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Abstract: Diffusion tensor MRI-based tractography was used to investigate white matter (WM) changes
in the major limbic (i.e., fornix and cingulum) and cortico-cortical association pathways [i.e., the unci-
nate fasciculus, the inferior fronto-occipital fasciculus, the inferior longitudinal fasciculus (ILF), the
superior longitudinal fasciculus, and the corpus callosum] in 25 Alzheimer’s disease (AD) patients, 19
amnestic mild cognitive impairment (aMCI) patients, and 15 healthy controls (HC). Mean diffusivity
(MD), fractional anisotropy (FA), as well as axial (DA) and radial (DR) diffusivities were measured for
each tract, using an atlas-based tractography approach. The association of WM tract integrity with hip-
pocampal volume was also assessed. MD values were significantly different among groups in all WM
tracts (P values ranging from 0.002 to 0.03), except in the fornix (P = 0.06) and the inferior fronto-occi-
pital fasciculus (P = 0.09). Conversely, FA was significantly different among groups in the fornix only
(P = 0.02). DA values were significantly different among groups in all WM tracts (P values ranging
from 0.001 to 0.01), except in the fornix (P = 0.13) and the cingulum (P = 0.29). Significantly different
DR values among groups were found in the fornix (P = 0.02) and the ILF (P = 0.01). In the fornix and
cingulum, DR was significantly more increased than DA in both patient groups compared to HC. No
difference in DA versus DR was found in cortico-cortical WM tracts. DA values in the fornix were sig-
nificantly correlated with the hippocampal volume. This study demonstrates a different pattern of WM
involvement in the limbic and cortico-cortical association pathways in aMCI and AD patients. Hum
Brain Mapp 31:1862-1875, 2010.  © 2010 Wiley-Liss, Inc.
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INTRODUCTION

Alzheimer’s disease (AD) is a clinically heterogeneous
condition, characterized by the accumulation of extracellu-
lar, insoluble beta-amyloid (Ap) plaques and intracytoplas-
mic tau-associated neurofibrillary tangles [Arnold et al.,
1991; Braak and Braak, 1995; Gomez-Isla et al.,, 1996].
There is a growing body of evidence that suggests that the
AD pathological process involves a “programmed”
sequence of biochemical and structural changes which
begins at the cellular and synaptic level and ultimately
culminates in neuronal death and degeneration of white
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matter (WM) tracts [Brun and Englund, 1986; Selkoe,
2002]. At present, the regional patterns of WM changes in
AD are largely unknown and the potential mechanisms
leading to them are poorly understood [Bartzokis, 2004;
Delbeuck et al., 2003; Englund, 1998]. Postmortem studies
[Bronge et al.,, 2002; Englund, 1998; Englund and Brun,
1990; Englund et al., 1988] have suggested that in AD the
degeneration of WM tracts can be due to multiple proc-
esses. Microstructural WM degradation can be secondary
to gray matter (GM) pathology. Cellular processes, such as
the deposition of AP around neuronal cell bodies and the
accumulation of tau protein in neuronal cells, can lead to
neurodegeneration including loss of axons and myelin
(i.e., secondary degeneration) [Englund, 1998]. Oligoden-
drocytes death and reactive gliosis that are more character-
istic of a direct WM insult rather than of a primary GM
damage have also been reported [Englund and Brun, 1990;
Englund et al., 1988; Sjobeck and Englund, 2003; Sjobeck
et al.,, 2005]. WM degeneration tends to be more severe in
WM regions that myelinate late in the course of brain de-
velopment, such as neocortical association and allocortical
fibers, possibly because of an increased vulnerability of oli-
godendrocytes in these regions. According to this model
(retrogenesis), myelin breakdown would be a primary
event in AD, which develops in a pattern that is reverse to
myelogenesis [Bartzokis, 2004; Reisberg et al, 1999].
Finally, comorbid factors, such as infarctions and small
vessel disease with a cerebrovascular/hypoperfusional ori-
gin, have the potential to cause WM changes in AD
[Englund et al., 1988].

By measuring directional changes in water diffusivity,
diffusion tensor (DT) MRI allows to investigate in vivo the
microstructure of the brain WM [Basser et al., 1994; Pier-
paoli et al., 1996]. Two diffusivity metrics are commonly
employed as indices of tissue pathology: mean diffusivity
(MD), which is the average of the three eigenvalues of the
diffusion tensor and measures the magnitude of water
molecules diffusion, and fractional anisotropy (FA), which
is defined as a coefficient of variation of the eigenvalues
and is an index of the degree of directionality of water dif-
fusivity that provides information on tissue geometry
[Basser et al., 1994; Pierpaoli et al., 1996].

DT MRI metrics are sensitive to the pathology of a num-
ber of neurological conditions that results in neuroaxonal
loss and/or disruption of myelin sheath, including AD
[Hess, 2009]. Using a regions-of-interest (ROIs) analysis,
the majority of the DT MRI studies in AD patients
reported increased MD and reduced FA values in WM
regions, which include the temporal and parietal lobes,
and, at a lesser extent, the frontal lobes [Bozzali et al.,
2002; Fellgiebel et al., 2004, 2005; Head et al., 2004; Nag-
gara et al., 2006; Rose et al., 2000; Stahl et al., 2007; Taka-
hashi et al.,, 2002; Yoshiura et al.,, 2002]. More recently,
regionally unbiased, voxel-based DT MRI studies showed
FA reductions in the parietal and temporal lobes of AD
patients, including the splenium of the corpus callosum
[Medina et al., 2006; Rose et al., 2008; Teipel et al., 2007;

Xie et al., 2006]. Although DT MRI results are considerably
more variable in patients with mild cognitive impairment
(MCI), in part reflecting the known clinical heterogeneity
of this population, regions located in the posterior hemi-
spheric WM have been found to be affected early in the
course of the disease [Fellgiebel et al., 2005; Huang et al.,
2007; Medina et al.,, 2006; Rose et al, 2006; Stahl
et al., 2007; Stenset et al., in press; Xie et al., 2006; Zhang
et al., 2007].

