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Abstract: This study investigates the differential contribution of gray matter (GM) atrophy and deafferen-
tation through white matter (WM) damage in the clinical progression of Alzheimer’s disease (AD).
Thirty-one patients with probable AD, 23 with amnestic mild cognitive impairment (a-MCI), and 14
healthy subjects underwent MRI scanning at 3T. Voxel-based morphometry was used to assess regional
GM atrophy in AD and a-MCI patients. Diffusion tensor-MRI tractography was used to reconstruct the
cingulum bilaterally, and to quantify, voxel-by-voxel, its fractional anisotropy (FA) and mean diffusivity
(MD) (measures of microscopic WM integrity). Atrophy of the cinguli was also assessed by means of jaco-
bian determinants (JD) of local transformations. In AD patients, four clusters of reduced GM were found
nearby the cinguli, in the posterior (PCC) and anterior cingulate cortex, and in the hippocampal/parahip-
pocampal areas. Widespread areas of reduced FA and increased MD were found in the cinguli of both,
AD and a-MCI patients. A region of macroscopic atrophy was detectable in AD patients only. Strong
associations were found between local GM densities in the four identified clusters, and measures of
micro- and (to a lesser extent) macroscopic damage of patients’ cinguli. Linear regression analyses
revealed that MD in the cinguli predicts patients’ measures of episodic memory in combination with GM
density of hippocampal/parahippocampal areas, and measures of global cognition in combination with
GM density of the PCC. This study indicates that brain deafferentation though the cingulum is likely to
play a remarkable role in progressive development of cognitive impairment in AD. Hum Brain Mapp
33:1295–1308, 2012. VC 2011 Wiley Periodicals, Inc.
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INTRODUCTION

Memory loss is the most typical symptom of onset of
Alzheimer’s disease (AD), and it is the defining feature of
amnestic mild cognitive impairment (a-MCI), which is
widely considered as the condition most commonly associ-
ated with a high risk of conversion to AD [Petersen, 2004;
Petersen et al., 2001]. Post-mortem investigation essentially
based on assessment of the anatomical distribution of tau
pathology across the brain, has identified a progressive
course of tissue damage in AD brains, involving the hip-
pocampus and parahippocampal regions first, and then
extending to the whole association cortex [Braak and
Braak, 1991]. The main advantage of this staging system,
is to substantially agree with neuropsychological and
some neuroimaging indicators of disease [Bozzali et al.,
2006; Serra et al., 2010a; Whitwell et al., 2007]. Conversely,
but nonetheless relevant for the current study, deposition
of b�amyloid has been found to be prominent in the cin-
gulate cortex since the early clinical stages of AD [Chételat
et al., 2010].

Although magnetic resonance imaging (MRI) investiga-
tions have demonstrated abnormalities in AD brains
involving both, gray (GM) [Bozzali et al. 2001, 2006; Fri-
soni et. al., 2008; Karas et al., 2004] and white matter
(WM) [Bozzali et al., 2002; Serra et al., 2010a], the relation-
ship between the damage of these two tissues still remains
under debate. Regional GM atrophy of specific brain
regions is certainly one of the main causes of cognitive
impairment in AD. However, a recent report, combining
metabolic information with measures of GM and WM in-
tegrity, provided a direct evidence for deafferentation as a
major factor implicated in AD pathophysiology [Villain
et al., 2008]. Consistently, it has also been recently shown
that a reduction of functional connectivity in the posterior
cingulate cortex (PCC) is already present at the early stage
of a-MCI, but it is associated with local GM atrophy only
in patients already converted to AD [Gili et al., 2010].
However, it should be mentioned that the early occurrence
of GM atrophy in the PCC of patients with AD is a contro-
versial finding as some authors have reported it [Choo
et al., 2010; Pengas et al., 2010; Scahill et al., 2002]. These
inconsistencies are likely to be due to differences in the
clinical stage of the recruited patients and to different
approaches to image analysis. Despite these controversies,
one emerging hypothesis is that the neuronal loss occur-
ring to the medial temporal lobe areas at early clinical
stages of AD, may result in axonal loss, with deafferenta-
tion of other brain regions to which these axons project.
This latter mechanism may contribute in determining
some of the cognitive disabilities observed in AD.

The cingulate bundle (or cingulum) is the major median
associative WM fasciculus; it includes, both short associa-
tive fibers, connecting various areas of the cingulate cortex,
and long associative fibers, reciprocally connecting various
frontal, temporal, and parietal regions. Most of these
regions are believed to be part of a functional network,

known as the default mode network [Greicius et al., 2003].
According to this theory, the efficiency of the functional
interconnections between the nodes of this network is as
relevant for cognition as it is the preservation of the single
nodes. Functional connectivity is a concept based on the
evidence that different brain regions presenting with syn-
chronous patterns of activity, are likely to be part of a
common network subserving more complex brain func-
tions. Consistently, changes in functional connectivity have
been associated with cognitive decline in AD [Gili et al,
2010; Greicius et al., 2004; Sorg et al., 2007]. Although, a
clear relationship between functional and structural
changes has not been demonstrated yet, one possibility is
again that a structural deafferentaion of the PCC (a key
region of the ‘‘default mode network’’), might affect the
functional integration within the ‘‘default mode network.’’
Structural disruption of the cingulum has been demon-
strated in AD [Catheline et al., 2008; Choo et al., 2010; Vil-
lain et al., 2008], although it remains unclear whether such
a damage is independent or secondary to GM loss.

Aim of this study was to identify in vivo (within the li-
mitation of a cross-sectional design) radiological markers
of progression of AD pathology, to infer about the differ-
ential role of local GM damage and structural deafferenta-
tion (through WM damage) at different disease stages. We
first assessed the pattern of GM atrophy in AD and a-MCI
patients, using Voxel-based morphometry (VBM); then, we
evaluated the presence of both microscopic damage and
atrophy of the cingulum, using diffusion tensor (DT) MRI
and tractography; we also investigated associations
between the degree of GM loss in regions anatomically
close to the cingulum and its WM matter damage. Finally,
we tested the contribution of WM damage to the cingulum
and of GM loss in surrounding brain region, to global cog-
nitive impairment as well as to episodic memory of
patients. The former is clinically relevant for AD staging;
the latter is one of the cognitive domains most typically
impaired in patients with AD or at high risk for develop-
ing it.

