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Abstract: The pattern of degenerative changes in the brain white matter (WM) in aging, mild cognitive
impairment (MCI), and Alzheimer’s disease (AD) has been under debate. Methods of image analysis are
an important factor affecting the outcomes of various studies. Here we used diffusion tensor imaging
(DTI) to obtain fractional anisotropy (FA) measures of the WM in healthy young (n = 8), healthy elderly (n
= 22), MCI (n = 8), and AD patients (n = 16). We then applied “tract-based spatial statistics” (TBSS) to
study the effects of aging, MCI, and AD on WM integrity. Our results show that changes in WM integrity
(that is, decreases in FA) are different between healthy aging and AD: in healthy older subjects compared
with healthy young subjects decreased FA was primarily observed in frontal, parietal, and subcortical
areas whereas in AD, compared with healthy older subjects, decreased FA was only observed in the left an-
terior temporal lobe. This different pattern of decreased anatomical connectivity in normal aging and AD
suggests that AD is not merely accelerated aging. Hum Brain Mapp 30:1051-1059, 2009.  ©2008 Wiley-Liss, Inc.
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INTRODUCTION

Normal aging is associated with a global decline in cog-
nitive functions. Attention, information processing, and
working memory are particularly compromised in the el-
derly [Craik and Salthouse, 2000; Salthouse and Ferrer-
Caja, 2003]. In Alzheimer’s disease (AD), an even more
prominent decline in cognitive function is observed. Mem-
ory function is primarily compromised along with impair-
ment in at least one other cognitive domain such as lan-
guage or visuospatial abilities [Lindeboom and Weinstein,
2004; Pasquier, 1999]. In addition to cognitive impairment,
aging and AD are both also related to changes in brain
function and anatomy.

In this study we investigated the anatomical connectivity
of the brain in aging, mild cognitive impairment (MCI),
and AD. It has been suggested that classic approaches
towards the anatomy-cognitive function relation (based on
correlations) are not sufficient in understanding a dynamic
system like the brain [Stephan, 2004]. As an alternative to
study brain function and anatomy, studies of connectivity
of neural subsystems using several imaging techniques
such as EEG, MEG, and MRI, have attracted considerable
interest in recent years (for a review see [Uhlhaas and
Singer, 2006]). Although it seems that functional connectiv-
ity is shaped at least in some part by anatomical connectiv-
ity, the nature of the relationship between these two
remains uncertain [Kotter and Sommer, 2000; Sporns et al.,
2004; Stephan, 2004]. While knowledge of functional con-
nectivity changes in the brain in aging and dementia has
improved in recent years (e.g. [Greicius et al., 2004; Stam
et al., 2006]), less is currently known about the underlying
anatomical connectivity. The main cause is lack of techni-
ques and technical limitations of existing techniques to
measure anatomical brain connectivity in vivo. One
approach to study anatomical connectivity is to correlate
regional cortical thickness measures using anatomical MRI
[He et al., 2007]. Another more frequently applied tech-
nique is diffusion tensor imaging (DTI). DTI is based on
measurement of characteristics of water diffusion, i.e. frac-
tional anisotropy (FA), apparent diffusion coefficient
(ADC) and diffusion direction (principle eigenvector) in
the brain. The fact that water molecules will more readily
diffuse along the major axis of the fiber bundle than per-
pendicular to it [Moseley et al., 1990] provides the basis
for in vivo visualization of white matter (WM) tracts [Le
Bihan, 2003]. One of the most important factors affecting
the FA value is the integrity of axons and their myelin
sheaths. Degeneration of neural tracts can therefore be
detected by measurement of FA value [Gupta et al., 2006].

Previous studies into aging and WM tract integrity gen-
erally showed compatible results: reduced FA in healthy
elderly subjects most prominently in frontal WM areas and
the anterior corpus callosum [Head et al.,, 2004; Pfeffer-
baum et al., 2005; Salat et al., 2005; Sullivan and Pfeffer-
baum, 2006; Sullivan et al., 2006]. However, some other
studies showed decreased FA in parietal and temporal