Because of the intrinsic limitations of ROI- and voxel-
based analyses, previous studies could only infer which
specific tracts were involved. On the contrary, DT MRI-
based tractography allows to gain quantitative information
on the localization of damage to specific neuronal path-
ways [Basser et al.,, 2000]. However, only a few studies
have assessed the integrity of WM tracts in AD patients
and showed the presence of diffusivity abnormalities in
the splenium of the corpus callosum, posterior cingulum,
and uncinate fasciculi [Taoka et al., 2006; Xie et al., 2005;
Yasmin et al., 2008; Zhang et al., 2009]. To our knowledge,
the only previous DT MRI-based tractography study that
included MCI patients in a group analysis identified DT
MRI changes in the posterior cingulum relative to controls,
while no difference was found between MCI and early AD
subjects in the uncinate fasciculi, the posterior cingulum,
and the corticospinal tracts [Kiuchi et al., 2009]. Moreover,
previous studies in AD and MCI investigated only a few
selected tracts and did not carry out a comprehensive
assessment of the major WM pathways.

In the majority of DT MRI studies of AD, the investiga-
tion of WM abnormalities has been limited to the assess-
ment of FA changes or to a combined analysis of FA and
MD changes. However, contributions to FA and MD alter-
ations could be due to changes of diffusion either parallel
or perpendicular to the principal direction of the tensor,
and it is known that the substrates of one or the other of
these two indices may differ. Axonal damage, as occurs in
secondary degeneration, is likely to result in a decreased
parallel diffusivity [i.e., axial diffusivity (DA)] [Pierpaoli
et al., 2001], while myelin breakdown has been found to
be associated with an increased perpendicular diffusivity
[i.e., radial diffusivity (DR)] and a normal DA [Pierpaoli
et al., 2001; Song et al., 2002, 2003]. Increases of both DR
and DA are thought to be related to chronic ischemia
[Pierpaoli et al., 2001; Sotak, 2002]. DA and DR have been
used to characterize WM changes associated with normal
aging and several neurological diseases, including epilepsy
and multiple sclerosis [Concha et al., 2006; Hasan et al.,
2009; Henry et al., 2003; Roosendaal et al., 2009; Zhang
et al., in press]. To date, only a few studies interrogated
DA and DR in patients with AD [Choi et al., 2005; Huang
et al., 2007; Salat et al.,, in press; Stenset et al., in press;
Stricker et al., 2009; Zhang et al., 2009], and only two stud-
ies in those with MCI [Huang et al., 2007; Stenset et al., in
press]. However, the results of these reports were discord-
ant since some authors found decreased [Huang et al.,
2007] and others increased DA values [Choi et al., 2005;
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Salat et al., in press; Stenset et al., in press; Stricker et al.,
2009] in the temporal lobe of AD and MCI patients.

In this study, we used DT MRI-based tractography to
comprehensively investigate WM changes in AD and
amnestic MCI (aMCI) patients. We assessed WM tracts of
the limbic system, which are known to be affected in AD,
and the major cortico-cortical association tracts, which
play an important role in subserving cognitive functions.
To ascertain the structural integrity of WM tracts, MD, FA,
DA, and DR values were obtained. We also measured hip-
pocampal atrophy, which is an early pathological feature
of AD and aMCI and contributes to the presence of cogni-
tive deficits [Petersen et al., 2000].

MATERIALS AND METHODS
Subjects

Patients were recruited from the Outpatient Memory
Clinic of the IRCCS Centro San Giovanni di Dio Fatebene-
fratelli (National Center for Alzheimer’s Disease), Brescia,
Italy, between February 2006 and November 2008. From
this group, we selected patients with a clinical diagnosis
of AD [McKhann et al.,, 1984] or aMCI [Petersen et al.,
2001], based on the results of a standardized protocol
including physical, neurological, and neuropsychological
evaluations. History was taken with a structured interview
from patients’ relatives (usually spouses or relatives). Neu-
ropsychological assessment was performed by an expert
psychologist blinded to the MRI results and evaluated: (i)
global cognitive functioning with the Mini Mental State
Examination (MMSE) [Folstein et al., 1975]; (ii) memory
function with the Babcock Story Recall (Immediate and
Delayed Recall) [Barigazzi, 1987], Rey’s Word List Immedi-
ate and Delayed Recall Tests [Carlesimo et al., 1996], and
Rey’s Figure Delayed Recall Test [Caffarra et al., 2002]; (iii)
frontal-executive functions with the Trail Making Test A
and B [Reitan, 1958]; (iv) language functions with the Pho-
nological and Semantic Fluency [Novelli, 1986] and Token
[De Renzi and Vignolo, 1962; Spinnler, 1987] Tests; and (v)
visuospatial abilities with the Rey’s Figure Copy Test [Caf-
farra et al., 2002]. Patients were excluded if they had (a)
evidence of depression or disthymia; (b) abnormal labora-
tory tests, including vitamin B12, folate, and thyroid hor-
mone levels; (c) significant medical illnesses or substance
abuse that could interfere with cognitive functioning; and
(d) any other major systemic, psychiatric, or neurological
illnesses.

We included 25 patients with AD (women/men: 11/14,
mean age: 75 £ 9 years) and 19 patients with aMCI
(women/men: 9/10, mean age: 68 + 8 years). To charac-
terize better the aMCI population, the presence of the sup-
portive features indicated by the revised research criteria
for the diagnosis of AD [Dubois et al., 2007] was assessed.
For the 19 aMCI patients, routine structural MRI (i.e.,
medial temporal lobe volume), 18F-FDG PET (i.e., glucose
metabolism pattern in the parieto-temporal regions), and

cerebrospinal fluid (CSF) biomarkers (i.e., Ap42, total tau,
and phospho-tau concentrations) were available. Fifteen
aMCI patients had at least one abnormal biomarker sug-
gestive of AD pathology; of these, five patients had con-
verted to AD (mean time to conversion = 15 months). AD
biomarkers were negative in the other four aMCI patients.