VBM is an operator-independent technique for estimat-
ing differences in regional GM volume at the voxel scale
[Ashburner and Friston, 2000; Good et al., 2001] between
groups of subjects. Specific patterns of GM atrophy have
been identified at different AD stages, and also in associa-
tion with the risk of conversion from MCI to AD [Bozzali
et al., 2006; Chételat et al., 2005]. The MRI technique best
suited for investigating WM pathways, and thus potential
disconnection, is DT-MRI [Basser et al., 1994]. DT-MRI is
sensitive to the random motion of water molecules
trapped within tissues, thus reflecting their structural char-
acteristics. In WM, the motion of water molecules is hin-
dered orthogonally to the fiber main direction and
diffusion tends to be anisotropic. An index of the magni-
tude of diffusion independent on the diffusion direction is
given by the mean diffusivity (MD). Diffusion anisotropy
can be measured by DT-MRI by means of fractional anisot-
ropy (FA) [Pierpaoli and Basser, 1996], a quantity often
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regarded as an index of microscopic tissue integrity. FA
images also provide an exquisite contrast within WM,
highlighting structures with the most coherent directional-
ity and those constituted by the most tightly packed fibers.
This property can be exploited to assess WM atrophy, by
measuring the amount of local deformation required to
match a subject’s FA map to a reference template [Pagani
et al., 2007]. This use of FA instead of standard anatomical
images (T1-weighted) for the estimation of atrophy is sup-
posed to increase the sensitivity to specific WM features.
DT-MRI can also be used to estimate the main direction of
diffusion in every voxel of the brain, thus allowing the
reconstruction of WM pathways (DT-MRI tractography).
To investigate a specific WM tract, tractography can be
used to reconstruct it, obtaining tract specific FA and MD
as measures of microscopic tissue integrity, and deforma-
tion fields (Jacobian determinants, JD) as a measure of
macroscopic atrophy.

MATERIALS AND METHODS

Subjects

This study was approved by the local Institutional
Review Board and complied with the Health Insurance
Portability and Accountability Act. All subjects gave writ-
ten informed consent (provided by an informant relative if
the patient was incapable) before study initiation.

We recruited 31 patients clinically diagnosed with proba-
ble AD [F/M ¼ 19/12; mean (standard deviation, SD) age ¼
72.8 (6.8) years; mean (SD) education ¼ 8.0 (4.3) years] by
NINCDS-ADRDA consensus criteria [McKhann et al., 1984],
and 23 patients with a-MCI (single or multiple domain) [F/
M ¼ 12/11; mean (SD) age ¼ 71.2 (6.7) years; mean (SD)
education ¼ 10.3 (4.5) years] according to current diagnostic
criteria [Petersen et al., 2001]. By definition, cognitive defi-
cits observed in a-MCI patients had to result in no or in a
very mild impact on their daily living activities, as con-
firmed by their total Clinical Dementia Rating score
[Hughes et al., 1982], which had not to exceed 0.5. Fourteen
elderly healthy subjects (HS) [F/M ¼ 4/10; mean (SD) age
¼ 68.0 (8.5) years; mean (SD) education ¼ 12.8 (2.9) years]
were also enrolled as control group. Major systemic, psychi-
atric and other neurological illnesses were carefully investi-
gated and excluded in all subjects. The T1 weighted data of
part of the patients included in this study were also used in
a previous VBM investigation [see Serra et al., 2010b]

All recruited subjects underwent an extensive neuropsy-
chological battery to explore all the principal cognitive
domains. These data are summarized in Table I, which
includes, for each administered test, cut-off scores and
appropriate references.

Moreover, subjects with signs of concomitant cerebral
vascular disease (CVD) on conventional MRI scans were
excluded because vascular pathology might be at least par-
tially responsible for cognitive deficits and brain atrophy,
making the diagnosis of MCI (on a neurodegenerative ba-

sis) or AD less plausible. As previously described [Serra,
et al., 2010a], in order to minimize the risk of CVD, sub-
jects were excluded if they had either two or more hyper-
intense lesions with a diameter �10 mm or more than
eight hyperintense lesions with a diameter between 5 and
9 mm on dual-echo MR images. In addition, for the pur-
poses of the present study, subjects were excluded in the
presence of any WM lesion in the cingulate bundles.

The data presented here are part of a longitudinal study,
designed to collect all imaging data only at study entry.
Patients with a-MCI, however, undergo regular clinical
and neuropsychological re-assessments at 1 year intervals,
and are then reclassified in those who remain stable, those
who develop disabilities in additional cognitive domains,
and those who convert to dementia. So far, 16 out of 23 a-
MCI patients completed their first clinical and neuropsy-
chological follow-up.

Magnetic Resonance Imaging

All imaging was obtained using a 3.0T MR scanner (Sie-
mens Allegra, Erlangen, Germany), equipped with a circu-
larly polarized transmit-receive coil. The maximum
gradient strength is 40 mT m�1, with a maximum slew
rate of 400 mT m�1 ms�1.

The following scans were collected from each studied
subject: (1) dual-echo turbo spin echo (TSE), repetition
time TR ¼ 6190 ms, echo time TE ¼ 12/109 ms; (2) fast
fluid attenuated inversion recovery (FLAIR), TR ¼ 8170
ms, TE ¼ 96 ms; (3) a Modified Driven Equilibrium Fou-
rier Transform (MDEFT) scan (TR ¼ 1338 ms, TE ¼ 2.4
ms, matrix ¼ 256 � 224 � 176, in-plane field of view FOV
¼ 250 � 250 mm2, slice thickness ¼1 mm); and (4) a diffu-
sion weighted Spin-Echo Echo Planar Imaging (SE EPI)
(TR ¼ 7 s, TE ¼ 85 ms, maximum b factor ¼ 1000 s mm�2,
isotropic resolution ¼ 2.3 mm3). This sequence collects
seven images with no diffusion weighting (b0) and 61
images with diffusion gradients applied in 61 noncollinear
directions. As explained above, dual echo TSE and FLAIR
scans were collected with the purpose of excluding the
presence of vascular pathology.

