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Regional and Global Changes in Cerebral Diffusion with
Normal Aging

Annette O. Nusbaum, Cheuk Y. Tang, Monte S. Buchsbaum, Tsei Chung Wei, and Scott W. Atlas

BACKGROUND AND PURPOSE: We used quantitative diffusion MR imaging to investigate
the microstructural changes that occur in white matter during normal aging in order to identify
regional changes in anisotropy and to quantify global microstructural changes by use of whole-
brain diffusion histograms.

METHODS: Full diffusion tensor MR imaging was performed in 20 healthy volunteers, 20
to 91 years old. Thirteen subjects also underwent high-resolution T1-weighted imaging, so that
diffusion images could be coregistered and standardized to normal coordinates for statistical
probability mapping. Relative anisotropy (RA) was calculated, as was linear regression of RA
with age for each pixel; pixels with a significant correlation coefficient were displayed. For
histographic analysis, the average apparent diffusion coefficient (ADC) histograms were cal-
culated on a pixel-by-pixel basis. Subjects were divided into two equal groups by the median
age (55 years) of the population and plotted for statistical comparison.

RESULTS: Regional analysis showed statistically significant decreases in RA with increasing
age in the periventricular white matter, frontal white matter, and genu and splenium of the
corpus callosum, despite the absence of signal abnormalities on visual inspection of conventional
images. Significant increases in RA were found in the internal capsules bilaterally. ADC his-
tograms showed higher mean ADC and reduced peak height and skew in the older age group
on group comparisons.

CONCLUSION: Quantitative diffusion histograms correlate with normal aging and may pro-
vide a global assessment of normal age-related changes and serve as a standard for comparison
with neurodegenerative diseases.

Genetic, epigenetic, and environmental factors are
all thought to affect the aging process (1). Over-
whelming evidence suggests that aging is not reg-
ulated in the same programmed way as early de-
velopment (2). The recent advent of diffusion
tensor imaging (3, 4), a quantitative MR imaging
method that reflects microstructural tissue compo-
sition, may further our understanding of the basis
of cognitive changes that normally occur with ag-
ing as well as demonstrate otherwise occult alter-
ations in cerebral structure that relate to develop-
ment of dementia.
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Numerous anatomic studies (5–7) have docu-
mented the morphologic changes that occur in the
brain in both white and gray matter with normal
aging. Senescent atrophy in gray matter has been
noted (5, 6); however, the long-standing belief that
selective loss of neurons occurs in the neocortex
(8, 9) has been challenged by recent studies show-
ing that while atrophy is grossly detectable in the
frontal and temporal lobes, there is no change in
the total neuron population (10). Metabolic imag-
ing studies have also tended to find decreases with
age, also most prominently in the frontal region
(11, 12). Several investigators have shown with au-
topsy studies (13) and by MR segmentation tech-
niques (14) that selective atrophy of white matter,
rather than gray matter, predominates in aging. This
white matter atrophy is due to a decrease in mye-
linated fibers, which is accompanied by an increase
in extracellular space (13). Capillary walls in the
white matter also change with aging and become
thinner, owing to loss of pericytes and thinner en-
dothelial cytoplasm (15). In addition, focal white
matter changes occur, reflecting loss of myelinated
axons and gliosis (7), which correspond to patchy
hyperintensities that are identifiable on convention-
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al MR images. These and other studies (16, 17)
suggest that age-related atrophy is more reflective
of changes in the white matter than in the cortex.

In the aging population, conventional MR imag-
ing has mainly provided gross neuroanatomic infor-
mation, depicting the large-scale morphologic age-
related changes of senescence (18). Volume loss in
the cerebral hemisphere, enlargement of the lateral
ventricles, patchy areas of abnormal signal intensity
within the white matter (19) and basal ganglia, and
progressive hypointensity correlating with iron de-
position in the globus pallidus and putamen may be
seen on T2-weighted MR images (6, 20).