Fifteen healthy controls (HC, women/men: 9/6, mean
age: 70 + 6 years) were recruited among relatives of
patients and by word of mouth. HC underwent multidi-
mensional assessment, including clinical, neurological, and
neuropsychological evaluation, and were included into the
study only when all of them were normal. During the
selection process, neuroimaging findings were used only
to exclude other causes of focal or diffuse brain damage,
including lacunae, and extensive cerebrovascular disorders
in both patients and HC. An experienced radiologist
reviewed the severity of the cerebrovascular disease
according to the Wahlund rating scale [Wahlund et al.,
2001]. Subjects were excluded when the Wahlund rating
scale was above the 90th percentile of the distribution
from a previously published healthy elderly population
[Galluzzi et al., 2009]. The local ethics committee approved
the study. Written informed consent was obtained from all
the subjects prior to enrolment into the study.

MRI Acquisition

Conventional MRI and DT MRI scans were acquired
using a 1.5 Tesla system (Avanto, Siemens, Erlangen, Ger-
many). The following pulse sequences were obtained from
all patients and HC: (i) dual-echo (DE) turbo spin echo
[TR = 2,650 ms, first echo TE = 28 ms, second echo TE =
113 ms, echo train length = 5, number of slices = 50, slice
thickness = 2.5 mm with no gap, matrix size = 512 x 512,
field of view (FOV) = 250 mm x 250 mm] and (ii) pulsed-
gradient spin-echo echo-planar (TR = 6,500 ms, TE =
95 ms, number of slices = 40, slice thickness = 2.5 mm
with no gap, matrix size = 128 x 128, FOV = 240 mm X
240 mm), with diffusion-encoding gradients applied in
12 noncollinear directions (b factor = 1,000 s/mm?,
number of averages = 8).

High-resolution T1-weighted MRI scans for hippocam-
pal volumetry analysis were acquired from AD and aMCI
patients using a 1.0 Tesla system (Philips, Gyroscan, Best,
The Netherlands) with a fast field echo sequence (TR = 20
ms, TE = 5 ms, flip angle = 30°, slice thickness = 1.3 mm,
matrix size = 256 x 256, FOV = 220 mm x 220 mm),
within 15 days from the conventional and DT MRI scans.

MRI Analysis

All MRI analysis was performed by a single experienced
observer, blinded to clinical and neuropsychological find-
ings. WM hyperintensities (WMHs), if any, were identified
on DE scans. An experienced radiologist reviewed the se-
verity of WMHSs according to the Wahlund rating scale
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[Wahlund et al.,, 2001]. WMH load was also measured
using the JIM software package (Version 4.0, Xinapse Sys-
tems, Northants, UK, http://www .xinapse.com).

DT MRI analysis

DT analysis was carried out using an in-house software.
Diffusion-weighted images were first corrected for distor-
tion induced by eddy currents [Studholme et al., 1997],
then the DT was estimated by linear regression [Basser
et al., 1994], and MD and FA maps were computed [Basser
and Pierpaoli, 1996]. In addition, DA (which is equivalent
to the magnitude of the largest eigenvalue of the tensor)
and DR (which is the average of the two smallest eigenval-
ues of the tensor) maps were calculated. To investigate the
normal appearing WM tissue and limit CSF contamination
secondary to brain atrophy, WMHs and CSF were masked
out from the diffusivities and anisotropy maps. CSF seg-
mentation was conducted on DE images using the
FMRIB’s Automated Segmentation Tool (FAST) imple-
mented within FSL4 library (http://www.fmrib.ox.ac.uk/
fsl).

An atlas-based automated approach was used to obtain
DT MRI-derived metrics of WM tracts. This procedure
involves (1) the creation of a reference FA image in the
standard space (the FA atlas) using a group of healthy
subjects (reference group), (2) the definition of WM tract
probability maps on the FA atlas, (3) the nonlinear align-
ment of individual study subjects” MD, FA, DA, and DR
maps to the FA atlas, and (4) the application of the WM
tract probability maps to the individual study subject’s
images to measure mean tract MD, FA, DR, and DA. In
detail, the analysis was performed as follows:

FA atlas creation. Since the direct application of tractogra-
phy in elderly subjects is hampered by the presence of
regions with decreased FA (e.g, WMHs) and brain atro-
phy, the FA atlas was obtained using DT MRI images
from 24 healthy volunteers (reference group) aged
between 20 and 45 years (women/men: 15/9; mean age =
31 £ 8 years) with no history of neurological or psychiatric
disorders, as previously described [Pagani et al., 2008].
Briefly, their DE scans were registered to the standard
Montreal Neurological Institute (MNI) space [Mazziotta
et al, 2001] with affine transformation using the VTK
CISG Registration Toolkit [Hartkens et al., 2002]. This
transformation was then applied to FA images to correct
for differences in head size between controls. FA maps
were then nonlinearly transformed with an iterative proce-
dure to produce an average shape and intensity image
atlas (i.e., FA atlas) [Pagani et al., 2008].

WM tract maps. On FA maps of reference healthy sub-
jects, fiber tracking [Pagani et al., 2005] was performed to
segment the major brain WM tracts bilaterally [Catani
et al., 2002]. These included WM tracts of the limbic sys-
tem (i.e., fornix and cingulum) and the major cortico-corti-
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Figure I.

