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Abstract—Objective: To detect white matter abnormalities in patients with mild Alzheimer disease (AD) by diffusion
tensor imaging and to determine their topographic relationship with gray matter atrophy. Methods: Thirteen patients
with mild AD and 16 normal age-matched volunteers underwent diffusion tensor imaging and three-dimensional spoiled
gradient-recalled sequence scanning. Voxel-based morphometry was conducted to detect regions of gray matter atrophy in
the AD group relative to the control group. Fractional anisotropy (FA) maps were processed using SPM2 to make
voxel-wise comparison of anisotropy in whole brain between the two groups. The relationship between locations of
abnormalities in the white and gray matter was examined. Results: Significant reductions in anisotropy were found in the
white matter of both medial temporal lobes, bilateral temporal stems, bilateral superior longitudinal fasciculi, bilateral
internal capsules, and cerebral peduncles, as well as the white matter of left middle temporal gyrus and right superior
parietal lobule, the body and genu of the corpus callosum, and the right lateral capsule in patients with AD. Although the
decrease in FA was consistent with cortical volumetric reduction in both temporal lobes, the widespread involvement of
bilateral superior longitudinal fasciculi was dominant in these white matter findings. Conclusions: Voxel-wise comparison
of whole-brain anisotropy revealed widely distributed disintegration of white matter in mild Alzheimer disease (AD). The
white matter shows a different pattern of degeneration from gray matter and may be an independent factor in the
progress of AD.
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White matter changes have been observed in patients with Alzheimer disease (AD) and are typically
described as rarefaction with axonal damage and gliosis attributed to Wallerian degeneration.1,2 In a previous study, the results suggested that white matter
lesions of whole brain and hippocampal atrophy were
related in AD.3 Diffusion tensor imaging (DTI), a
noninvasive MRI technique, has been used to detect
white matter abnormalities in AD.4-6 However, the
information that based on analysis of regions of interest (ROIs) cannot completely reflect the structural
integrity of the fiber tracts. In addition, the relationship between white matter changes and gray matter
atrophy cannot be elucidated.
Voxel-based morphometry (VBM) is an automatic
way to evaluate differences in brain morphology between patient groups. Different from ROI-based
methods, VBM techniques provide a means of investigating volumetric abnormalities automatically over
the entire cerebral volume. With this method, some
other discrete brain regions such as the posterior
cingulate gyrus and bilateral insulae have shown atrophy in the early stage of AD.7,8 Although VBM has
been extensively cross-validated with ROI measurements and functional correlates9 and has been used in
conjunction with measures of neuropsychological function in neurodegenerative disorders,10 voxel-based com-

parison of whole-brain white matter anisotropy
between AD group and controls is comparatively less
studied.11 The aim of this study was to investigate
white matter abnormalities in AD based on voxel-wise
comparison with normal controls and to explore their
relationship with cortical atrophy detected by VBM.
Methods. Subjects. We recruited 13 patients with AD (8 men,
5 women; age range 62 to 82 years; mean age 71.7 years). The
diagnosis of probable AD was established according to National
Institute of Neurological and Communicative Disorders and
Stroke/Alzheimer’s Disease and Related Disorders Association criteria. The overall severity of cognitive impairment was rated with
the Mini-Mental State Examination (MMSE). Their MMSE score
ranged from 19 to 24 with mean of 21.1, and they were classified
as mildly impaired. Two patients in the AD group had medicationcontrolled hypertension, and the remainder had no history of diabetes, coronary heart disease, peripheral vascular disease, or
other cardiovascular disease. Sixteen normal aging volunteers (10
men, 6 women; age range 61 to 79 years; mean age 71 years) were
recruited from the local community as controls. Controls were
defined as individuals who did not have active neurologic or psychological conditions, had no cognitive complains, had no severe
systemic disease, and were not taking any psychoactive medicines
in doses that would affect their cognition. Their MMSE scores
were all above 27. They were matched with patients for education
and age. Informed consent for participation was obtained from
every subject, and the Ethics Committee at Peking University
approved all the protocols used in this study.
MR data acquisition. All MRI was performed on a 1.5 T MR
scanner (GE Signa 1.5 T Twinspeed, Milwaukee, WI). Conventional axial T2-weighted images were obtained previously to rule
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Table 1 Regions of significantly reduced gray matter volume in the brains of patients with mild Alzheimer disease (n ⫽ 13) vs agematched control subjects (n ⫽ 16)
Brian region

