2). The quadratic term was sig-
nificant for AD (P � .0001) and RD (P � .0004) but not for FA
(P � .22). Fig 1 shows scatterplots of skeleton average FA, AD,
and RD versus age.

Age Effects on Regional FA, AD, and RD
Voxelwise analysis revealed a number of regions in which FA
values were negatively correlated with age: the body of the
corpus callosum, fornix, bilateral anterior limb of the internal
capsule, bilateral external capsule, bilateral anterior cingulum,
bilateral inferior longitudinal fasciculus, and cerebellum (Fig
2, Table). A significant age-related increase in FA was seen in
the splenium of the corpus callosum, bilateral corona radiata,
bilateral posterior limb of the internal capsule, and bilateral
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superior longitudinal fasciculus. A number of regions were
identified in which AD or RD values were positively correlated
with age (Fig 2, Table). Among the white matter regions show-
ing a negative correlation between age and FA, a positive cor-
relation between age and AD was seen in the body of the cor-
pus callosum and fornix. Among the white matter regions
showing a negative correlation between age and FA, a positive
correlation between age and RD was seen in most regions.
Among the white matter regions showing a positive correla-
tion between age and FA, a positive correlation between age

and AD was seen in regions except for the splenium of the
corpus callosum. Among the white matter regions showing a
positive correlation between age and FA, a negative correla-
tion between age and RD was seen in the splenium of the
corpus callosum.

Fig 1. Effects of age on global FA, AD, and RD. A, Scatterplot of skeleton average FA versus
age; B, scatterplot of skeleton average AD versus age; C, scatterplot of skeleton average
RD versus age. A significant negative correlation was seen between age and global FA. A
significant positive correlation was seen between age and global AD and between age and
global RD; however, the correlation between age and global AD was weak. Simple linear
regression curves (solid lines) and quadratic regression curves (dotted lines) are shown. The
quadratic term was significant in AD and RD but not in FA.

Fig 2. Effects of age on regional FA, AD, and RD. White matter tracts in red-yellow show
a significant age-related increase in FA, AD, and RD. White matter tracts in blue-green
show a significant age-related decrease in FA, AD, and RD.

AJNR Am J Neuroradiol ●:● � ● 2011 � www.ajnr.org 3



Fig 3 shows scatterplots of mean FA, AD, and RD versus age
for voxels that showed a significant positive correlation be-
tween age and FA. Fig 4 shows scatterplots of mean FA, AD,
and RD versus age for voxels that showed a significant negative
correlation between FA and age.

Sex Effects on Regional FA, AD, and RD
We also identified a number of regions in which FA, AD, or
RD differed between women and men (Fig 5). Significantly
higher FA was seen in men compared with women in many
regions, including the splenium of the corpus callosum, bilat-
eral corona radiata, posterior limb of the internal capsule, ce-
rebral peduncle, external capsule, bilateral cingulum, bilateral
superior longitudinal fasciculus, and bilateral middle cerebel-
lar peduncle. Significantly higher FA was seen in women com-
pared with men in the column of the fornix.

Interaction Between Age and Sex
The voxelwise analysis showed no regions with a significant
interaction between age and sex, except for a few voxels.

Discussion
We found a significant negative correlation between age and
global FA, as well as significant positive correlations between
age and global AD, and between age and global RD. The cor-
relation between age and global AD, however, was weak,
which suggests that the previously reported age-related in-
crease in global MD is due mainly to age-related increase in
global RD. The voxelwise analysis revealed a number of re-
gions in which FA was negatively correlated with age, with
most of these regions showing a significant positive correla-
tion between RD and age. The results of the voxelwise analysis

indicate that age-related decrease in FA is associated with age-
related increase in RD. In addition, the voxelwise analysis re-
vealed several regions in which FA values were positively cor-
related with age. We identified a number of regions in which
FA, AD, or RD differed between men and women; however, no
region showed a significant interaction between age and sex.