Reconstructions of the white matter (WM) tracts in a reference
healthy control superimposed on the single subject’s fractional
anisotropy images. The cingulum and the fornix (A) are the
major WM connections passing through the medial temporal
lobe. The uncinate and the inferior longitudinal fasciculi (B) con-
nect the anterior temporal lobe with frontal and occipital corti-
ces. The superior longitudinal and the inferior fronto-occipital
fasciculi (C) connect the frontal cortex with the occipital and
parieto-temporal lobes. The corpus callosum (D) is the major
interhemispheric WM tract.

cal tracts [i.e., uncinate fasciculus, inferior fronto-occipital
fasciculus, inferior longitudinal fasciculus (ILF), superior
longitudinal fasciculus (SLF), and corpus callosum]. The
reconstruction of the selected WM tracts in a representa-
tive subject from the reference group is illustrated in Fig-
ure 1. WM tracts of the reference subjects were then
registered to the FA atlas, using the transformation matri-
ces previously computed (see “FA atlas creation” section),
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Superior Longitudinal
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Corpus Callosum

Figure 2.
lllustration of the white matter (WM) tract probability maps obtained from reference healthy
subjects. Probability maps are superimposed on (A) axial and (B) coronal sections of the frac-

tional anisotropy atlas.

and summed up to produce WM tract probability maps.
In each probability map, values range between 0 and 100%
and represent the frequency at which a given voxel
belongs to that tract in the 24 reference subjects. These
maps were then thresholded at 40% (i.e., only voxels with
a frequency greater than 40 have been considered) and
binarized to produce binary WM maps. Finally, a skeleton
(http:/ /www.fmrib.ox.ac.uk/fsl/data/FMRIB58_FA html)
was applied to the tract probability maps to consider only
the center of each tract and thus avoid any further partial
volume effect. Right and left WM tracts were sampled to-
gether to produce a single measure for each tract. WM
tract probability maps obtained in the reference group are
shown in Figure 2.

DT MRI-derived metrics of WM tracts. The nonlinear
transformations between the FA atlas and the FA maps of
individual study subjects were estimated [Rohde et al.,
2003] and then applied to each subject’s MD, FA, DA, and
DR maps. WM tract probability maps were then used as
masks to extract mean tract measures for MD, FA, DR,
and DA in each study subject.

Hippocampal volumetry

The hippocampal volume was measured with a manual
tracing technique, as described elsewhere [Frisoni et al.,
2007]. The 3D images were corrected for magnetic field
nonuniformities, normalized for intensity, and linearly reg-
istered to ICBM152 standard template in the stereotaxic

space [Collins et al., 1994], using a software developed at
the McConnel Brain Imaging Centre (Montreal Neurologi-
cal Institute, McGill University, Montreal, Canada). Using
the DISPLAY software (McGill University, Montreal, Can-
ada), the hippocampi were manually traced on the reor-
iented, normalized, 1.5-mm-thick coronal images by a
single tracer, blinded to clinical, neuropsychological, and
DT MRI findings, who simultaneously checked tracing ac-
curacy on the sagittal and axial planes. The hippocampi
were outlined following a standardized and validated pro-
tocol [Pruessner et al., 2000]. The test-retest reliability coef-
ficients of this method have been reported previously
[Frisoni et al., 2007]. To obtain the native hippocampal vol-
ume, the ROIs were back-transformed from stereotaxic to
native space. Left and right native hippocampal volumes
were combined and then normalized to the total intracra-
nial volume, obtained by manually tracing the entire intra-
cranial cavity (the lower boundary being the foramen
magnum) on 7-mm-thick coronal slices using the DISPLAY
software (McGill University, Montreal, Canada).

Statistical Analysis

Statistical analysis was performed using the SPSS pack-
age, release 13.0 (SPSS, Chicago, IL). Socio-demographic,
clinical, and neuropsychological variables were compared
between groups using an analysis of variance (ANOVA)
model, with Bonferroni correction for multiple compari-
sons. Subject’s age entered all the statistical analyses as a
covariate. Scores on neuropsychological tests were age-,
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TABLE I. Socio-demographic, clinical, and neuropsychological features of healthy controls, patients with amnestic
mild cognitive impairment, and Alzheimer’s disease

HC aMCI AD p?

Number of individuals 15 19 25 —
Socio-demographic and clinical features

Age (years) 69.8 (6.0) 68.5 (7.9) 75.3 (8.7)* 0.01

Sex, women 9 (60%) 9 (47%) 11 (44%) 0.61

Education (years) 12.3 (3.6) 9.3 (4.2) 7.4 (3.8)** 0.01

Disease duration (months) — 26 (15) 35 (22) 0.17
Cognitive functions”

Mini Mental State Exam 28.8 (1.5) 26.0 (1.2) 19.1 (5.8)*** <0.001

Memory (Z score) 1.86 (0.83) 0.30 (0.59)*** —0.50 (0.42)*** <0.001

Visuospatial (Z score) 1.16 (0.12) 0.38 (0.63) —0.66 (0.92)*** <0.001

Language (Z score) 1.32 (0.56) 0.29 (0.48)*** —0.53 (0.78)*** <0.001

Frontal-executive (Z score) 1.16 (0.12) 0.41 (0.71)*** —0.66 (0.66)*** <0.001

Abbreviations: HC, healthy controls; aMCI, amnestic mild cognitive impairment; AD, Alzheimer’s disease.

Values are mean (SD) or number (%).

Post-hoc analysis with Bonferroni correction: *P < 0.05 in AD versus aMCI; **P < 0.05 in AD versus HC; **P < 0.05 in aMCI versus

HC. See text for further details.
“P values refer to ANOVA or chi-square tests.

PStandardised (Z) scores were computed according to the formula Z = mean score/SD, and by averaging the Z scores of four memory,
three language, and two frontal-executive tests. See text for further details.

sex-, and education-corrected by using normative values
taken from an Italian standard population [Amodio et al.,
2002; Caffarra et al., 2002; Carlesimo et al., 1996, De Renzi
and Vignolo, 1962; Novelli, 1986; Spinnler, 1987]. To
reduce the number of cognitive variables included in the
analysis, cognitive composite scores were computed for
each subject by transforming age-, sex-, and education-cor-
rected scores into standardized Z scores (i.e., computing
the difference between each subject score and the average
score, divided by the standard deviation of the score).
Composite scores were obtained for memory function by
averaging the Z scores of Babcock Story Recall, Rey’s
Word List Immediate and Delayed Recall, and Rey’s Fig-
ure Delayed Recall tests, for language by averaging Z
scores of Token, and Phonological and Semantic Fluency
tests, and for frontal-executive function by averaging Z
scores of Trail Making Test A and B. Standardized scores
for visuospatial abilities were obtained by converting the
Rey’s Figure Copy test into Z scores.