No. of
voxels

Side

Amygdala, hippocampus, parahippocampal gyrus

Right

Amygdala, hippocampus, parahippocampal gyrus

Left

Superior temporal gyrus, middle temporal gyrus, inferior
temporal gyrus

Right

Superior temporal gyrus

Left

Middle temporal gyrus

Left

Insula

Right

423

p value
(corrected)

Coordinates
X,Y,Z

Peak Z
score

⬍0.001

20, ⫺6, ⫺24

5.17

⫺18, ⫺8, ⫺22

4.33

58, ⫺34, ⫺4

5.21

0.012

⫺52, ⫺2, ⫺14

4.39

164

0.003

⫺58, ⫺26, ⫺10

4.67

516

⬍0.001

38, 0, 10

5.45

182

0.002

1,222

⬍0.001

124

Prefrontal lobe

Left

188

0.001

⫺42, 28, ⫺12

4.87

Anterior cingulate gyrus, gyrus rectus, caudate nuclei,
subcallosal region, basal forebrain

Bilateral

1,298

⬍0.001

12, 14, ⫺2

5.42

Medial thalamus

Bilateral

729

⬍0.001

8, ⫺16, 6

5.03

out cerebral infarction or other lesions. Diffusion tensor imaging
was acquired with a single-shot echo planar imaging (EPI) sequence in alignment with the anterior–posterior commissure
plane. The diffusion-sensitizing gradients were applied along 13
noncollinear directions with b value of 1,000 s/mm2, together with
an acquisition without diffusion weighting (b ⫽ 0). Thirty contiguous axial slices were acquired with 4-mm thickness and no gap.
The acquisition parameters were as follows: repetition time
(TR) ⫽ 10,000 milliseconds; echo time (TE) ⫽ 80 milliseconds;
matrix ⫽ 128 ⫻ 128; field of view (FOV) ⫽ 24 ⫻ 24 cm; no. of
excitations (NEX) ⫽ 2. After that, high-resolution threedimensional spoiled gradient-recalled (SPGR) images (TR ⫽ 11.3
milliseconds, TE ⫽ 4.2 milliseconds, inversion time ⫽ 400 milliseconds, FOV ⫽ 24 ⫻ 24 mm, matrix ⫽ 256 ⫻ 192, slice thickness ⫽ 1.6 mm, NEX ⫽ 3) covering the whole brain were also
obtained.
Data processing. For gray matter analysis, three-dimensional
SPGR images were processed with the method of standard VBM.
With use of SPM2 (Wellcome Department of Cognitive Neurology,
London, UK), first an affine and nonlinear spatial normalization
of the raw MRI sets was performed, and then they were segmented to extract the gray matter tissue. The extracted gray
matter set was then smoothed with 8-mm full width at halfmaximum Gaussian filter to reduce confounding by individual
variation in gyral anatomy and to increase the signal-to-noise
ratio. The data (without normalization for the total amount of
gray matter) of the two groups of subjects were then compared
using the Student t test. The threshold used for selection of voxels
was 40% of the grand mean value. In addition, the proportional
scaling routine was used, which normalized the gray matter sets
across subjects to the overall grand mean. This ancillary analysis
was meant to assess the relative distribution of gray matter atrophy in AD compared with controls. Implicit masking was used to
ignore zeros, and global calculation was based on the mean voxel
value.7 We set our statistical threshold for the atrophy studies
relative to control subjects at a value of p ⬍ 0.001.
The threshold used for selection of clusters was 50 contiguous
voxels. The statistical maps are produced in standardized brain
space showing the location of voxel clusters where significant differences in mean gray matter volumes were detected.
Diffusion tensor images were first processed with the GE workstation to generate fractional anisotropy (FA) maps. To allow
voxel-by-voxel statistical comparison to be made, the b ⫽ 0 images
of all control subjects and patients were normalized to the standard EPI template of SPM2 using an affine and nonlinear spatial
normalization algorithm. Then the FA maps were normalized by
applying the normalization parameters determined from the normalization of the b ⫽ 0 images. Voxel-by-voxel between-group
comparisons of FA were investigated at a statistical threshold of
T ⬎ 3.42 (p ⬍ 0.001, uncorrected for multiple comparisons) using
the Student t test. The threshold used for selection of clusters was
50 contiguous voxels. The significant voxels were superimposed on
the mean FA map of the AD group to generate a pseudo-color
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map. Because misregistration of FA maps can lead to falsepositive results, we presumed that only those voxels located in the
center of the fiber tracts could be reliably interpreted. To minimize false-positive results, a mask was used to exclude those
clusters that were superimposed on the voxels with FA being no
more than 0.3. Additionally, the voxels in the ventricles and thalami were masked manually. By using the mask, voxel clusters
that were around the ventricles and at the edge of fiber tracts
were then excluded.