Diffusion MR imaging is a quantifiable imaging
method that is extremely sensitive to molecular wa-
ter mobility. Since free water diffusion is restricted
in highly organized tissues, like white matter (3, 4,
21, 22), diffusion MR imaging has the potential to
be useful in assessing both normal development
and disease states of cerebral white matter. Diffu-
sion in normal cerebral white matter is directionally
dependent (anisotropic) (21, 22), and therefore the
diffusive transport of water is appropriately char-
acterized by an effective diffusion tensor, D (23,
24). Diffusion tensor MR imaging is a method of
mapping the degree of directionality of white mat-
ter pathways (3, 4, 23, 24) by providing a quanti-
tative measure of directionally restricted (aniso-
tropic) diffusion in tissues with an organized
microstructure, like cerebral white matter. In a
combined study using diffusion tensor MR imaging
and functional imaging (25), regional white matter
anisotropic changes corresponded to regional
changes in function as inferred from brain metab-
olism assessed by fluorodeoxyglucose positron
emission tomography in the same individuals, sug-
gesting a link between changes in organization and
changes in function. Therefore, diffusion tensor im-
aging permits the study of complex microstructural
features in cerebral white matter and has the po-
tential to elucidate the anatomic and pathoanatomic
bases of information processing (ie, functional
changes) within the brain (22).

Recent studies have attempted to analyze diffu-
sion tensor anisotropy in the human brain as a func-
tion of normal brain development (26–28). Diffu-
sion anisotropy in the white matter of neonates
increases with gestational age (26, 27). Klingberg
et al (28) found lower anisotropy in the frontal
white matter in seven children (mean age, 10 years)
than in five young adults (mean age, 27 years), and
the right frontal area had higher values than the left.
The data from these studies suggest that diffusional
anisotropy is related to the development of myeli-
nation. Age-related decreases in diffusion anisot-
ropy were identified in the pyramidal tract in the
cerebral peduncle in another recent study (29). Our
study extends this work through the human life
span to assess adults aged 21 to 91 years, and adds
statistical probability mapping for regional con-
trasts of the effects of aging.

Our purpose was to investigate microstructural
changes of cerebral white matter during normal ag-
ing by quantitative diffusion imaging as a potential
method of analyzing alterations in white matter cir-
cuitry subserving cognitive function. We sought to
identify the regional changes in white matter rela-
tive anisotropy (RA) with normal aging and to
quantify global microstructural changes in normal
aging by using whole-brain apparent diffusion co-
efficient (ADC) histograms. We hypothesized that
anisotropy would show regional changes and that
quantitative ADC histograms might serve as a
method to document global cerebral parenchymal
changes in normal aging.

Methods
Twenty volunteers (seven women and 13 men, 20–91 years

old) established to be healthy by serum chemistries and med-
ical history, underwent MR imaging on a 1.5-T unit modified
with hardware for echo-planar imaging. Subjects represented
eight decades of life with the following composition: third de-
cade (n 5 2), fourth decade (n 5 6), fifth decade (n 5 1),
sixth decade (n 5 3), seventh decade (n 5 3), eighth decade
(n 5 2), ninth decade (n 5 2), 10th decade (n 5 1).

Diffusion imaging parameters were as follows: TR/TE/ex-
citations 5 10,000/99/4, TI 5 220, slice thickness 5 5 mm,
interslice gap 5 2.5 mm, FOV 5 24 3 24 cm, matrix 5 128
3 128, number of slices 5 14. Eight images were acquired
per slice, seven with a b value of 750 s/mm2 and the eighth
with a b value of 0 s/mm2. This eighth image is equivalent to
a T2-weighted image and was used for clinical screening by
one of the authors. Axial T1-weighted 3D spoiled gradient-
recalled (SPGR) images (600/5, FOV 5 24 cm, slice thickness
5 1.2 mm, flip angle 5 408, matrix 5 256 3 256) were also
acquired during the same scanning session. Thirteen of these
same subjects (10 men and three women) also underwent high-
resolution T1-weighted imaging with a 3D-SPGR sequence, so
that diffusion images could be coregistered and standardized
to normal coordinates for statistical probability mapping.

MR images of brains of all subjects included in this study
were normal on both T1- and T2-weighted images, as deter-
mined by a neuroradiologist, with none of the subjects having
more than three very small (,3 mm in diameter) areas of hy-
perintensity on T2-weighted images in the brain parenchyma.