To the best of our knowledge, the present sample size is the
largest among studies that have investigated age-related
changes or sex differences in white matter integrity. In addi-
tion, we used TBSS, a relatively new approach for analyzing
differences in white matter, to circumvent the problem of
cross-subject alignment and contamination due to differences
in brain morphology.

Summary of TBSS analysis of aging effects on white matter
integrity

Region
FA

Age-related decrease Body of corpus callosum
Fornix

Anterior limb of internal capsule
External capsule

Anterior cingulum
Inferior longitudinal fasciculus

Cerebellum
Age-related increase Splenium of corpus callosum

Corona radiata
Posterior limb of internal capsule
Superior longitudinal fasciculus

AD
Age-related increase Body of corpus callosum

Fornix
Posterior limb of internal capsule

Corona radiata
Superior longitudinal fasciculus

RD
Age-related decrease Splenium of corpus callosum
Age-related increase Body of corpus callosum

Fornix
Inferior longitudinal fasciculus

Anterior limb of internal capsule
External capsule

Cerebellum

Fig 3. Scatterplots of mean FA (A), AD (B ), and RD (C ) versus age for voxels that showed
a positive correlation between age and FA.
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Global Effects of Age on White Matter Integrity
In agreement with the findings of previous studies,4,33,43 we
found a significant negative correlation between age and
global FA, as well as significant positive correlations between
age and global AD, and between age and global RD. The cor-
relation between age and global AD was weak. The present
regression analysis of global DTI indices demonstrated that
the quadratic term was significant in AD and RD but not in
FA. These results are consistent with recent DTI studies that
used the voxel-based approach to investigate adult aging.33,43

Regional Effects of Age on White Matter Integrity
A notable finding of the present study is a significant age-
related increase in FA in several white matter regions. Several

previous studies reported an age-related increase in FA in
some white matter regions such as the splenium of the corpus
callosum5,6,43,44; however, no study has reported an age-re-
lated increase in FA, as found in the present study. This finding
may indicate that these regions are resistant to age-related
degeneration.

Fig 4. Scatterplots of mean FA (A), AD (B ), and RD (C ) versus age for voxels that showed
a negative correlation between FA and age.

Fig 5. Effects of sex on regional FA, AD, and RD. White matter tracts in red-yellow show
a significantly higher FA, AD, and RD in men compared with women. White matter tracts
in blue-green show a significantly higher FA, AD, and RD in women compared with men.
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Similarly to previous reports,16,22-26,45 the present results
showed that age-related decreases in FA are associated with 2
region-specific patterns of age differences in diffusivity mea-
sures: a pattern of radial increase only, and a pattern of both
radial and axial increases. Previous DTI aging studies also re-
ported that age-related decreases in FA were associated with
radial increase and an axial decrease pattern16,22,45; however,
we found this pattern only in a small part of the bilateral infe-
rior longitudinal fasciculus.

Previous DTI reports have described varying behavior of
AD with age. Age-related decreases in AD are thought to be
caused by axonal degeneration and the subsequent glio-
sis.14,20-22 Age-related increases in AD were commonly re-
ported in previous DTI aging studies.2,16,22,25,26 Although the
cause of this pattern remains unclear, increase in AD is a rela-
tively specific pattern in normal aging.

In animal studies, myelin breakdown has been associated
with increased RD, while axonal degeneration is reflected by
changes in AD.14 In normal aging, some myelin sheaths de-
generate as a consequence of their degenerating axons. Based
on the findings of earlier studies of Wallerian nerve fiber de-
generation, there is little doubt that the degeneration of an
axon is inexorably followed by the breakdown and degenera-
tion of its myelin sheath.46 In other cases, myelin sheaths de-
generate even when the axon is intact. Such axons are remy-
elinated by a series of internodes that are much shorter than
the original ones and are composed of thinner sheaths. Oligo-
dendrocytes, myelin-forming cells of the central nervous sys-
tem, remain active during aging. Rivers et al47 calculated that
about 20% of all oligodendrocytes in the adult corpus callo-
sum are generated during adulthood, and 5% of adult-born
oligodendrocytes in the cerebral cortex appear to be involved
in elaboration of the myelin sheath. We consider that the pres-
ent results reflect a part of the biologic mechanism mentioned
above. In our analysis age-related increases in RD were ob-
served in most white matter regions that showed a negative
correlation between age and FA. This result would reflect age-
related increases in the degenerated myelin sheaths.