Results. There was no statistical difference in age between the two groups (71.7 ⫾ 6.7 years for patients with
AD, 71 ⫾ 6.1 years for controls).
The statistical parametric map investigating the regional location of reductions in gray matter volume in the
AD group relative to controls showed several voxel clusters
distributed bilaterally over the hippocampi and amygdalae, parahippocampal gyri and medial thalami, caudate
nuclei, rectus gyri, anterior cingulate gyri, basal forebrain,
superior and middle temporal gyri, as well as in the left
prefrontal lobe, right insula, and right inferior temporal
gyrus. They were all significant at the uncorrected p ⬍
0.001 cluster level. Details about their peak significance
and cluster size are provided in table 1. After correction for
multiple comparisons, these clusters remained significant
at the level of p ⬍ 0.05.
Significant reductions in anisotropy of the AD group
relative to controls were found in several white matter
regions, including bilateral medial temporal lobes, bilateral temporal stems, bilateral superior longitudinal fasciculi, bilateral internal capsules, and cerebral peduncles, as
well as the left middle temporal gyrus, left body of corpus
callosum, genu of corpus callosum, right lateral capsule,
and right superior parietal lobule (table 2).
The figure displays the foci of reduced gray matter volume and FA in patients with AD relative to control subjects. As we expected, the foci of lower FA in patients with
AD were close to those of cortical volume reduction in some
sites, including the bilateral medial temporal lobes, left
middle temporal gyrus, and right insula, but there were
remarkable exceptions. The white matter abnormalities
within the right superior parietal lobule, bilateral superior
longitudinal fasciculi, and cerebral peduncles were structurally distant from the atrophic cortices revealed in this
study.

Table 2 Regions of significantly reduced fractional anisotropy in brains of patients with mild Alzheimer disease (n ⫽ 13) vs agematched control subjects (n ⫽ 16)
Location of white matter

Side

No. of
voxels

p value
(corrected)