WM [Lehmbeck et al., 2006] or lower global FA across the
brain [Madden et al., 2004]. For MCI and AD the results of
previous studies are more variable than those seen in
aging. Most studies reported greater decrease of FA in
frontal areas, however, the location of additional FA
changes varied, e.g. additional changes were observed in
parietal [Medina et al.,, 2006], temporal [Naggara et al.,
2006; Takahashi et al., 2002] or both parietal and temporal
lobes [Bozzali et al., 2002, Huang and Auchus, 2007; Xie
et al., 2006]. There may be several explanations for these
ambiguous results, such as differences in sample composi-
tion (mild vs. moderate AD patients, amnestic MCI vs.
multi-domain MCI) and the methods used for analyzing
the data. Several previous studies have applied a voxel-
wise comparison of whole-brain anisotropy using voxel-
based morphometry (VBM), e.g. [Naggara et al., 2006; Xie
et al., 2006]. This technique was originally developed for
finding GM density changes in T1-weighted MRI images
[Ashburner and Friston, 2000] and has potential pitfalls
mainly related to registration and smoothing [Bookstein,
2001]. Other methods like ROI analysis and tractography
[Behrens et al., 2003; Conturo et al., 1999], although useful
for specific regions or tracts, are affected by the accuracy
of the manually defined region of interests (ROI). For a
more extensive discussion on the limitations of these
approaches, see Smith et al. [2006]. Because of the atrophy
commonly observed in AD patients, misalignment of the
data is a common problem when studying these patients.
A VBM analysis therefore may not be the most appropriate
approach for analyzing these data. Tract-based spatial sta-
tistics (TBSS, [Smith et al., 2006]) is a recently developed
fully automated whole brain analysis technique that uses
voxelwise statistics on FA data but simultaneously mini-
mizes the effects of misalignment [Smith et al., 2006]. TBSS
provides more consistent results across subjects and ses-
sions than after VBM-preprocessing or manual placement
of ROIs [Smith et al., 2006]. In this study we used TBSS to
investigate the effect of normal aging, MCI, and AD, on
anatomical connectivity (i.e. WM tract integrity) and addi-
tionally explored the association between WM tract integ-
rity and cognitive function.

MATERIALS AND METHODS
Subjects

Diffusion tensor images were obtained from four groups
of right-handed participants: 8 young healthy subjects (age
22.8 = 2.5, range 19-26; mini mental status examination
(MMSE) 29.5 + 0.5; 4 female), 22 old healthy subjects with-
out memory complaints (age 70.7 £ 6.0, range 60-81 years;
MMSE 28.7 *= 1.4; 13 female), 8 patients with MCI (age
73.9 * 49 years, range 65-81 years; MMSE 259 * 2.6; 5
female), and 16 patients with mild AD (age 69.5 * 6.9
years, range 59-79 years; MMSE 229 * 3.2; 8 female).
Patients were recruited at the Alzheimer Center of the VU
University Medical Center, Amsterdam, the Netherlands.
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MCI patients were diagnosed using criteria for amnestic
MCI [Petersen et al., 2001a], and clinical dementia rating
(CDR) scale scores of 0.5 [Morris, 1993]. Diagnostic criteria
of AD were that of NINCDS-ADRDA [McKhann et al.,
1984], with MMSE scores >18 and CDR < 2. These values
correspond to what is known as mild AD. Healthy subjects
were recruited by two means: (1) asking family members
of patients and (2) advertisements posted in the medical
center, the medical faculty of the university and activity
centers for the elderly in the community. The Ethical
Review Board of the VU University Medical Center Am-
sterdam approved the study. All subjects provided
informed consent; patients under supervision of a lawful
caregiver if necessary. Participants were excluded if they
had any significant medical, neurological (except for the
diseases under study here in the patient groups), or psy-
chiatric illness; a history of brain damage; or if they were
taking medication known to influence cerebral function
(except for AD medication in the AD group). T2-weighted
fluid attenuation inversion recovery (FLAIR) scans of each
subject were reviewed by a neuroradiologist to assess the
presence of vascular lesions. Subjects with WM abnormal-
ities outside the normal range were excluded from partici-
pation in the study. Evenly distributed across all groups
(except for the young healthy subjects) some, probably
age-related, WM abnormalities were observed (29 subjects
with Fazekas-score range 1-3 (1.21 * 0.41) [Fazekas et al,,
1987]; and three subjects with 1-3 lacunes).

Neuropsychological Assessment

All participants underwent an MMSE, a geriatric depres-
sion scale (GDS) and the Dutch version of the new adult
reading test (NLV), as an indicator of (premorbid) IQ, fol-
lowed by an extensive neuropsychological test battery
including tests measuring attention/concentration, process-
ing speed, episodic memory, executive functioning and
praxis (see Table I for details). Scores on neuropsychologi-
cal tests are compared between groups using ¢ tests for the
aging data (younger versus older healthy subjects) and for
the patient data (AD, MCI, and older healthy subjects).
The significance threshold was set at P < 0.0005 after cor-
rection for multiple comparisons.