DT MRI indices (i.e., average MD, FA, DA, and DR val-
ues of WM tracts) and volumetric measures (hippocampal
volumes and WMHs) were compared among groups using
the General Linear Model by entering subject’s age and
WMH load as covariates and the group as the independent
variable. Post-hoc comparisons were tested with Bonferroni
correction for multiple comparisons. To investigate further
the contribution of eigenvalues (i.e., DA and DR) to MD
and FA changes, DA and DR percentage values in AD and
aMCI patients compared to those of controls were also
assessed. DA and DR percentage changes were compared
using a repeated measure ANOVA analysis by entering
group (aMCI and AD) as a between-subject factor, eigenval-
ues percentage changes compared to HC as a within-subject

factor, and by assessing the main effect of eigenvalues. Per-
centage values were used rather than raw values, since, by
definition, DR values are smaller than DA values and, as a
consequence, normalization is required before comparisons
are performed. In AD and aMCI patients, correlations
between DT MRI changes and hippocampal volumes were
assessed using the Pearson’s correlation coefficient. The sig-
nificance threshold was set at P < 0.05.

RESULTS

Socio-Demographic, Clinical, and
Neuropsychological Features

Table I shows the main socio-demographic, clinical, and
neuropsychological findings of the subjects included. AD
patients were older than aMCI patients (P = 0.02), had a
lower educational level than HC (P = 0.01), and a lower
MMSE score than HC and aMCI patients (P < 0.001). Both
AD and aMCI patients showed significant memory (P <
0.001 for both AD and aMCI), language (P < 0.001 in AD
and P = 0.003 in aMCI), and frontal-executive (P < 0.001
in AD and P = 0.03 in aMCI) deficits. Compared with HC,
visuospatial functions were significantly impaired in AD
(P < 0.001), but not in aMCI patients (P = 0.07).

MRI Findings
WMHs

Wahlund rating scale scores were similar between
groups (P = 0.59). The mean WMH load was 4.99 ml
[standard deviation (SD) = 8.06] in HC, 4.55 ml (SD =
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TABLE Il. Mean diffusivity and fractional anisotropy values of the assessed white matter tracts in healthy controls,
patients with amnestic mild cognitive impairment, and patients with Alzheimer’s disease

HC aMCI AD p

Fornix

MD 0.87 (0.07) 0.93 (0.06) 0.93 (0.10) 0.06

FA 0.42 (0.03) 0.41 (0.03) 0.38 (0.03)* 0.05
Cingulum

MD 0.74 (0.03) 0.76 (0.03) 0.78 (0.03)* 0.02

FA 0.56 (0.04) 0.55 (0.04) 0.53 (0.05) 0.55
Uncinate

MD 0.81 (0.04) 0.84 (0.05) 0.86 (0.04)* 0.03

FA 0.40 (0.04) 0.41 (0.03) 0.39 (0.02) 0.45
Inferior fronto-occipital

MD 0.81 (0.04) 0.82 (0.04) 0.84 (0.04) 0.09

FA 0.52 (0.04) 0.54 (0.04) 0.51 (0.03) 0.12
ILF

MD 0.80 (0.06) 0.84 (0.05) 0.88 (0.05)* 0.002

FA 0.46 (0.03) 0.46 (0.02) 0.45 (0.03) 0.70
SLF

MD 0.74 (0.03) 0.76 (0.03) 0.78 (0.04)* 0.02

FA 0.48 (0.04) 0.48 (0.03) 0.48 (0.03) 0.73
Corpus callosum

MD 0.76 (0.03) 0.78 (0.04) 0.81 (0.05)* 0.02

FA 0.60 (0.04) 0.61 (0.03) 0.59 (0.04) 0.82

Abbreviations: HC, healthy controls; aMCI, amnestic mild cognitive impairment; AD, Alzheimer’s disease; GLM, general linear model;
MD, mean diffusivity; FA, fractional anisotropy; ILF, inferior longitudinal fasciculus; SLF, superior longitudinal fasciculus.

MD values are x10™> mm? s ™.
Values are mean (standard deviation).

*Significantly different (P < 0.05) between AD and HC in Bonferroni-corrected post-hoc analysis.

4.61) in aMCI patients, and 8.96 ml (SD = 7.03) in AD
patients (P = 0.62).

MD and FA values of WM tracts

Group differences of WM tracts” MD and FA values are
shown in Table II. MD values were significantly different
among groups in all WM tracts (P values ranging from
0.002 to 0.03; Fig. 3), except in the fornix (P = 0.06) and
the inferior fronto-occipital fasciculus (P = 0.09). Con-
versely, FA was significantly different among groups in
the fornix only (P = 0.02; Fig. 3). Post-hoc comparisons
showed that, compared with HC, AD patients had
increased MD in the cingulum, the uncinate fasciculus, the
ILF, the SLF, and the corpus callosum (P < 0.05). FA of
the fornix was reduced in AD patients versus HC (P <
0.05). Compared with HC and AD patients, aMCI patients
did not show any significant MD and FA difference.

DA and DR values of WM tracts

Table III shows DA and DR values of WM tracts in HC
and patients. DA values were significantly different among
groups in all WM tracts (P values ranging from 0.001 to
0.01), except in the fornix (P = 0.13) and the cingulum
(P = 0.29). Significantly different DR values among groups
were found in the fornix (P = 0.02) and the ILF (P = 0.01).

Post-hoc comparisons showed that DA values were signifi-
cantly increased in both aMCI and AD patients compared
with HC in all cortico-cortical association tracts, except in
the ILF where the differences were significant in AD
patients only (Table III). DR values were significantly
increased in the fornix (both patient groups vs HC) and in
the ILF (AD vs HC) (Table III). The repeated measure
ANOVA analysis (Table III) showed that the fornix and
the cingulum had greater increase in DR than in DA (P <
0.001 in the fornix, P = 0.01 in the cingulum). In the for-
nix, a significant “group x eigenvalue” interaction was also
detected (P = 0.02), indicating a different pattern of
changes between AD and aMCI (unchanged vs increased
DA, respectively). No DA versus DR increase difference
was found in the cortico-cortical association tracts
(Table IIT).