Coordinates
X,Y,Z

Peak Z
score

Medial temporal lobe, temporal stem

Right

107

⬍0.001

34, ⫺6, ⫺28

4.72

Medial temporal lobe, temporal stem

Left

56

⬍0.001

⫺30, ⫺6, ⫺14

4.01

Middle temporal gyrus, posterior

Left

65

⬍0.001

⫺48, ⫺22, ⫺16

4.18

Lateral capsule

Right

66

⬍0.001

24, 8, ⫺14

4.72

Superior longitudinal fasciculus, posterior

Left

318

⬍0.001

⫺32, ⫺62, 6

5.93

Superior longitudinal fasciculus, anterior

Left

167

⬍0.001

⫺26, ⫺30, 4

5.19

Superior longitudinal fasciculus, posterior

Right

195

⬍0.001

28, ⫺62, 16

5.10

Superior parietal lobule

Right

172

⬍0.001

18, ⫺54, 44

5.27

Corpus callosum, anterior forceps

Right

71

⬍0.001

16, 36, ⫺4

5.02

Corpus callosum, anterior forceps

Left

112

⬍0.001

⫺20, 34, ⫺6

5.60

Corpus callosum, body

Left

131

⬍0.001

⫺18, 6, 34

4.68

Internal capsule, cerebral peduncle

Right

125

⬍0.001

14, ⫺20, ⫺16

4.59

Internal capsule, cerebral peduncle

Left

116

⬍0.001

⫺20, ⫺14, 6

4.92

Figure. The foci of reduced gray matter
volume (upper row) and fractional anisotropy (FA) (lower row) in patients
with Alzheimer disease (AD) relative to
control subjects are illustrated in corresponding coronal slices from Y ⫽ ⫺56
to Y ⫽ 36. The significant voxels of reduced gray matter volume are superimposed on the T1 template provided by
SPM2, whereas the clusters of decreased FA in patients with AD are
shown on the mean FA map of the AD
group. Regions of lower FA in patients
with AD consistent with adjacent cortical volume reduction are indicated
with arrowheads (medial temporal
lobes). The arrows indicate those regions with decreased FA independent
of gray matter volume reduction (right
superior parietal lobule, bilateral superior longitudinal fasciculi, and bilateral internal capsules).
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Discussion. This study provides a detailed depiction of the structural changes in early AD. Multiple
areas of white matter change, in addition to gray matter atrophy, were detected in whole brain from patients
with AD relative to age-matched control subjects. Consistent with previous imaging studies,12-14 our study
showed significant volumetric reduction of the hippocampi and amygdalae in patients with AD. In addition, our study revealed involvement of a number
of other cortical areas including bilateral insulae and
bilateral medial thalami.
Although AD is generally considered to affect primarily gray matter, histopathologic studies show evidence of white matter change, including axonal and
oligodendrocyte loss coincident with a reactive astrocytosis. As loss of brain tissue organization can cause
a decrease in anisotropy, DTI can provide a meaningful measure of fiber tract organization.15,16
Changes in the structural integrity can be measured
with this technique, and previous studies have demonstrated its usefulness in AD and normal control
subjects.17 By voxel-based analysis of FA in whole
brain, we can inspect the pattern of white matter
changes in AD and subsequently examine their relationship with cortical atrophy. In our study, several
clusters including the white matter of bilateral medial temporal lobes, bilateral superior longitudinal
fasciculi, and bilateral internal capsules were defined as significantly different in brains of patients
with AD. As the patients with AD in this study had
no or only mild changes on T2-weighted images, the
white matter changes seen in our study cannot be
explained by periventricular hyperintensity.
Some findings in our study support the idea of
Wallerian-type degeneration of white matter in mild
AD. In particular, the distribution of decreased FA is
closely related to the location of cortical atrophy in
some regions, for example, bilateral medial temporal
lobes. It is perhaps of note that these lobes contain
major efferent connections of both amygdalae and
hippocampi.
Though there were some abnormal white matter
regions adjacent to regions of cortical atrophy, the
significant voxels were primarily gathered in the
largest association fibers, which were bilateral superior longitudinal fasciculi. Previous DTI research has
suggested the superior longitudinal fasciculi can be
divided into four subcomponents: SLF I, SLF II, SLF
III, and arcuate fasciculus vertical.18 Our data suggest that the SLF II subcomponent was primarily
affected in the AD group. The SLF II is a bidirectional pathway in humans between the prefrontal
cortex and the parietal lobe and is involved in perception and focusing of attention in different parts of
space. Damage to SLF II could result in disorders of
spatial working memory by interrupting relationships with prefrontal area.4,6,19 In a previous work,
bilateral superior longitudinal fasciculi of parietooccipital regions were reported to be abnormal in
AD.4 However, our results allowed visualization of
the abnormalities in their entirety: The left superior
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longitudinal fasciculi was affected more than previously believed, with changes extending from the posterior to the anterior brain. Apart from SLF II, the
significant voxels that were distributed in the white
matter of right superior parietal lobule were likely to
be part of the right SLF I. The arcuate fasciculus
vertical, which runs contiguously with the fibers of
SLF II, was also found to be involved bilaterally. The
former tract is thought to contribute to the regulation of higher aspects of motor behavior, and the
latter provides a means by which the prefrontal cortex can receive and modulate audiospatial information. Our findings indicated that the widespread
disintegration of the superior longitudinal fasciculi
might give rise to the various neuropsychological deficits in AD.
Although the previous study failed to detect any
abnormality within the corticospinal tract,4 our data
showed significant decline in anisotropy within bilateral internal capsules and bilateral cerebral peduncles in the brains of patients with AD that may
indicate corticospinal tract involvement. Because of
the crowding of corticothalamic and thalamocortical
fibers within the internal capsule, it may be more
than the corticospinal tract that is affected. Though
it is a widely held view that disability in motor function is a late symptom of AD, the presence of motor
dysfunction in moderate and even very mild AD has
been reported,20,21 and it is possible that the abnormalities found within the internal capsule are responsible for this motor impairment. However, this
finding was unexpected and raises the question of
how closely changes in anisotropy correlate with
clinical symptoms.
Independent of masking, the anterior forceps and
body of the corpus callosum exhibited significant difference in FA between the AD and control groups in
our study. There is current debate about the change
of regional anisotropy of corpus callosum in AD.4,6,11
The inclusion of more severe patients with AD in
some studies may introduce the emergence of significant AD effects on the corpus callosum. As indicated
previously, the severity of age-related myelin breakdown is regionally heterogeneous, with the genu being more extensively involved than the splenium.22 It
was suggested that differences in myelin properties
make later-myelinating regions more susceptible to
this process. In AD, this process is globally exacerbated, consistent with an extracellular deleterious
process such as amyloid ␤-peptide toxicity.23
Although extensive abnormalities of white matter
have been identified in this study, we failed to show
any changes within the cingulum bundles, which
have been reported to be abnormal in some studies.4,6
It is possible that the cingulum bundles remained
relatively intact in our mild AD group. In contrast to
the cingulum bundles, some regions within the limbic system, for example, the anterior cingulate gyrus
and basal forebrain, were found to be atrophic. The
basal forebrain contains the nucleus basalis of Meynert, the origin of cholinergic input to the cerebral