Image Analysis

Voxel-based morphometry

MDEFT data were processed using the VBM protocol in
SPM8 (http://www.fil.ion.ucl.ac.uk/spm/). For each sub-
ject, an iterative combination of segmentations and nor-
malizations (implemented within the ‘‘Segment’’ SPM8
module) produced a GM probability map [Ashburner and
Friston, 2005] in Montreal Neurological Institute (MNI)
coordinates. To compensate for compression or expansion
during warping of images to match the template, GM
maps were ‘‘modulated’’ by multiplying the intensity of
each voxel by the local value derived from the deforma-
tion field (JD) [Ashburner and Friston, 2001]. All data
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were then smoothed using a 10-mm FWHM Gaussian ker-
nel. Modulated and smoothed GM maps were used for
group analyses. Between-group local differences in GM
volume were assessed by an analysis of covariance
adjusted for age, years of education, and total intracranial
volume. In evaluating each T-contrast, we applied family-
wise error (FWE) [Worsley et al., 1992] correction for mul-
tiple comparisons at voxel level, and considered significant
a p value of less than 0.05.

A post-hoc analysis on some GM regions anatomically
located next to the cingulum bundles and found to be
atrophic in AD patients (as compared to HS), was also car-
ried out as explained in the section ‘‘post-hoc analysis.’’

DT-MRI

DT-MRI data were processed using tools from the
FMRIB software library (FSL, www.fmrib.ox.ac.uk/fsl/)

and CAMINO (www.camino.org.uk). After eddy current
correction, the DT was estimated voxel-wise [Basser et al.,
1994], and FA maps were derived for every subject. To
minimise the variability in seed-point positioning, which is
the main source of variance in tractography [Heiervang
et al., 2006], all DT-MRI data were transformed into stand-
ard space, to obtain maps with comparable brain size and
slice orientation for all subjects. This process was per-
formed using the following procedure: (1) every subject’s
FA was matched to the FA template (available in FSL)
using an affine transformation [Jenkinson and Smith,
2001]; (2) the transformations were then applied to each
component of the DT using the PPD (Preservation of Prin-
cipal Direction) algorithm [Alexander et al., 2001].

Seed and way points to reconstruct the cingulum were
defined on each subject’s color coded map according to
published guidelines [Wakana et al., 2007]. The rotated DT

TABLE I. Neuropsychological assessment of studied subjects

Cognitive function
Neuropsychological Test

Mean (SD) score

a-MCI (n ¼ 23) AD (n ¼ 31) HS (n ¼ 14)

Global measure

Mini Mental State Examination (cut-off � 23.8)
[Folstein et al., 1975; Magni et al., 1996]

24.9 (1.2)§ 17.8 (4.2)*,# 28.9 (1.2)

Long term episodic memory

Verbal material 15 Rey’s words list [Carlesimo et al., 1996]
Immediate recall (cut-off � 28.5) 31.0 (6.8)§ 20.9 (7.3)*,# 49.7 (8.8)
Delayed recall (cut-off � 4.6) 4.3 (2.6)§ 1.6 (2.1)*,# 10.5 (2.1)
Rey’s Complex Figure [Carlesimo et al., 2002]

Visuo-spatial material Immediate recall (cut-off � 6.4) 10.5 (8.4) 4.7 (5.4)# –
Delayed recall (cut-off � 6.3) 10.8 (6.0) 2.4 (4.3) –
Short term memory

Digit span (cut-off � 3.7) [Orsini et al., 1987] 5.0 (1.2)§ 4.6 (1.2)* 6.4 (0.7)
Corsi Blocking taks (cut-off � 3.5)

[Orsini et al., 1987]
3.8 (1.1)§ 3.3 (1.6)* 5.1 (0.3)

Language

Naming of objects from BADA (cut-off � 22)
[Miceli et al., 1991]

27.5 (3.1) 22.3 (8.2)# –

Reasoning

Raven’s progressive matrices (cut-off � 18.9)
[Carlesimo et al., 1996]

28.0 (4.2)§ 20.4 (7.2)*,# 34.0 (2.4)

Executive functions

Modified Card Sorting Test (criteria achieved)
(cut-off � 4.2)
[Nocentini et al., 2002]

4.3 (1.8) 2.1 (1.5)# –

Phonological verbal fluency (cut-off �17.3)
[Carlesimo et al., 1996]

30.2 (8.9)§ 21.4 (8.3)* 36.9 (8.4)

Praxis abilities

Copy of drawings (cut-off � 7.1)
[Carlesimo et al., 1996]

9.4 (1.6)§ 6.6 (3.8)*,# 12.0 (0.0)

AD, Alzheimer’s disease; a-MCI, amnestic-mild cognitive impairment; HS, healthy subjects; SD, standard deviation.
Statistics: One-way ANOVA
§p � 0.05 a-MCI vs. HS;
*p � 0.05 AD vs. HS;
#p < 0.05 AD vs. a-MCI.
For each administered test appropriate adjustments for sex, age, and education were applied according to the Italian normative data. More-
over, available cut-off scores of normality (�95% of the lower tolerance limit of the normal population distribution) have been applied.
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was used to generate maps of FA and of the eigenvalues
and eigenvectors for every subject, from which color coded
directionality maps in standard space were computed
[Pajevic and Pierpaoli, 1999]. First, a coronal slice was
selected in the middle of the genu of the corpus callosum,
and two regions of interest (ROIs) were outlined, one in ei-
ther hemisphere, to include fibers with mainly anterior-
posterior orientation (identified in green on color-coded
maps), rostral to the corpus callosum; these regions were
used as seed-point regions for tractography. Next, a coro-
nal section was selected in the middle of the splenium of
the corpus callosum and two ROIs including the cingulum
bundle were outlined using similar criteria; these regions
were used as way-point regions for tractography. MD
maps were also computed.