The raw diffusion data were reconstructed automatically on-
line and then transferred to an off-line workstation (Sparc 20;
Sun Microsystems, Mountain View, CA) for diffusion trace
calculations using software developed in IDL (Research Sys-
tems, Boulder, CO). The effective diffusion tensor, D, and its
corresponding eigenvalues and eigenvectors were calculated
for every pixel by using a program written in Matlab. The RA,
defined as the magnitude of the anisotropic part of D divided
by the magnitude of the isotropic part of D (3), was calculated
from the diffusion tensor [RA 5 ÏVar(l)/E(l)] (3).

Using a standard brain atlas (30) as a reference, slices from
the structural and RA images were selected and matched on
the basis of visible anatomic structures. This selection resulted
in seven contiguous slices that were consistently identified for
all the subjects. The outlines of the brain were identified on
the individual axial T1-weighted images by using software de-
veloped in-house, and midline landmark points were identified.
This image morphing technique is based on a nonlinear trans-
formation using landmarks determined by a neuroradiologist.
Midline landmarks were chosen such that CSF spaces were
marked by the same anchor points. This ensured that subse-
quent transformations would map CSF regions into CSF and
tissue regions into tissue. While other image morphing algo-
rithms that are based on global brain features or contours could
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FIG 1. Statistically significant regions of decreased anisotropy with increasing age. Areas with significant anisotropic decrease with age
are shown in blue to blue-white and were identified in the frontal white matter, genu and splenium of the corpus callosum, and parietal
and occipital periventricular white matter. Correlation coefficients between RA and age are displayed for each pixel with the scale bar
indicating the correlation coefficient from r 5 20.55, P , .05 (blue) to the most negative correlation found, P , .0001 (blue-white).
(Background is group mean, anatomically standardized, T1-weighted images at four slice locations.)

FIG 2. Statistically significant regions of increased anisotropy with increasing age. Areas of significant diffusion anisotropic increase
with age are shown in red-yellow and were identified in the posterior limb of the internal capsules bilaterally and diffusely at the periphery
of the brain, notably at the brain-CSF interfaces (most likely artifactual). Correlation coefficients are displayed using a method similar to
that in Figure 1, with the correlation coefficients from r 5 .55, P , .05 (red) to the most positive correlation found, r 5 .90, P , .0001
(yellow). (Background is group mean, anatomically standardized, T1-weighted images at four slice locations.)

FIG 3. Averaged ADC histograms for each group of subjects
(defined by age), where the x axis represents the average ADC
values and the y axis scales with the number of pixels at any
given ADC value.

suffer from confounds due to age-related atrophy, significant
findings near CSF-tissue interfaces should be minimized with
our methodology. Each RA image was then coregistered to the
matched anatomic image by using the algorithm proposed by
Woods et al (31), after correction for gradient-induced distor-
tion on diffusion images (X. Zhou, J.K. Maier, and H.G. Reyn-
olds, ‘‘Method to Reduce Eddy Current Effects in Diffusion-
Weighted Echo Planar Imaging,’’ US Patent, 5,864,233;
January 26, 1999). The coregistered RA images were then
standardized using the brain contour (left and right sides for
every row of pixels) and nine midline anatomic landmarks to
the same brain coordinate system for statistical probability
mapping (32). The linear regression of diffusion anisotropy
with age was calculated for each pixel, and pixels with a sig-
nificant correlation coefficient were displayed (Figs 1 and 2).

The T2-weighted axial images encompassing the entire brain
were then traced using a mouse-driven semiautomated soft-
ware program developed in-house. Edges of the brain were
obtained by tracing the brain contour from the vertex to the
level of the inferior cerebellum. A separate computer program
was used to apply these edges to the matching trace (average
ADC) images, and all the voxel values inside the contour were
extracted. A histogram was then computed for each subject
with a bin-width equal to 1% of the maximum value. These
histograms were then normalized across the subjects for dif-
ferences in brain size (1000 pixels per whole brain) (Fig 3).
The histographic peak location, peak height, skew, and brain
mean ADC were obtained. Correlations between subject’s age
and average ADC values, peak height of ADC histograms,
peak locations of ADC histograms, and skew of curves were
assessed by linear regression analysis (Figs 4–7). Subjects
were also divided into ‘‘young’’ and ‘‘old’’ groups as deter-
mined by their median age (55 years), and a t test between the

young and old subjects was computed for each of the param-
eters. A P value less than .05 was considered statistically sig-
nificant (Table).