Imaging Methods

Magnetic resonance imaging (MRI) examinations were
conducted on a 1.5T Sonata system (Siemens, Erlangen,
Germany), including a T1-weighted 3D gradient sequence
(TR = 2,700 ms; TE = 3.97 ms; flip angle = 8°, 160 coronal
slices; voxel size: 1 X 1.5 X 1 mm3). DTI was measured
using an echo planar imaging (EPI) sequence [Reese et al.,
2003] with the following specifications: TR = 8500 ms, TE
= 86 ms, voxel size: 2-mm isotropic, 59 consecutive slices,
acquisition matrix 128 mm X 128 mm (FOV = 256 mm),
6/8 partial Fourier, 60 diffusion directions with b-value =

700 s/mm?, and 10 images with no diffusion weighting.
The bandwidth was 1860 Hz/pixel. Head motion was
minimized by the use of tightly padded clamps attached
to the head coil.

Data Analysis

Statistical analysis of the FA data was carried out using
TBSS [Smith et al., 2006] part of FSL [Smith et al., 2004].
First, raw DTI images were corrected for motion and eddy
current effects. Subsequently, FA images were created by
fitting the diffusion tensor to the raw diffusion data and
then brain-extracted [Smith, 2002]. The next analysis steps
were performed separately for the aging data (younger
and older healthy subjects) and the patient data (older
healthy subjects, MCI, and AD). All subjects” FA data were
aligned into a common space using non-linear registration
as applied in the ‘image registration toolkit" (IRTK)
[Rueckert et al., 1999]. For each dataset (aging and patient)
a study-specific target image was selected by aligning ev-
ery FA image to every other one and then identifying the
most representative one. Next, the mean FA image was
created and thinned to create a mean FA skeleton, which
represents the centers of all tracts common to the groups.
Each subject’s aligned FA data was then projected onto
this skeleton and the resulting data was fed into cross-sub-
ject statistics. Differences in global FA integrity were calcu-
lated by comparing mean FA values within the skeleton
mask (thresholded at a mean FA value of 0.25) between
groups using nonparametric two-sample Mann-Whitney
U-tests. Voxelwise statistics were performed using a per-
mutation-based inference tool for nonparametric statistical
thresholding (“randomize,” part of FSL). Further specific
details of the analyses are given in [Smith et al., 2006]. All
voxelwise group comparisons were performed using sim-
ple two-sample ¢ tests. The group’s mean FA skeleton was
used as a mask (thresholded at a mean FA value of 0.25)
and the number of permutations was set to 5000. The sig-
nificance threshold for between-group differences was set
at P < 0.05 (corrected for multiple comparisons across vox-
els), using the threshold-free cluster-enhancement option
in the “randomize” permutation-testing tool in FSL [Smith
and Nichols, 2007].

In an additional exploratory analysis the presence of cor-
relations between patient characteristics and neuropsycho-
logical measures, and mean FA was assessed. The mean
FA value per subject was extracted out of the WM areas
showing significant between-group differences in the con-
trast younger versus older healthy subjects and AD versus
older healthy subjects. The patient characteristics and neu-
ropsychological measures included in the correlation anal-
yses were those measures that differed significantly
between groups. Correlation analyses were performed
using Spearman’s rho one-tailed, corrected for multiple
comparisons.
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RESULTS
Neuropsychological Profile of Each Group

In Table I the patient characteristics and neuropsycho-
logical profile of each group, and comparisons between
groups are presented. The older healthy subjects showed
worse performance than younger subjects on the Wechsler
intelligence scale for children (WISC) maze, total time; a
neuropsychological test measuring executive functioning.
AD patients performed worse than older healthy subjects
on tests across all cognitive domains measured with this
test-battery except for praxis. Specifically, worse perform-
ance was demonstrated on the Digit span, backward span;
all episodic memory tests (15 word test, Visual association
test (VAT), Wechsler adult intelligence scale (WAIS) sub-
stitution/memory, Memory impairment screen (MIS)
plus); and the Fluency task. Impaired performance in MCI
patients compared to older healthy subjects was only
observed in tests measuring episodic memory function, i.e.
in the 15 word test, WAIS substitution/memory cued
reproduction, and MIS plus delayed reproduction. No sig-
nificant differences in cognitive function were found
between MCI and AD patients.