The probabilistic index of connectivity (PICo) algorithm
[Parker et al., 2003], implemented in CAMINO, was used
for probabilistic tractography. This algorithm assigns to
every voxel in the brain a probability of being connected
to the seed point by considering multiple pathways ema-
nating from the seed-point region and from each point
along the reconstructed pathways. The probability is esti-
mated by streamline-based tracking iterations (5000 in this
case) repeated in a Monte Carlo fashion, and the effect of
noise is estimated through a calibration step. Streamlines
that do not reach the way-point regions are discarded.

Every subject’s affine transformed FA map was then
warped to the FA template (JHU-ICBM-FA-2mm), using
the tool FNIRT from the FSL library [Andersson et al.,
2007], thus obtaining the deformation field and the related
JD. The latter reflects the amount of stretching (JD < 1) or
shrinking (JD > 1) set by the deformation field for match-
ing an image to a template. As a consequence, it can be
used to estimate the local WM fiber bundles atrophy
within a specified WM tract [Pagani et al., 2007]. The same
transformation was also applied to MD.

FA and MD maps, reflecting tissue microstructure, and
JD, reflecting WM atrophy, were used for group compari-
sons and correlations (see post-hoc analysis).

For each subject, the nonlinear transformation was also
applied to the probabilistic maps of the cingulum. Retain-
ing from the transformed probabilistic maps of the cingu-
lum only voxels with values larger than 0.1 (voxels with a
probability of connection lower than such a value are
likely to be artifactual connections due to noise) we were
able to create for each subject the binary mask of the nor-
malized cingulum, setting the values of retained voxels to
1 and the others to zero.

These normalized cingulum masks were averaged across
all subjects; the obtained image was then thresholded
(only voxels common to at least 10% of the whole popula-
tion were included) and binarised, to yield a customised
template-mask of the cingulum, in which confining the sta-
tistical group comparisons of FA, MD, and JD.

We first ran a one-way ANOVA with Bonferroni’s cor-
rection (post-hoc analysis; p < 0.05) for between group
comparisons of average measures obtained from the cingu-

late bundle bilaterally, with respect to both microscopic
(FA and MD) and macroscopic measures of tissue integrity
(JD).

Then, voxel-wise group differences in FA and MD of
the cingulum were tested in FSL, using the tool randomize
(2000 iterations), which performs permutation-based statis-
tical analyses. Three contrasts (HS > AD; HS > MCI; MCI
> AD) were estimated to assess the presence of micro-
scopic WM damage. The resultant statistical maps were
thresholded at p < 0.05 corrected for multiple comparisons
using the Threshold-Free Cluster Enhancement (TFCE)
method [Smith and Nichols, 2009]. The same voxel-wise
analysis with the same statistical constraint was also car-
ried out on the JD maps, to assess the presence of macro-
scopic tissue loss within the cingulum.

Post-hoc analysis

As reported in the results section, four clusters showing
an anatomical localization nearby the cingulate bundle [an-
terior cingulate cortex (ACC) and PPC, and left and right
hippocampal/parahippocampal areas] could be identified
from the VBM contrast ‘‘AD < HS.’’ From these clusters,
mean GM densities were extracted and compared between
the three groups (AD, a-MCI and HS) using a one-way
ANOVA, with post-hoc Bonferroni correction. Moreover,
to investigate the hypothesis that WM damage of the cing-
ulum is associated with GM loss, voxelwise correlations of
the FA, MD, and JD of the cingulum with the mean GM
density of these regions were investigated using random-
ize with 2000 iterations. In this correlation analysis we
included the whole sample of subjects (without dividing
them according to their diagnosis), and we tested for both
positive and negative correlations. The resultant statistical
maps were thresholded at p < 0.05 corrected for multiple
comparisons using the TFCE method [Smith and Nichols,
2009].

Linear regression analyses were finally used to deter-
mine whether GM densities in regions found to be
atrophic nearby the cinglulum, and micro-and macroscopic
DT-MRI derived measures of the cingulum (MD, FA, JD)
all contribute independently to the following variables
(which were set as the independent variable in each linear
regression analysis): the MMSE score (a measure of global
cognitive impairment), and the score at the delayed recall
of the 15 Rey’s words list (a measures of episodic memory,
the only function impaired in all recruited patients).

RESULTS

There were no significant between group differences in
age and sex. AD patients were significantly less educated
than HS, in the absence of other group differences. As
shown in Table I, the mean MMSE scores were signifi-
cantly different between all groups. AD patients reported
a widespread impairment in most cognitive functions,
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while a-MCI patients performed worse than HS at all
long-term memory tests. Moreover, they reported signifi-
cantly lower scores than HS at executive functions, reason-
ing and praxis. According to inclusion criteria, our a-MCI
patients (single or multiple domain) may be regarded as
belonging to an intermediate stage between normal aging
and dementia. Moreover, since the beginning of this
research project, 16 a-MCI patients were clinically and
neuropsychologically reassessed at one year interval.
Seven out of 16 remained stable (43.7%), 5 out of 16 had
developed or worsened their multi-domain impairment

(31.3%), and 4 out of 16 had converted to dementia
(25.0%).

GM Atrophy

AD patients showed widespread regions of GM reduc-
tion relatively to HS (Fig. 1 and Table II). In particular,
one cluster was found in the PCC/precuneus (MNI coor-
dinates of maximum: 0, �54, 40), and one at the boundary
between the ACC and the superior frontal gyrus (ACC/

Figure 1.