Some of the white matter regions showing a positive corre-
lation between age and FA in the present study, especially
those in the splenium of the corpus callosum that showed a
negative correlation between age and RD, might indicate re-
gions where the number of remyelinated axons increased with
age. Age-related decreases in RD may reflect age-related in-
creases in the thinner sheaths of the remyelinated fibers. This
may be supported by the results of a previous study, which
found that more myelin-forming oligodendrocytes are found
in the adult corpus callosum than in the cerebral cortex in
mice.48

Effects of Sex on White Matter Integrity
We found a significantly higher FA in men compared with
women in many regions, including the splenium of the corpus
callosum and bilateral cingulum, which is consistent with the
findings of previous studies.29,31 Hsu et al43 found significant
sex differences in FA in the right deep temporal region and the
left anterior limb of the internal capsule. In the present study,
we found sex differences in a small part of the bilateral anterior
limb of the internal capsule. Lebel et al30 reported that males
had significantly higher FA in the superior frontal region of the

corpus callosum; however, we found no sex difference in this
region. We also found a significantly higher FA in men com-
pared with women in other white matter regions, and signifi-
cantly higher FA in women compared with men in the column
of the fornix; however, previous studies that analyzed white
matter microstructure in adults,4,25 and during adolescence or
in children,48 reported no significant sex difference for regions
in which we found significant sex differences in the present
study.

Interaction of Age and Sex
We found no age-by-sex interaction in global or regional anal-
yses of FA, AD, and RD, suggesting the absence of sex differ-
ence in the aging process of white matter. Hsu et al reported no
significant effect in age-by-sex interaction in a mean global
analysis of DTI indices (2010),43 and none of the ROIs in the
genu and splenium of the corpus callosum and 7 predefined
regions in each hemisphere showed a significant age-by-sex
interaction (2008).4 These results are consistent with the pres-
ent findings. In contrast, Abe et al33 reported significant inter-
action between sex and age, suggesting that the rates of global
FA decrease with age were greater for men than for women,
and that in regional FA and MD, men showed a steeper FA
decline and accelerated MD increase against age in multiple
brain regions. Kochunov et al34 reported significant age2 by-
sex interactions for average FA, cingulum, corticospinal tract,
and splenium of the corpus callosum, and that males had
slightly higher average FA values and slightly higher rates of FA
decline.

Limitations
There are some limitations of our study. Methodological lim-
itations include a relatively large voxel size and a relatively
small number of the diffusion directions. However, the large
sample size of our study would overcome these limitations.
We used the diffusion tensor, the most widely applied mathe-
matical model used to represent the angular variability of dif-
fusion, for investigating the effects of age and sex on white
matter integrity. An important limitation of the model is that
it cannot accurately represent voxels containing multiple fiber
bundles with different orientations.49 Its use is another limi-
tation of our study.

Conclusions
Our study showed that age-related decrease in FA is more
strongly associated with age-related increase in RD than with
age-related change in AD. These results suggest that age-re-
lated changes in white matter are more strongly associated
with myelin sheath degeneration than with axonal degenera-
tion. One of the new findings of the present study is that some
white matter regions showed age-related increases in FA. We
also found sex differences in white matter integrity in a num-
ber of regions. No regions showed a significant interaction
between age and sex. These results suggest a lack of sex differ-
ence in the aging process of white matter and that sex differ-
ences in white matter integrity may arise during its matura-
tional process.
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