Changes in Fractional Anisotropy Across
the Groups

Figure 1 depicts mean global FA values per group. A
significant decrease in global FA integrity (i.e. average FA
across all skeleton voxels) was shown in older subjects
compared with younger (OHS < YHS) (P = 0.008, one-
tailed) and for AD versus MCI (P < 0.047, one-tailed). In
AD versus older healthy subjects a trend towards a
reduced global FA was shown (P < 0.065, one-tailed), this
is probably less significant than the AD versus MCI differ-
ence because of the high spread in mean FA across the
healthy older group. No difference in global FA values
was observed when comparing MCI patients with the
older healthy subjects. The spatial distribution of signifi-
cant differences between the groups in FA (across all vox-
els within the skeleton mask) is shown in Figure 2. Com-
pared with the younger subjects, the older healthy subjects
showed significantly lower FA values in the frontal, parie-
tal and temporal lobes, corpus callosum (particularly the
genu and body) and the internal capsule (P < 0.05, cor-
rected). These changes in FA were mainly bilateral,
although after visual inspection appeared more pro-
nounced in the left hemisphere. No significant differences
were observed in the opposite contrast. AD patients
showed decreased FA, compared with older healthy sub-
jects in the anterior part of the left temporal lobe, probably
in the uncinate fasciculus (P < 0.05 corrected). No signifi-
cant differences were observed in the opposite contrast. In
MCI no significant differences were observed with neither
AD nor older healthy subjects (P < 0.05 corrected).
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Figure 1.

Box plots depicting mean global FA values per group. The effect
of aging and disease was computed separately, with a slightly
(sub-study specific) different mean FA-skeleton. Therefore (A)
aging and (B) disease are depicted separately in this figure. A sig-
nificant decrease in global FA integrity (i.e. average FA across all
skeleton voxels) is shown in figure (A) for normal aging (older
healthy subjects (OHS) < younger healthy subjects (YHS); P =
0.008, one-tailed) and in figure (B) for disease in AD < MCI (P
< 0.047, one-tailed). For AD < OHS a trend towards reduced
global FA is shown (P < 0.065, one-tailed); this is less significant
than the AD < MCI difference because of the high spread in
mean FA across the older healthy subjects. MCl and healthy
older subjects do not differ in global FA.

Correlation Between FA and Neuropsychology

Within the healthy older subjects a significant correlation
was found between age and mean FA (p = —0.66, P =
0.0004; see Fig. 3). This shows that the effect of aging on
WM tract integrity is not only visible between groups that
differ largely in age but also between subjects within the
same group (age range 60-81 years). No significant correla-
tion was observed between performance on the WISC
maze, total time and mean FA of the older healthy subjects.
Of the 11 neuropsychological measures that were signifi-
cantly different between AD and healthy older subjects (see
Table I), evidently all showed a correlation with mean FA
across the older healthy and AD groups together but no sig-
nificant correlations were found for the groups separately.

DISCUSSION

Our study confirmed white matter degradation in the
frontal lobe as an effect of aging consistent with previous
studies [Head et al.,, 2004; Pfefferbaum et al., 2005; Salat
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Figure 2.

Spatial maps of the results of between group voxel-wise statis-
tics. Differences in WM tract integrity are displayed in blue for
older compared with younger healthy subjects and in red for
AD compared with older healthy subjects. Images (coronal, sagit-
tal, and axial view) are t-statistics, P < 0.05 corrected. For visu-
alization purposes the differences between AD and healthy older

et al., 2005; Sullivan and Pfefferbaum, 2006; Sullivan et al.,
2006]. Other regions of decreased FA with aging in this
study (the parietal and temporal lobes and interhemi-
spheric tracts through the corpus callosum particularly in
the genu and body) have also been observed in previous
studies [Kochunov et al., 2007, Lehmbeck et al., 2006; Pfef-
ferbaum et al.,, 2000]. These tracts through the corpus
callosum are essentially related to the prefrontal cortical
connections [Zarei et al.,, 2006]. A decrease in cognitive
performance was observed in older compared to younger
subjects on the WISC maze (total time). This test measures
executive functioning, which is known to be dependent on
the integrity of the frontal lobe, subcortical structures and
their connections with the rest of the brain [Gazzaniga
et al., 1998; Graham et al., 2004].