Voxel based morphometry revealed a widespread pattern of

gray matter (GM) damage in patients with Alzheimer’s disease

(AD) as compared to healthy subjects (HS). These regions of

significantly (p < 0.05, FWE corrected across the whole brain)

lower GM volume are shown in red-yellow (representing the t

value, ranging from 4.5 to 6.0), and superimposed onto a T1-

weighted template. The circles highlight the four clusters used

for further analysis, respectively located in the precuneus (blue),

at the boundary between the anterior cingulate gyrus and the

superior frontal gyrus (yellow), and in the hippocampal/parahip-

pocampal areas (red for the left, and green for the right hemi-

sphere). The inset in the lower part of the figure illustrates a

3D reconstruction of the cinguli (as obtained by tractography)

together with four GM clusters used to investigate the relation-

ship between GM and white matter damage (see text for further

details).
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SFG, coordinates: 0, 54, �8), both regions anatomically
close to the cingulum. Additionally, two clusters were
found in the right and left hippocampal/parahippocampal
regions (coordinates: 16, �10, �16 and �22, �12, �16,
respectively) that are known to be connected to the rest of
the brain through the cinguli. As explained above, these
four clusters were used to extract the mean GM density
(mean modulated GM probability value per voxel) from
each subject for further post-hoc analysis.

There were no clusters of increased GM volume in AD
patients compared to either a-MCI or HS.

When comparing a-MCI patients to HS, the reduction in
regional GM volumes (hippocampus and parahippocampal
gyrus, fusiform gyrus, and bilateral insula) did not survive
FWE correction. Conversely, the direct comparison between
AD and a-MCI patients showed a significant GM reduction
in the former group in the PCC/precuneus and in the left
middle temporal gyrus (Fig. 2 and Table II), while no signifi-
cant results were found when testing the reversed contrast.

WM Damage to the Cingulum Bundles

In Figure 3, the box-plots show between-group differen-
ces in average FA (panel A) and MD (panel B), both meas-

ures of microscopic WM integrity, by considering all
voxels derived from segmentation of the cingulate bundle
bilaterally. A significant group effect was found for both
measures: MD (F ¼ 18.3; p < 0.0001) and FA (F ¼ 7.3; p ¼
0.001). Post hoc analyses revealed that AD patients
showed a higher average MD than both, HS (p < 0.0001)
and a-MCI patients (p ¼ 0.0013). On turn, a-MCI patients
showed higher MD values than HS (p ¼ 0.01). Average FA
was lower in AD patients as compared to HS (p < 0.0001),
while it was not significantly different between patients
with AD and a-MCI (p ¼ 0.11). On turn, a-MCI patients
showed lower FA than HS (p ¼ 0.04). A significant group
effect was also found when considering the average
change in JD (a measure of macroscopic change) derived
from the cinglulum bilaterally (F ¼ 3.66; p ¼ 0.03). Post-
hoc analysis revealed a reduction of this parameter in AD
patients as compared to HS only (p ¼ 0.02; Fig. 3,
panel C).

When considering voxel-wise comparisons across all
groups, AD patients showed widespread areas of reduced
FA and increased MD within the cingulum with respect to
HS (Fig. 4, left column). A region of significant reduction
of JD (macroscopic atrophy) was also found in the poste-
rior part of the right cingulum of AD patients compared

TABLE II. Between group differences in regional gray matter volumes as assessed by voxel-based morphometry

Brain region Side Size

Coordinates (mm)

Peak Z-scorex y z

AD patients < HS

Orbitofrontal cortex R 156 44 36 �18 5.90
Hippocampus/Parahippocampal gyrus/Orbitofrontal cortex B 1142 14 �2 �14 5.74
Fusiform gyrus/inferior temporal gyrus R 307 50 �68 �16 5.65
Insula/opercular cortex L 307 �42 4 2 5.49
Posterior cingulate/precuneus B 335 0 �54 40 5.32
Parahippocampal gyrus/fusiform gyrus R 33 28 �8 �42 5.20
Middle and superior temporal gyrus R 56 68 �32 �6 5.19
Middle and inferior temporal gyrus L 306 �64 �32 �20 5.19
Fusiform gyrus L 203 �46 �54 �24 5.18
Orbitofrontal cortex L 72 �42 28 �18 5.10
Anterior cingulate/ medial prefrontal cortex B 139 0 54 �8 5.00
Cerebellum R 32 46 �56 �48 4.94
Parahippocampal gyrus L 17 �18 �38 2 4.92
Supramarginal gyrus R 24 52 �30 50 4.91
Inferior temporal gyrus R 25 40 �8 �44 4.82
Cerebellum R 40 24 �86 �44 4.81
Supramarginal gyrus L 18 �34 �66 46 4.80
Cerebellum L 44 �36 �56 �58 4.68
Insula/opercular cortex R 21 42 4 4 4.63
Superior temporal gyrus L 19 �62 �26 �2 4.55
AD patients < a-MCI

Posterior cingulate B 297 2 �50 38 5.58
Middle Temporal gyrus L 57 �64 �16 �18 4.77
Middle Temporal gyrus L 43 �62 �44 �12 4.63

AD, Alzheimer’s disease; aMCI, amnestic mild cognitive impairment; R, Right; L, Left; B, Bilateral.
The size of each region is expressed in number of voxel. Only differences surviving after FWE correction for multiple comparison at
voxel level (p < 0.05) have been reported (see text for further details).
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to HS (Fig. 4, left column). A-MCI patients compared to
HS showed areas of reduced FA and increased MD,
although to a lesser extent than observed in AD patients,
in the absence of any macroscopic change (Fig. 4, middle
column). Finally, AD compared to a-MCI patients showed
several regions of increased MD, in the absence of any FA
change, and in the presence of a small region (posterior
part of the left cingulum) of reduced JD (Fig. 4, right
column).

Post-hoc Analysis

Four well defined clusters of GM atrophy were identi-
fied (by whole-brain analysis) as anatomically close to the
cinguli, one located within the posterior cingulate cortex/
precuneus (PCC/precuneus), one within the anterior cin-
gulate cortex/superior frontal gyrus (ACC/SFG), and two
in the right and left hippocampal/parahippocampal
regions (Fig. 1). The mean GM densities extracted from
these clusters are summarized, for each studied group
(AD, a-MCI, HS) in Table III. A one-way ANOVA with
post-hoc analysis showed that while AD patients had
lower GM density of the ACC/SFG with respect to both a-

MCI patients (p ¼ 0.0001) and HS (p ¼ 0.0001), the reduc-
tion of GM density in a-MCI patients compared to HS was
not significant (p ¼ 0.26) in this region. In the PCC/precu-
neus, AD patients had lower GM density than both a-MCI
patients (p < 0.0001) and HS (p < 0.0001). The difference
in GM density between a-MCI patients and HS was not
significant in this region (p ¼ 0.99). When considering the
hippocampal/parahippocampal areas, AD patients
showed lower GM density than both HS and patients with
a-MCI in the left (AD vs HS: p < 0.0001, AD vs MCI: p ¼
0.0001) as well as in the right (AD vs HS: p < 0.0001, AD
vs MCI: p < 0.0001) hemisphere. No significant difference
was found between HS and a-MCI patients.