Associations with hippocampal volume

Mean normalized hippocampal volumes were 3,702 =+
654 mm® in AD patients and 4,589 + 488 mm’ in aMCI
patients (P < 0.001). In both AD (P < 0.001) and aMCI
patients (P < 0.001), hippocampal volumes were decreased
compared with that of a reference healthy elderly popula-
tion [Galluzzi et al., 2009]. The individual mean hippocam-
pal volumes were 1.5 SDs below the mean hippocampal
volume of the reference group in 19/25 AD and 8/18
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Figure 3.

Boxplots showing the distribution of diffusion tensor MRI indices
in patients with amnestic mild cognitive impairment, patients with
Alzheimer’s disease, and healthy controls. The boxes represent the
interquartile ranges, which contain 50% of individual subjects’ val-
ues. The whiskers are lines that extend from the box to the high-
est and lowest values, excluding outliers. A line across the box

aMCI patients. In AD and aMCI patients, hippocampal
volumes were significantly correlated with fornix DA val-
ues (r = 0.50, P = 0.001; Fig. 4). No correlation was found
between hippocampal volumes and WM tracts MD, FA,
and DR values.

indicates the median value. Abbreviations: HC, healthy controls;
aMCl, amnestic mild cognitive impairment; AD, Alzheimer’s dis-
ease; FA, fractional anisotropy; MD, mean diffusivity; DA, axial dif-
fusivity; DR, radial diffusivity; ILF inferior longitudinal fasciculus;
SLF, superior longitudinal fasciculus; IFO, inferior frontooccipital
fasciculus. *P < 0.05 on General Linear Model test.

DISCUSSION

To date, controversy exists regarding the extent of WM
damage in AD, its pathological substrates, and the associa-
tion of WM injury with disease-related cognitive impair-
ment. In this study, we used DT MRI-based tractography
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TABLE Ill. Axial and radial diffusivities values of the assessed white matter tracts in healthy controls, patients with
amnestic mild cognitive impairment, and patients with Alzheimer’s disease

ANOVA repeated

measures
aMCI AD Interaction,
HC aMCI AD P (% change (% change  Main effect Group x
[mean (SD)] [mean (SD)] [mean (SD)] (GLM) vs HC) vs HC) eigenvalue  eigenvalue
Fornix
DA 1.28 (0.11) 1.35 (0.11) 1.30 (0.12) 0.13 5.3 (8.7) 1.6 9.1) <0.001 0.02
DR 0.67 (0.06) 0.72 (0.05)**  0.75 (0.09)* 0.02 8.2 (8.0) 12.5 (13.4)
Cingulum
DA 1.27 (0.05) 1.30 (0.05) 1.30 (0.05) 0.29 2.1 (4.3) 22 (43) 0.01 0.61
DR 0.48 (0.04) 0.50 (0.04) 0.52 (0.05) 0.12 4.2 (8.5) 8.8 (10.6)
Uncinate
DA 1.19 (0.06) 1.24 (0.05)** 1.25 (0.05)* 0.003 44 (4.0 5.0 (42) 0.48 0.08
DR 0.62 (0.05) 0.63 (0.05) 0.67 (0.04) 0.14 1.8 (8.2) 7.1 (6.8)
Inferior fronto-occipital
DA 1.33 (0.05) 1.37 (0.04)** 1.37 (0.05)* 0.01 3.3 (2.8) 3.7 (3.6) 0.20 0.054
DR 0.55 (0.05) 0.54 (0.05) 0.58 (0.04) 0.17 -1.5(8.9) 5.6 (7.5)
ILF
DA 1.24 (0.08) 1.29 (0.08) 1.34 (0.07)* 0.004 4.5 (6.8) 8.1 (6.0) 0.16 0.86
DR 0.59 (0.05) 0.62 (0.04) 0.65 (0.05)* 0.01 5.1 (7.4) 10.1 (8.3)
SLF
DA 1.16 (0.05) 1.20 (0.03)** 1.22 (0.04)* 0.001 3.5 (3.0 5.2 (3.4) 0.50 0.86
DR 0.53 (0.04) 0.54 (0.04) 0.56 (0.04) 0.31 2.0 (7.0) 5.3 (7.3)
Corpus callosum
DA 1.37 (0.06) 1.42 (0.03)** 1.43 (0.05)* 0.001 3.5 (2.0) 4.7 (3.3) 0.42 0.40
DR 0.45 (0.04) 0.46 (0.05) 0.49 (0.05) 0.27 1.9 (10.0) 8.4 (11.7)

DA and DR values are x1072 mm? s~ ..

Abbreviations: SD, standard deviation; HC, healthy controls; aMCI, amnestic mild cognitive impairment; AD, Alzheimer’s disease;
GLM, general linear model; DA, axial diffusivity; DR, radial diffusivity; ILF, inferior longitudinal fasciculus; SLF, superior longitudinal

fasciculus.

Significantly different (P < 0.05) in *AD versus HC and **aMCI versus HC in Bonferroni-corrected post-hoc analysis.

to investigate the integrity of the major WM tracts in AD
and aMCI patients. Significant WM damage in aMCI and
AD was found in both the limbic pathways (i.e., fornix
and cingulum) and the major cortico-cortical WM tracts
(i.e., the uncinate fasciculus, the inferior fronto-occipital
fasciculus, the ILF, the superior longitudinal fasciculus,
and the corpus callosum) subserving association cortices.
The analysis of the DT MRI eigenvalues also allowed us to
gain insight into the possible underlying substrates of
such a WM damage. On the basis of our results and cur-
rent interpretation of the DT indices [Pierpaoli et al., 2001;
Song et al., 2002, 2003; Sotak, 2002], we speculate that sec-
ondary degeneration and myelin damage are likely to con-
tribute to the observed DT MRI changes of the limbic
network (this is suggested by the greater increase in DR
than DA in these WM tracts, and the correlation found
between the DA values and the hippocampal volume),
whereas microvascular pathology associated with a mild
secondary degeneration may be the underlying pathologi-
cal changes of WM damage in the cortico-cortical associa-
tion tracts; this is suggested by the increased DA values
detected in these WM tracts and the known greater vul-

nerability of these regions to vascular pathology [Englund,
1998; Gootjes et al., 2004].