cortex, and is critical in cortical arousal and motivation. Its dysfunction has been implicated in the genesis of memory deficits in AD.24
Overall, our findings indicate a reduction in anisotropy primarily within the brain’s association
regions. Recent studies have confirmed that myelination continues until middle age within the brain’s
association regions,25 followed by a subsequent
breakdown in the myelin sheaths. This demyelination is especially striking in late-myelinating fiber
systems.26 Age-related myelin breakdown has been
visualized on electron microscopy and consists primarily of splits in the lamellae of the myelin sheaths
or ballooned sheaths in the absence of changes in or
loss of neurons or synapses.27 In AD, similar myelin
abnormalities have been described in the absence of
axonal damage.28 These may be the DTI-detectable
white matter changes we have discussed here. Once
myelin’s function in saltatory conduction is compromised, transmission velocity is reduced and the refractory period of the axon is markedly increased.29
Myelin degeneration may be a major factor in the
decline of higher cognitive functions, which is associated with aging itself and can be exacerbated by the
process of AD.30
Although voxel-based analysis can automatically
reveal abnormalities of entire brain, it is not without
limitations and problems.31 First, different processing parameters will result in different results. Second, the templates provided by SPM are from normal
adults and are potentially less suitable for older people. Third, misregistration will cause some problems,
which is more severe in voxel-based comparison of
FA. Well-organized fiber tracts have greater FA than
adjacent randomly arranged white matter, and FA is
decreased in the peripheral parts of fiber tracts due
to partial volume effect, producing false-positive results. In an attempt to improve the specificity of
lesion detection, only patients with mild AD were
included in this study, and masking around the ventricles and fiber tracts was used to minimize the
effect of misregistration.
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