Results

Regional Anisotropy
Statistical probability maps derived from linear

regression analysis showed regional decreases in
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FIG 4. Average brain ADC (mean trace) versus subject’s age,
linear regression.

Analysis of apparent diffusion coefficient histographic character-
istics versus age group by t test

% 6 SD

Old Subjects Young Subjects P Value

Peak height 12.5 6 1.6 14.0 6 1.1 .03
Peak location

(31023 mm2/s) 20.90 6 0.57 20.60 6 0.52 .23 (NS)
Brain ADCave

(31023 mm2/s) 23.39 6 1.78 21.56 6 0.79 .008
Skew 2.41 6 0.40 6.82 6 0.71 ,.0001

FIG 5. Peak height of ADC histogram versus subject’s age, lin-
ear regression.

FIG 6. Skew of ADC histogram versus subject’s age, linear
regression.

diffusion anisotropy in frontal white matter, genu
and splenium of the corpus callosum, internal cap-
sules, and periventricular white matter with in-
creasing age (Fig 1). Correlation coefficients with
age reached statistical significance (P , .05) in the
frontal white matter, genu and splenium of the cor-
pus callosum, internal capsules, and parietal and
occipital periventricular white matter with increas-
ing age. Some involvement of cortical gray matter
was also noted.

Increases in diffusion anisotropy were seen in
the internal capsules bilaterally and diffusely at the
periphery of the brain, notably at brain-CSF inter-
faces, with increasing age. Statistically significant
(P , .05) increases in RA were seen in these re-
gions (Fig 2).

ADC Histograms
Average brain ADC was significantly correlated

to subject’s age (r 5 .735; P 5 .0002) by linear
regression analysis at 95% confidence limits (Fig
4). Older subjects as a group showed higher aver-
age brain ADC relative to younger subjects (P 5
.008; t test) (Table). The peak height of the ADC
histograms was inversely correlated to subject’s age
(r 5 2.656; P 5 .0017) by linear regression anal-
ysis at 95% confidence limits (Fig 5). In group
comparisons, peak height of ADC histograms was
significantly lower for the older group than for the
younger group (P 5 .026; t-test) (Table). The skew

of the histograms was inversely correlated to sub-
ject’s age (r 5 2.856; P , .0001) by linear re-
gression analysis at 95% confidence limits (Fig 6).
Older subjects as a group showed lower skew of
brain ADC histograms relative to younger subjects
(P , .0001; t test) (Table). The peak location of
the ADC histograms did not correlate with age (r
5 .341; P 5 .1423) by linear regression analysis
at 95% confidence limits (Fig 7). Similarly, on
group comparisons, peak ADC locations did not
differ between groups (P 5 .232; t test) (Table).

Discussion
Animal and human studies have long indicated

that morphologic and chemical changes occur in
cerebral white matter with normal aging. In aging
humans, a highly significant, selective decrease in
the total volume of white matter is seen at autopsy
(33) and by MR imaging (14). Further studies have
shown that white matter hyperintensities on MR
images (7) do not clearly correspond with volume
loss of white matter or with cerebral hemisphere
with age (6, 14). It is also unclear whether these
white matter hyperintensities on MR images cor-
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FIG 7. Peak location of ADC histogram versus subject’s age,
linear regression.

respond with a cognitive decline in healthy elderly
subjects (34, 35). An age-related loss of cholinergic
nerve fibers (36) has been reported in the cerebral
cortex, suggesting that atrophy of the white matter
may be due to a decrease in the number of nerve
fibers. Capillary walls in the white matter also
change with aging, owing to loss of pericytes and
thinner endothelial cytoplasm (15), and may rep-
resent another potential cause of changes in inter-
stitial space constituents and volume. Therefore,
the preponderance of data do seem to indicate a
more diffuse process in white matter that is not
necessarily confined to regions of abnormal signal
intensity on conventional MR images.