As shown in Figure 5, the voxelwise analysis of correla-
tion (performed separately for the right and left hemi-
sphere structures) showed a strong and widespread
association between GM density of PCC/precuneus,
ACC/SFG and hippocampal/parahippocampal areas, and
FA and MD of the cingulum. Conversely, correlation anal-
ysis between local GM densities and JD of the cingulum
revealed more confined regions of association in the poste-
rior and anterior part of the cingulum.

In the patients only, linear regression analysis was
employed to assess the contribution of GM and WM

Figure 2.

Voxel based morphometry revealed that gray matter (GM) vol-

umes in the posterior cingulate and in the left middle temporal

gyrus was reduced in Alzheimer’s disease patients compared to

those with amnestic mild cognitive impairment (p < 0.05, FWE

corrected across the whole brain). These regions of significantly

lower GM volume are shown in red-yellow (representing the t

value, ranging from 4.5 to 6.0), and superimposed onto a T1-

weighted template. The opposite contrast did not reveal any sig-

nificant difference (see text for further details).
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variables to global cognition as assessed by MMSE score.
In this model, MMSE score was entered as the dependent
variable, while GM densities from all considered clusters
(ACC/SFG; PCC/precuneus; hippocampal/parahippocam-
pal areas) and FA, MD, and JD from the cinguli were
entered as predictors. The best model (F ¼ 19.39; p <
0.001) was the one including only the mean MD from the
cinguli (b ¼ �0.31, p ¼ 0.005) and the GM density from
the PCC/precuneus (b ¼ 0.41, p < 0.001). In a second lin-
ear regression analysis (including the same independent
variables) to predict the Delayed Recall of Rey’s word list
scores (dependent variable assessing episodic memory),
the best model (F ¼ 17.32; p < 0.001) was the one includ-
ing the GM density in the hippocampal/parahippocampal
areas (b ¼ 0.23; p ¼ 0.06) and MD from the cinguli (b ¼
�0.49; p < 0.001).

DISCUSSION

This study investigates in vivo the progression of brain
damage from the medial temporal lobes to other structur-

ally connected areas of the brain of patients with AD at
different clinical stages. Due to the cross-sectional design
of this study, to have a full representation of the spectrum
ranging from healthy aging to fully developed dementia,
we included patients with a-MCI. We considered a-MCI as
a ‘‘prodromal’’ AD stage as suggested by other authors
[Petersen, 2004]. Although we cannot be sure that all
recruited a-MCI patients will convert to AD in a short
time, this concept is supported by evidence of progression
in cognitive impairment in a large proportion of a-MCI
patients at 1 year follow-up.

The cingulum is the most prominent WM tract of the
limbic system, being directly connected to medial temporal
lobe structures. According to gross pathology studies, the
degenerative processes occurring in AD are initially well
localized to the entorhinal cortex/hippocampus, and then
progressively extend to other neocortical regions [Braak
and Braak, 1995; Gomez-Isla et al., 1996]. In this continu-
ous transitional process between normal aging and demen-
tia, a-MCI represents the earliest stage of AD that can be
detected by clinical instruments. The further accumulation

Figure 3.

Box-plots showing mean and percentile distributions of the frac-

tional anisotropy (FA), mean diffusivity (MD), and Jacobian deter-

minants (JD) values in the cingulate bundles of patients with

Alzheimer’s disease (AD) and amnestic mild cognitive impair-

ment (a-MCI), and healthy controls. The boundaries of the

boxes represent the 25th and the 75th percentiles; the upper

and lower bars represent the smallest and largest observations.

FA values were significantly lower in AD patients as compared

to HS. MD values were significantly different across all groups,

with a progressive increasing from HS to a-MCI, to AD patients.

JD were significantly lower in AD patients as compared to HS,

in the absence of other group differences (see text for further

details).
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Figure 4.

Results of between group voxel-wise comparisons of mean diffu-

sivity (MD), fractional anisotropy (FA), and Jacobian determi-

nants (JD) as measured from the cingulum bundles. Patients with

Alzheimer’s disease (AD) showed widespread areas of reduced

FA and increased MD with respect to healthy subjects (HS) (left

column). A region of significant reduction of JD (macroscopic at-

rophy) was also present in the posterior part of the right cingu-

lum of AD patients compared to HS (left column). Patients with

amnestic mild cognitive impairment (a-MCI) compared to HS

showed a few regions of reduced FA and a diffuse increase of

MD, in the absence of any significant JD difference (middle col-

umn). Finally, AD compared to a-MCI patients showed several

regions of increased MD, in the absence of any significant FA

change and in the presence of a small region of reduced JD in

the posterior part of the left cingulum (right column; see text

for further details).