Previous postmortem MRI pathology correlation studies
in elderly focused on the relationship between the patholog-
ical heterogeneity of WMHs and conventional MRI findings
[Fazekas et al., 1991, 1993; Scheltens et al., 1995]. Pathologi-
cal correlates of WMHs included myelin and axonal loss,
reduction of olygodentrocytes, microglial activation, astro-
gliosis, and dilated perivascular spaces [Fazekas et al., 1991,
1993; Scheltens et al., 1995]. Conversely, postmortem DT
MRI studies in demented patients are only a few. Englund
et al. [2004] showed a correlation between myelin loss and
FA decrease in two demented patients. In a single, pathol-
ogy-proven, frontotemporal dementia case, DT MRI showed
decreased FA in frontal regions, where histopathology
revealed typical frontal lobe degeneration [Larsson et al.,
2004]. A recent postmortem DT MRI study in 11 AD
patients [Gouw et al., 2008] showed that the strongest pre-
dictor of the FA decrease in both WMHs and normal
appearing WM is axonal loss, while the relationship with
myelin loss and astrogliosis are largely determined by their
correlation with axonal density. Taken together, these
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Figure 4.
Scatterplot showing the significant relationships between axial
diffusivity (DA) of the fornix and hippocampal volume in patients
with amnestic mild cognitive impairment (empty circles) and Alz-
heimer’s disease (filled circles).

findings suggest that DT MRI is sensitive to WM pathologi-
cal changes in AD brain. However, to the best of our knowl-
edge, the pathological correlates of MD, DA, and DR
changes in AD or the topographical distribution of the DT
MRI-postmortem correlations have never been investigated.

WM Changes in the Limbic System

In the limbic network, decreased FA and unchanged
MD was found in the fornix, while the cingulum showed
increased MD without significant FA changes. The analysis
of the eigenvalues showed that both tracts had DR values
relatively greater than DA values. In the cingulum, how-
ever, the increased DR was lower than that of fornix and
did not result in FA changes. This pattern of DT MRI
abnormalities (i.e., DR greater than DA) has been shown
to occur with normal aging [Zhang et al., in press]. Similar
results have also been reported in the WM of the MTL in
AD patients by two recent voxel-based DT MRI studies
[Salat et al., in press; Stricker et al., 2009]. These authors
claimed that their findings argued against the “classic”
secondary degeneration model of the disease [Pierpaoli
et al., 2001; Song et al., 2003] and suggested that primary
myelin damage rather than axonal injury is the pathologi-
cal signature in these WM tracts. However, such a hypoth-
esis is challenged by the severe atrophy of the

hippocampus and entorhinal cortex in AD patients [Braak
and Braak, 1995; Price et al., 2001; Schonheit et al., 2004],
which makes the presence of secondary degeneration
highly plausible. In our study, we found a positive signifi-
cant correlation between hippocampal volumes and DA
values of the fornix, which is in agreement with a role of
secondary degenerative phenomena. As a consequence, it
seems more likely that the observed WM changes in the
limbic pathways reflect the presence of both demyelination
and axonal loss rather than isolated myelin pathology. The
fornix provides the main cholinergic input to the hippo-
campus and it also projects from the hippocampus to
other regions [Copenhaver, 2006]. The disruption of the
connections between the hippocampus and the anterior
thalamic nuclei, mammillary bodies, striatum, and pre-
frontal cortex via the fornix has been postulated as a possi-
ble cause of deficit in episodic memory [Copenhaver,
2006]. Moreover, although subjects with significant vascu-
lar pathology on conventional MRI scans were not
included in the present study and the effect of WMHs was
excluded from the DT MRI analysis (both by controlling
the analysis for global WMH load and masking out
WMHs from subjects” DT MRI maps), we cannot rule out
that microvascular ischemic disease may have had an
impact on the observed normal appearing WM DT MRI
changes. Indeed, in the fornix and the cingulum, myelin
degeneration and vascular mechanisms would have an
additive effect on DR, whereas a combination of vascular
pathology and secondary degeneration would have an op-
posite effect on DA (increasing and reducing DA values,
respectively), thus possibly leading to a DA “pseudo-nor-
malization,” rather than to a net DA decrease as it is the
case for the “classic” secondary degeneration model.

WM Changes in the Cortico-Cortical
Association Tracts

Another intriguing finding of this study is that the major
WM cortico-cortical association tracts are also affected in
AD patients. This is consistent with previous ROI-based and
voxel-based DT MRI studies which showed damage to sev-
eral WM regions outside the MTL network, including vari-
ous portions of the occipital, temporal, and parietal WM
and, albeit less consistently, frontal WM [Bozzali et al., 2002;
Fellgiebel et al., 2004, 2005; Head et al., 2004; Rose et al.,
2000; Stahl et al., 2007; Takahashi et al., 2002; Yoshiura et al.,
2002]. In our study, cortico-cortical tracts showed increased
MD and DA, without significant changes in FA and DR.
Again, this pattern of DT MRI changes may reflect the con-
comitant presence of axonal and myelin pathology, but at a
different relative extent compared with that observed in the
limbic network. Since the pathology burden (i.e., neuronal
loss) in brain regions subserved by cortico-cortical WM
tracts is not as severe as in the MTL, it is tempting to specu-
late that secondary degeneration (associated with decreased
DA values) may not be a major pathological feature in these
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tracts. On the other hand, vascular pathology (associated
with increased DA and DR values) commonly affects the
frontal and parietal WM regions to a greater extent than it
involves temporal WM [Englund, 1998; Gootjes et al., 2004].
Another possible explanation of these findings is that
decreased tissue density occurs in AD which increases water
diffusivity while the underlying directional structure is
maintained [Bronge et al., 2002; Englund, 1998]. In addition,
our findings do not seem to support the retrogenesis hy-
pothesis, since we did not find a more pronounced damage
to late-myelinated WM tracts.