Our results indicate that there are both regional
and global changes in brain diffusion accompany-
ing normal aging that are present despite the ab-
sence of white matter hyperintensities. Regional
data from our study point to statistically significant
decreases in diffusion anisotropy in the corpus cal-
losum, periventricular white matter, frontal white
matter, internal capsules, and parietal and occipital
white matter. Our data also showed some change
in cortical regions. The finding of periventricular
white matter anisotropic changes is intuitively in
accordance with the commonly seen regional
white matter signal intensity changes on conven-
tional T2-weighted MR images in the same regions
in many elderly patients (37). On histopathologic
specimens, loss of myelinated axons and gliosis
have been found in these same regions (7), but
pathogeneses remain unclear. Since previous stud-
ies have reported diffusion MR changes despite
normal brain signal intensity on conventional MR
images in a variety of neuropathologic conditions
(25, 38–40), we can infer that these data are further
evidence of the high sensitivity of diffusion MR
imaging to otherwise occult disease processes. We
also note that there are potential confounds to these
data, most notably the possible errors due to age-
related changes in subarachnoid space volumes, so
that brain-CSF interfaces might show decreases in
anisotropy merely as a reflection of atrophy.

Our finding of decreased anisotropy with aging
corresponds, albeit imperfectly, with the functional
positron emission tomography (PET) finding of al-
tered metabolic rates in the same subject population
(11, 12). These changes, mainly in frontal regions,
are postulated to reflect presumed frontal neuronal
loss or alterations in cortical connectivity. Age-re-
lated changes in neural activation found on PET
scans imply a more global reorganization of the
networks subserving cognitive performance (11,
12). Our data are further supported by autopsy
studies in humans (41) showing loss of 36% of dry
brain solids, in particular myelin lipids and neuro-
nal membranes, between the ages of 20 and 100
years. Another study (42) examined the electropho-
retic protein patterns of myelin isolated from fron-
tal and callosal white matter in patients between the
ages of 17 and 90 years. These investigators found
that while the proportions of the major myelin pro-
teins remained virtually unchanged with age, the
total mass of purified myelin gradually decreased
with age, suggesting an age-related loss of the my-
elin sheath.

Our data also indicate a regional decrease in dif-
fusion anisotropy in the genu and splenium of the
corpus callosum, corroborating the findings in an
autopsy study (13) in which morphometric inves-
tigation of the corpus callosum showed a loss of
total nerve fiber area accompanied by an increased
extracellular space with increasing age. In particu-
lar, a greater decline in the number of larger mye-
linated nerve fibers (.1 mm in diameter) than of
smaller nerve fibers (0.4–0.2 mm in diameter) was
found. A stereologic investigation of the white mat-
ter performed by Tang et al (33) showed that the
total volume of white matter, total volume of my-
elinated fibers, and total length of myelinated fibers
significantly decreased with age. Interestingly, this
study found a greater loss of smaller-diameter my-
elinated fibers than of larger-diameter fibers.

Our study also defines regions of increased an-
isotropy with normal aging in two areas. First,
some increases in anisotropy were identified dif-
fusely at the periphery of the brain (ie, at brain-
CSF interfaces). These findings were not expected
and remain of uncertain origin. We caution that in-
creases in peripheral brain-CSF interface anisotro-
py may be artifactual, and have been explained by
Pierpaoli et al (4) as due to shearing and dilata-
tional distortion of the diffusion-weighted images
caused by eddy currents, and the misregistration of
the distorted diffusion-weighted images introduces
an artifact in the estimation of D. This results in
blurring and an appearance of spurious boundaries;
that is, regions of apparently increased anisotropy
at the interfaces between structures that have mark-
edly different diffusion properties. Because, with
aging, the cortical sulci are deeper and CSF-brain
boundaries more prominent, the cortical rim might
have spuriously higher anisotropy values in older
individuals. However, similar analyses of statistical
probability maps on anatomic MR images from a
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larger sample (11) did not show age-related chang-
es in these areas, suggesting that sulcal widening
is unlikely to contribute significantly to the findings
reported here. A second area showing significant
increases in anisotropy was found in the internal
capsules bilaterally. The internal capsule region is
not situated near any brain-CSF boundary; how-
ever, if one were to attribute this to artifacts, it may
be explained by the greatly differing diffusion
properties between the highly structured and or-
dered (anisotropic) internal capsules and the adja-
cent (isotropic) gray matter. Alterations in anisot-
ropy of internal capsules could also have resulted
from selective dropout of fiber bundles that could
have a net result of increased or even decreased
anisotropy. Errors in patient registration could also
have been a confounding variable, although the pe-
ripheral change in anisotropy was not seen as an
area of decreased anisotropy. Further study for con-
firmation and elucidation of these results is
necessary.