TABLE III. Mean GM density of hippocampi, precuneus, and anterior cingulate gyrus, and mean

FA and MD of the cingulum bundle

HS
a-MCI
patients AD patients

GM density of the left hippocampal/
parahippocampal areas MNI
coord: (�22, �12, �16)

0.53 � 0.05 0.50 � 0.06 0.42 � 0.08

GM density of the right hippocampal/
parahippocampal areas MNI coord: (16, �10, �16)

0.50 � 0.05 0.47 � 0.05 0.40 � 0.07

GM density of the precuneus MNI
coord: (0, �54, 40)

0.49 � 0.08 0.49 � 0.08 0.38 � 0.05

GM density of the ACC/SFG MNI coord: (�2, 52, �8) 0.40 � 0.08 0.38 � 0.05 0.31 � 0.06
FA of cinguli 0.26 � 0.02 0.24 � 0.02 0.23 � 0.02
MD of cinguli mm2 s�1 � 10�3 0.96 � 0.06 1.04 � 0.10 1.12 � 0.08
JD of cinguli 1.03 � 0.08 1.01 � 0.08 0.97 � 0.08

AD, Alzheimer’s disease; a-MCI, amnestic-mild cognitive involvement; HS, healthy subjects; ACC, anterior cingulated cortex; SFG, supe-
rior frontal gyrus; FA, fractional anisotropy; GM, gray matter; MD, mean diffusivity.
GM density was extracted from four clusters located in the posterior and anterior cingulate cortex, and in the right and left hippocam-
pal/parhahippocampal areas. These clusters were obtained by whole brain comparison between patients with AD and HS, at a statisti-
cal thereshold of pFWEcorrected < 0.05. In the case of the hippocampal/parhahippocampal regions, the table reports the average value
between right and left side (see text for further details).
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of cognitive deficits, until conversion to dementia, is prob-
ably due to several pathophysiological mechanisms that
are concomitantly present in AD brains. A progressive dis-
semination of AD pathology across the brain, with conse-
quent GM loss, is certainly one of the most relevant
mechanisms. However, several higher-level functions are
known to rely on cooperation of brain areas anatomically
located far from each other [Grecius et al., 2003; Raichle
et al., 2007], and structural brain disconnection (by deaffer-
entation mechanism) is believed to be critically associated
with the clinical manifestations of AD [Gili et al., 2010].
Previous studies have extensively demonstrated the pres-
ence of widespread GM atrophy in patients with AD [Boz-
zali et al., 2006; Chételat et al., 2005; Serra et al., 2010a], as
well as a selective damage to the cingulum [Catheline
et al., 2008; Choo et al., 2010; Fellgiebel et al., 2005; Villain
et al. 2008, 2010; Xie et al., 2005; Zhang et al., 2007].
DT-MRI (and DT-based tractography) represents the most
suitable approach to investigate well defined WM tracts
such as the cingulate bundle. There are many published
DT-MRI studies [e.g., Catheline et al., 2008; Choo et al.,
2010; Fellgiebel et al., 2005; Villain et al., 2008; Xie et al.,
2005; Zhang et al., 2007] that have clarified the critical
involvement of cingulum in AD. Measures of microscopic
WM damage have been found to correlate with measures
of cognitive impairment [Xie et al., 2005]. The originality
of our work lies in the set up of a voxel-wise approach
able to assess microscopic damage, by means of FA and
MD, and local atrophy, by means of JD.

Against this background, we aimed to investigate the
relationship between these two pathophysiological proc-
esses of AD pathology, namely regional GM atrophy and

structural disconnection (by deafferentation mechanism).
First, using VBM, we replicated previous findings, show-
ing a widespread GM atrophy in AD patients (Fig. 1), and
a more restricted GM involvement in patients with a-MCI
[Bozzali et al., 2006; Chételat et al., 2005; Serra et al.,
2010a], which did not survive correction for multiple com-
parisons. As previously demonstrated [Bozzali et al.,
2006], GM volumetrics in MCI patients (a heterogeneous
condition) can be similar to either that of HS or that of AD
patients according to their staging between normal aging
and dementia. Our VBM findings indicate that our MCI
patients were, on average, at early clinical stages. With
respect to GM atrophy in regions anatomically close to the
cingulum, we found four main localizations (left and right
hippocampal/parahippocampal regions, PCC/precuneus,
and ACC/SFG), which resulted atrophic in AD from the
whole brain contrast ‘‘AD patients vs. HS’’ (Fig. 1). How-
ever, DT-MRI tractography of the cingulum revealed the
following findings: (1) widespread FA reductions and MD
increases in patients with AD compared to HS, in the pres-
ence of less extensive areas of macroscopic WM atrophy
(Figs. 3 and 4); (2) diffuse MD and more restricted FA
changes in a-MCI patients as compared to HS in the ab-
sence of any macroscopic WM atrophy (Figs. 3 and 4); (3)
extensive associations between FA and MD across the
cingulum and GM density in the hippocampal/parahippo-
campal regions, in the PCC/precuneus and in the ACC/
SFG (Fig. 5); and finally 4) associations between GM den-
sity of these areas and JD (macroscopic atrophy) in more
restricted regions of the posterior and anterior parts of the
cinguli (Fig. 5). Several authors have suggested that a pro-
gressive loss of neuronal efferents from the medial

Figure 5.

Results of the voxelwise analysis of correlation (including all subjects) between mean diffusivity

(MD), fractional anisotropy (FA) and Jacobian determinant (JD) in the cingulum bundles and the

mean values of GM density in the left and right hippocampal/parahippocampal areas, in the poste-

rior cingulate/precuneus, and in the anterior cingulate cortex. These measures of local GM den-

sity and WM integrity were all strongly correlated to each other (see text for further details).
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temporal lobe structures strongly contributes in affecting
posterior brain regions per se in AD [Buckner, 2004], as
well as more widespread neuronal networks relevant for
cognition [Sorg et al., 2007]. Consistently, the microscopic
and macroscopic changes we found in the cinguli might
reflect a degeneration of the WM tract secondary to GM
loss in medial temporal lobe structures. Interestingly, the
progressive damage of the cingulum seems to parallel the
increasing cognitive decline between patients with a-MCI
and patients with AD, with a macroscopic WM atrophy
being present only at the stage of AD. Pathological proc-
esses that may reduce FA and increase MD include a
decrease in axonal number and/or density, a reduction of
axonal myelination, and, in the former case, a decreased
coherence of the fiber tracts. At this stage, we cannot as-
certain the specific pathophysiological substrate of these
changes. However, according to our results, we can
hypothesize that degeneration of GM in medial temporal
lobe structures may result in macroscopic atrophy of the
cingulum only at more advanced stages of AD pathology.