Our results of the patient study are consistent with our
understanding of pathology in AD that is focused on the

subjects is also displayed in pink at a more liberal threshold (P <
0.001, uncorrected). In green the “mean_FA_skeleton” is shown,
only FA values projected on the skeleton were compared. These
images are overlaid on the MNII52 standard brain. The left
hemisphere of the brain corresponds to the right side of the
image.

degeneration of the medial temporal lobe. In AD a
decrease in FA compared with healthy older subjects was
shown in the left anterior temporal lobe. This difference in
FA appeared to be located in the uncinate fasciculus that
connects the hippocampus with prefrontal cortex. At a
more liberal threshold (as is displayed in pink in Fig. 2)
FA reduction was shown in both the left and right anterior
temporal lobe. The symmetrical pattern of FA changes in
AD suggests that this is not a chance finding. We believe
that in AD WM integrity is decreased bilaterally in the
temporal lobe, however here we can only reliably report
the effect observed in the left hemisphere. No significant
difference in FA was observed between MCI and the other
groups. It appears that FA values of MCI patients lie
somewhere in between those of older healthy subjects and
AD, as they do not differ compared to both other groups
but the other groups do exhibit between-group differences.
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Figure 3.
Correlations between FA integrity and age. Scatter plot of the
correlation between mean FA within the WM areas affected by
aging and age within the older healthy controls. A significant
inverse correlation (p = —0.66, P = 0.0004) was observed, i.e.
older age was related to lower mean FA.

This is in line with the concept of MCI as a transitional
stage between normal aging and AD [Petersen et al,
2001b]. A lack of statistical power, possibly related to the
small sample size, could have caused the absence of
between-group effects with the MCI group and the other
groups.

In the healthy older group a high spread in global mean
FA was observed. We do not know what this variance is
due to; perhaps it is related to the larger number of sub-
jects included in the healthy older group compared to the
MCI and AD groups. However, we do think this high
spread could have caused the lack of statistical significance
in the comparison of global mean FA between AD and
healthy older subjects. As expected, AD patients per-
formed worse than healthy older subjects across all cogni-
tive domains tested with our neuropsychological test
battery except for praxis. Episodic memory function differ-
entiated MCI from older healthy subjects and no significant
differences were observed between MCI and AD.

Our results showed a distinction between the spatial pat-
tern of FA changes observed in normal aging and in AD; the
effect of old versus young is primarily located in frontal, pa-
rietal and subcortical areas whereas the effect of AD versus
healthy older subjects is located in the temporal lobe.

The observed effects in AD are small compared with
previous findings in AD [Bozzali et al.,, 2002; Huang and

Auchus, 2007; Naggara et al., 2006; Takahashi et al., 2002;
Xie et al., 2006]. Previous studies might show spurious
results related to misalignment and spatial smoothing.
However, the observed effects are also relatively small
compared with the effects currently observed in healthy
aging. Therefore, another possibility is that pathology in
these AD patients reduced FA so strongly that potential
areas of interest were mistakenly excluded from analysis
(e.g. due to the thresholding of the mean FA values on the
skeleton). However, this is unlikely as such large reduc-
tions in FA have not been identified previously in AD.

Patterns of functional interactions within the brain are
likely affected by changes in the anatomical integrity of
the WM network. That this is probably the case has been
shown for instance by Kotter and Sommer [2000]. In the
current study changes in cognitive function and WM integ-
rity have been observed in healthy aging and AD. A corre-
lation between these two was found across the groups
(combining younger and older healthy subjects; and older
healthy subjects and AD) but not for each group sepa-
rately. Possible explanations could be the lack of statistical
power per group and the small amount of variation within
groups.

It should be noted that one possible limitation of this
study is the relatively small number of subjects in the
young healthy and MCI groups. This may have limited the
conclusions of the statistical comparisons involving these
two groups. Another limitation is the large difference in
age between the two healthy subject groups. This makes it
impossible to investigate when age-related decreases in FA
occur. Does this happen gradually or more abruptly after a
certain age? For future studies on the influence of aging
and MCI on white matter integrity we suggest to increase
the number of subjects. Furthermore, for the study of
aging specifically we would suggest to include more sub-
ject groups across different ages or include age as a contin-
uous factor.

In this study, we provided a global map of white matter
changes in healthy elderly, MCI and AD patients by meas-
uring FA changes across the brain. However, decreased
FA values only provided us with an indication of compro-
mised connectivity within a certain WM tract. To measure
changes within fiber tracts of interest, we would have to
perform DTI tractography to visualize and quantify the
tracts. Preferably this then has to be related to the actual
functioning of the tracts. In a previous study we have
shown functional connectivity within several “resting state
networks” in the brain [Damoiseaux et al., 2006]. Relating
functional connectivity as observed in these “resting state
networks” with anatomical connectivity could provide us
with more insight in the association between functional
and anatomical connectivity.
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