Our data agree, in a general sense, with prior
reports of diffusion MR imaging in aging, but con-
tradict some specific aspects of those data. In a
study by Gideon et al (43), significant increases in
calculated ADC were found in subcortical white
matter with aging. However, in that study, no ADC
differences were found between various neuroana-
tomic regions. Moreover, corpus callosum ADC did
not change with age. Numerous and significant dif-
ferences in methodologies, however, can be iden-
tified between our study and that previous report.
First, the previous study selected regions of interest
on a single axial slice, whereas our anisotropic data
examined the entire supratentorial brain. Second,
our data measured RA from full tensor acquisitions,
whereas the previous study measured ADC in a sin-
gle diffusion direction.

The ultimate meaning and functional correlates of
regional anisotropic changes in normal aging shown
in this study are uncertain and will require more
studies correlating neuropsychological testing and
cognitive function with structural data. Prior diffu-
sion tensor studies in schizophrenic patients showed
an association between abnormalities in regional dif-
fusion anisotropy and regional brain function, im-
plying that diffusion anisotropy may indicate the ba-
sis of changes in cortical function (25). Therefore,
our current diffusion MR data may imply changes
in organization of white matter pathways that occur
with normal aging that relate to altered brain func-
tion. While much of the regional changes depicted
decreases in anisotropy, some areas showed an in-
crease in anisotropy with age. This finding was un-
expected and seems worthy of further study.

Our diffusion histographic data showed statisti-
cally significant differences between older and
younger healthy subjects. These quantitative data
have two major differences from prior diffusion
data: 1) they are semiautomated, since the only op-
erator intervention was to exclude extracranial soft
tissues and calvaria from the intracranial space; and

2) they can analyze the whole brain, rather than op-
erator-selected limited regions of interest. Our ratio-
nale for devising and using such a diffusion analysis
technique is that brain aging appears at least to some
extent to be a diffuse process. In fact, one notes in
the literature extensive published data documenting
both gray and white matter changes with aging. This
method is also important because it theoretically
should detect changes that occur regardless of the
conventional MR appearance of the brain. Previous
diffusion histographic data have been used in the
setting of multiple sclerosis (44), another process
that affects the brain in a diffuse manner.

For analysis of global cerebral parenchymal chang-
es, we decided to use the diffusion trace, or average
ADC, rather than diffusion anisotropy, because trace
values are likely to be more sensitive to water content
in general. Our data showed that for the averaged
trace histogram, the peak height was significantly
lower and the brain mean trace was significantly
higher for the older group as compared with the
younger group. An important consideration in inter-
preting the trace histograms is the possible confound-
ing effect of partial volume averaging of the brain
near regions that contain CSF (45, 46). Since the wa-
ter in CSF has an extremely high diffusion coeffi-
cient, averaging of the brain with the CSF may result
in a spurious increase in the measured trace D value.
This effect should have been minimized in our study,
since we used a fluid-attenuated inversion recovery
diffusion sequence. Because the histograms are nor-
malized for brain sizes, the peak height and the width
of the histogram are inversely related. The reduced
peak (wider histogram) for the elderly group is an
indication of a larger spread in the trace values and
may reflect heterogeneity of axonal organization in
the aging group. The higher peak location and brain
mean trace may be a reflection of the underlying his-
topathologic substrates of myelin loss, axonal fiber
loss, and extracellular space increase (13, 16, 33, 41,
42, 47).

Conclusion
Significant changes in regional anisotropy occur in

the corpus callosum, internal capsules, and frontal,
parietal, and occipital white matter with normal ag-
ing, despite a normal appearance on conventional
MR images. Extrapolating from pathologic studies,
these findings may be a reflection of the underlying
ultrastructural changes found in normal aging, which
include a loss of myelin and axonal fibers and an
increase in extracellular space. Although much of our
regional data showed decreases in anisotropy, we also
found regions of increased anisotropy, an unexpected
finding of uncertain significance that may be worthy
of future study. Regardless of precise microstructural
correlates, these diffusion MR data suggest that this
technique is highly sensitive to otherwise occult dis-
ease processes and imply changes in organization of
white matter pathways that occur with normal aging.
Global changes in diffusion are also seen in normal
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aging. Quantitative diffusion histograms may provide
a global assessment of normal age-related changes
and serve as a standard for comparison with neuro-
degenerative diseases.
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