The posterior-anterior hypothesis of progression of AD
pathology mainly rises from Braak and Braak staging
[Braak and Braak, 1991] and progressive accumulation of
cognitive disabilities from memory deficits to impairment
of other domains. As already mentioned, although this
evolution is consistent with the spread of neurofibrillary
tangles, it is less supported by the anatomical distribution
of b-amyloid [Chételat at al., 2010]. It is therefore possible
that two different pathways take place concomitantly in
AD brains. Our current study, as well as other [Catheline
et al., 2008; Choo et al., 2010; Fellgiebel et al., 2005; Villain
et al., 2008; Xie et al., 2005; Zhang et al., 2007] are based
on a cross-sectional design, which make any interpretation
in terms of ‘‘causality’’ of events only speculative. A recent
longitudinal investigation [Villain et al., 2010], which com-
bined metabolic and volumetric data, indicates that hippo-
campal atrophy in amnestic MCI patients is related to
subsequent disruption of the cingulum and the uncinate
fasciculus. Consistent with the posterior-anterior hypothe-
sis of progression of tissue damage at different AD stages,
we found the MD values of the cingulum to better predict
patients’ episodic memory dysfunction when associated to
GM atrophy of the hippocampal/parahippocampal areas.
Conversely, the MMSE score, which is a measure of global
cognition, was better predicted by MD from the cinguli in
association with GM density from the PCC/precuneus.
These data are in agreement with previous PET studies in
patients with AD, showing a reduction in resting glucose
metabolism in medial temporal lobe regions and PCC as
the most common functional AD abnormalities [Mosconi,
2005]. In the same perspective, other authors have shown
how the resting glucose metabolism in retrosplenial cortex
is strictly correlated with memory recall performance in
AD patients [Desgranges et al., 2002]. Finally, using resting
state functional MRI (fMRI) in association with VBM, it
has been recently reported that functional disconnection in
the PCC precedes the occurrence of local atrophy when

comparing patients with AD against those with a-MCI
[Gili et al., 2010]. In this perspective, our current findings
support the idea that GM loss in the PCC, probably due to
deafferentation from medial temporal lobes, is critical for
conversion from a-MCI to AD. Further, this study, combin-
ing information of regional GM damage and structural
brain disconnection (by deafferentation mechanism) at dif-
ferent AD stages, provides a link to combine the patholog-
ical knowledge of AD progression with brain volumetrics
and functional imaging data. It should be noted that, in
contrast with our findings, other authors have reported
the presence of atrophy in the PCC of patients with MCI
[Choo et al., 2010; Pengas et al., 2010]. This inconsistency
across studies may be due to several reasons. First, the
population of patients with MCI is known to be quite het-
erogeneous. Including small groups of patients, it is possi-
ble that subjects, who are indistinguishable from each
other on a clinical/neuropshychological basis, are indeed
at different transitional stages of AD progression, at least
in terms of regional GM loss [Bozzali et al., 2006]. More-
over, as it is the case for the current study, full informa-
tion about the conversion to AD is not available for all
MCI patients, and a part of them might not convert to AD,
or at least, not in a short time. Finally, the use of different
image analysis methods may account for different results.
Volumetric measures based on manual definition of ana-
tomical structures [Choo et al., 2010; Pengas et al., 2010]
are known to be more sensitive, but less reproducible than
those based on voxel-wise analyses [for a review, see Boz-
zali et al., 2008]. In a longitudinal study based on serial
fluid registrations of images, Scahill and co-workers,
described the PCC and hippocampus as areas of acceler-
ated atrophy across AD evolution, since the presympto-
matic stages of the disease [Scahill et al., 2002]. A direct
comparison between longitudinal [Schaill et al., 2002] and
cross-sectional data analyses (this work) is not feasible for
obvious reasons. However, the two approaches seem to
consistently remark the critical role of the anatomical sys-
tem ‘‘hippocampus-PCC’’ in accounting for the clinical
evolution of AD.

Among all regions of GM atrophy close to the cingulum,
we also found a more anterior cluster which was located
in the ACC/SFG. GM density in this location was strictly
associated with MD and FA values from the cinguli,
although it did not contribute in predicting either meas-
ures of episodic memory or measures of global cognition
of patients. Moreover, GM density in this area was signifi-
cantly reduced in patients with AD but not in those with
a-MCI, indicating that this anterior GM loss is prominent
at more advanced stages of the disease.

Despite these correlations between WM damage and
GM atrophy, we cannot ascertain whether local degenera-
tion in medial frontal regions is totally due to disconnec-
tion (by deafferentation mechanism) through the
cingulum, or it may be the result of an independent and
concomitant process. Future studies are needed to further
clarify this issue.
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From our analysis of the cingulum, it clearly appears
that MD is more sensitive than FA in discriminating
between a-MCI patients and both, HC and patients with
AD. As mentioned above, we can only speculate about the
underlying pathological changes that result in modifica-
tions of these DT-derived measures. We hypothesize that,
following neuronal death in the medial temporal lobe
structures, demyelination of residual axons in the cingu-
lum might represent the first step of WM degeneration,
resulting in an increase of water molecule mobility in all
directions (increased MD), while preserving a preferential
diffusion direction along axons (undetectable changes in
FA). At more advanced stages, a combination of axonal
loss/degeneration and gliosis might lead to changes of
both, MD and FA.

This study has several limitations. As already mentioned
above, some of the recruited patients with a-MCI still lack
of a long-term follow-up. It is possible that al least a part
of them will not develop AD in a short time, thus intro-
ducing a potential bias in our longitudinal analysis, based
on the assumption that all our MCI patients are at a pro-
dromal stage of AD. Another limitation, introducing a
potential bias in our analysis, is the difference in group
size between a-MCI and AD patients, which might have
affected the statistical power. As already mentioned above,
these limitations might account for some inconsistencies
between previous studies and this work.

In conclusion, this study suggests that the involvement of
PCC/precuneus, as well as that of the ACC/SFG, can be, at
least partially, explained by structural disconnection (by
deafferentation mechanism), and that the cingulum plays a
relevant role in explaining both, the spread of disease from
the medial temporal lobe to the rest of the brain, and the
progressive development of cognitive impairment in AD.
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Drzezga A, Förstl H, Kurz A, Zimmer C, Wohlschläger AM
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