The majority of AD patients (76%) had a prominent pat-
tern of hippocampal atrophy. In the present study, we did
not assess quantitatively the atrophy in other cortical
regions. However, greater parietal than hippocampal atro-
phy is commonly found in early-onset AD [Frisoni et al.,
2007]. In our sample, there were four patients with a disease
onset earlier than 65 years. The sample size of this subgroup
is too small to infer on the possible effect of cortical atrophy
on DA values of cortico-cortical association tracts. No previ-
ous study, to our knowledge, investigated the differences in
DT MRI pattern between early and late-onset AD. On a
speculative ground, in the hypothesis that axonal loss is sec-
ondary to atrophy, one might expect to see greater damage
in cortico-cortical association tracts than in the limbic system
in early-onset AD patients.

WM Changes in Preclinical AD (MCI Stage)

Between-group comparisons showed a significant
increase in DR and DA values in aMCI patients compared
with elderly HC both in the limbic network and in the cor-
tico-cortical pathways, whereas MD and FA values were
not different. Previous ROI-based DT MRI studies in MCI
subjects gave inconsistent results. Some authors found
decreased FA in limbic regions [Fellgiebel et al., 2005;
Huang et al., 2007; Medina et al., 2006; Rose et al., 2006;
Zhang et al., 2007], but others did not [Kantarci et al,
2001; Stahl et al., 2007]. Our findings are in agreement
with a recent voxel-based DT MRI study [Damoiseaux
et al., 2009] which found no MD and FA difference in MCI
patients relative to AD and HC. To our knowledge, the
only available tractography study in patients with MCI
showed significantly decreased FA only in the posterior
cingulum [Kiuchi et al., 2009], a result which cannot be
directly compared to ours, since we have assessed the
entire cingulum. Two possible explanations may account
for these results. In agreement with the notion of aMCI as
a transitional stage between normal aging and AD
[Petersen et al., 2001], changes in MD and FA may be
subtle in aMCI patients. This might suggest DA and DR as
potential early markers of AD pathology in WM. Secondly,
the heterogeneity of the aMCI group may have, at least
partially, masked DT MRI changes. However, the majority
of aMCI subjects included in our study can be classified as
incipient AD following the novel “research” AD criteria

[Dubois et al., 2007], thus suggesting that their biological—
and not just clinical/neuropsychological—profiles resem-
ble those of AD patients. It is worth noting that insuffi-
cient statistical power, possibly related to the relatively
small sample size studied, could also be responsible for
the absence of a between-group effect.

Limitations and Conclusions

Some limitations of our study ought to be mentioned.
First, we do not have histopathological data on our
patients, and therefore, we can only speculate on the pos-
sible pathological substrates underlying the observed DT
MRI changes. However, this is not easy to be obtained,
especially in aMCI patients, unless many years have been
passed between MRI and histopathology, which would
inevitably make challenging the interpretation of DT MRI
abnormalities. Second, the aMCI patient sample was rela-
tively small and this may have biased some of the results,
when this group was involved. Third, since we have infor-
mation on conversion from aMCI to AD in only five
patients, it remains to be seen whether the DT MRI find-
ings in aMCI were related to AD or other types of demen-
tia in the remaining subjects. Finally, some methodological
problems related to DT MRI should be addressed. Regions
of crossing fibers are characterized by low anisotropy, and
thus, the determination of fiber orientation may be difficult
in these voxels [Henry et al., 2003], leading to unreliable
tensor estimates. However, the fasciculi that we investi-
gated are major WM tracts associated with high anisot-
ropy, and therefore, the effect of crossing fibers should not
have affected our results at a great deal [Henry et al,
2003]. We are also aware that cortical and WM atrophy
may cause partial volume effects from the CSF and, as a
consequence, lead to false positive findings. However, in
our DT MRI analysis, particular attention was paid to min-
imize this. Indeed, the effect of WM atrophy in elderly has
been reduced by using an FA atlas based on young
healthy subjects. The atlas-based approach permits to
obtain a reference image (i.e., the FA atlas), which is
highly representative of the mean morphology (shape) and
intensity of the group, on which individuals maps were
spatially aligned. Moreover, compared to ROI-based and
standard tractography procedures, such an approach
allows to minimize the manual drawing of ROIs, which
may vary from subject to subject especially when applied
to a pathological brain. Then, DT MRI indices from WM
tracts were derived after CSF masking, WM thresholding,
and skeletonizing the WM tract probability maps (i.e., con-
sidering only the core of the tracts). These procedures are
important especially for small WM tracts such as the for-
nix, which runs close to the ventricles and is known to be
atrophic in AD patients [Copenhaver et al., 2006]. WM
tract skeletonizing can also be applied as a general rule in
DT MRI, which ensures that voxels included in the analy-
sis are well inside the tract. Clearly, this goes at the price
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of excluding part of the tracts from the comparison. Given
the population of this study, we preferred this conserva-
tive approach. The use of thin slices (2.5 mm) should also
have reduced the contribution of partial volume effects in
an unprecedented way, since previous studies used thicker
slices (3-6 mm) [Huang et al., 2007; Kiuchi et al., 2009; Me-
dina et al., 2006; Rose et al., 2008; Stahl et al., 2007; Stenset
et al., in press; Stricker et al., 2009; Taoka et al., 2006; Xie
et al., 2006; Yasmin et al., 2008; Zhang et al., 2007, 2009].

Despite such limitations, this study demonstrates that
different patterns of WM damage occur in limbic network
and cortico-cortical association tracts in AD and aMCI
patients and sheds light onto the complex anatomical basis
of DT MRI changes in AD.
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