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Abstract

Assuming selective vulnerability of short association U-fibers in early Alzheimer’s disease (AD), we quantified demyelination of the
surface white matter (dSWM) with magnetization transfer ratio (MTR) in 15 patients (Clinical Dementia Rating Scale [CDR] 0.5–1;
Functional Assessment Staging [FAST]: 3–4) compared with 15 controls. MTRs were computed for 39 areas in each hemisphere. We found
a bilateral MTR decrease in the temporal, cingulate, parietal, and prefrontal areas. With linear discriminant analysis, we successfully
classified all the participants with 3 variates including the cuneus, parahippocampal, and superior temporal regions of the left hemisphere.
The pattern of dSWM changed with the age of AD onset. In early onset patients, we found bilateral posterior demyelination spreading to
the temporal areas in the left hemisphere. The late onset patients showed a distributed bilateral pattern with the temporal and cingulate areas
strongly affected. A correlation with Mini Mental State Examination (MMSE), Lexis, and memory tests revealed the dSWM impact on
cognition. A specific landscape of dSWM in early AD shows the potential of MTR imaging as an in vivo biomarker superior to currently
used techniques.
© 2012 Elsevier Inc. All rights reserved.
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1. Introduction

Alzheimer’s disease (AD) is an exclusively human dis-
ease, which prompts one to consider the human-specific
features of brain organization as important risk factors. In
comparison with other higher primates, which do not suffer
from AD-like pathology, humans have significantly greater
white matter (WM) volume (Bartzokis, 2004; Semendeferi
et al., 2002). The myelin sheaths of axons facilitate the
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functions of a big size brain by speeding up and coordinat-
ing long distance signal transmission (Kimura and Itami,
2009) and by stabilizing the experience-dependent modifi-
cations of cortical networks (Fields, 2005). Hence the WM
is an integral part of distributed cortical networks imple-
menting memory, learning, and other cognitive functions
affected by AD.

It has been noticed that AD progression inversely mirrors
myelogenesis: the last areas to mature are the first to be
damaged (Bartzokis, 2004; Braak and Braak, 1996;
O’Sullivan et al., 2001; Stricker et al., 2009). In particular,
conventional AD markers, beta-amyloid and tau protein
fragments, are first found in the late-myelinating medial
temporal and association cortices (Braak and Braak, 1996).
Among the neuronal types, this pathology involves pyrami-

dal neurons (Braak et al., 2006). Especially susceptible are
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pyramids in Layers III and V with protracted and incom-
plete myelination of their axons (Bussière et al., 2003;
Morrison and Hof, 2007; Vogt et al., 1998). Such axons
form the so-called association or U-fibers in the superficial
white matter (SWM).

U-fibers leave the cortex and follow its folding within the
underlying thin layer of the SWM. At a distance of up to 30
mm they re-enter the cortex, connecting adjacent gyri in this
way (Schuz and Braitenberg, 2002). According to postmor-
tem anatomical and in vivo magnetic resonance imaging
(MRI)-based studies, U-fibers constitute the terminal zone
of myelination and are incompletely myelinated until the
third or fourth decade of life (Kinney et al., 1988; Parazzini
et al., 2002; Yakovlev and Lecours, 1967). Therefore, in the
cortical areas most vulnerable to AD, U-fibers seem to be
the most vulnerable type of connections, yet, until now,
these short association fibers have not been characterized in
AD.

The MRI-based literature either considers the SWM to-
gether with the deep WM or only the latter compartment.
Predominantly, magnetization transfer imaging (MTI) and
diffusion weighted/tensor imaging (DWI/DTI) are used.
The across-methods consensus is that the reduced WM
integrity is typical for AD. In particular, the MTI studies
reveal widespread WM damage (Bozzali et al., 2001; Van
Es et al., 2007), especially prominent in the temporal lobe
(Kabani et al., 2002; Van der Flier et al., 2002), while the
DTI studies report damage throughout the deep WM struc-
tures including the posterior corpus callosum and the cin-
gulum (Liu et al., 2009; Medina et al., 2006; Rose et al.,
2008; Stahl et al., 2007; Stricker et al., 2009; for review see
Thompson et al., 2007). The WM degradation is often
correlated with cognitive decline (Huang and Auchus, 2007;
Kavcic et al., 2008; Nakata et al., 2009).

We have chosen MTI for the SWM characterization. It
estimates the efficiency of the magnetization exchange in
biological tissues between a pool of free protons in intra-
and extracellular water and a pool of protons bound to
macromolecules. Because lipid bilayers strongly bind pro-
tons, the extent, concentration, and integrity of myelin
membranes are the most important contributors to the mag-
netization transfer effect (Rovaris et al., 2003; Van Buchem
et al., 1996; Van Waesberghe et al., 1998). In other words,
MTI provides the myelin-based contrast independently from
the spatial organization of white matter fibers. Being rela-
tively short, the U-fibers allow the SWM mapping at a fine
Brodmann-like scale. Considering that it is a typical spatial
distribution of biomarkers rather than their specificity per se
that points to the AD diagnosis, only an entire pattern of the
SWM demyelination would serve as an in vivo marker of
AD. Thus, for the SWM with its complex organization of
fibers, MTI is the method of choice, because it does not
depend upon fiber orientation and preserves accuracy

throughout the whole brain.
We hypothesized that the SWM, predominantly com-
posed of U-fibers, is selectively susceptible to the demyeli-
nation due to AD-related pathological processes. Further-
more, its damage should impact cognitive deterioration in
AD patients. Imaging the SWM demyelination would pro-
vide an AD-specific spatial pattern at a fine scale sufficient
for new insights into the role of demyelination in AD and
for subsequent clinical applications.

2. Methods

2.1. Patients and control subjects

This study is based on the MTI data of 15 newly diag-
nosed AD patients from a larger sample in which the to-
pography of functional cortical connectivity was studied
(Knyazeva et al., 2010). The patients were recruited from
the Memory Clinic of the Neurology Department, Centre
Hospitalier Universitaire Vaudois (CHUV), Lausanne,
Switzerland. Screening and assignment of diagnosis re-
sulted from a multidisciplinary discussion of the cases be-
tween 2 senior neuropsychologists with 10 years of experi-
ence in a memory clinic, who tested both the patients and
controls, a senior geriatrician, and a specialized Harvard
Medical School trained senior neurologist (JG) with 25
years of experience in a memory clinic. To reach a diag-
nostic consensus, the team reviewed together all the clinical
and radiological features. The severity and duration of dis-
ease were estimated from the heteroanamnesis provided by
the caregiver. The Clinical Dementia Rating Scale (CDR)
assessment form was filled out by the CDR certified senior
neurologist (JG).

The AD group included 6 women and 9 men (Table 1).
Fifteen control subjects (9 women and 6 men) were volun-
teers (mostly partners, caregivers, or family members of the

Table 1
Demographic and neuropsychologic characteristics of AD patients and
control subjects

Characteristic Patients Control subjects p

Number of subjects 15 15
Gender 6 W/9 M 9 W/6 M
Age 67.93 � 10.55 64.47 � 11.51 0.40
Education 11.33 � 3.39 13.27 � 3.43 0.15
MMSE 21.47 � 4.03 28.87 � 1.13 0.001
Disease duration (years) 4.4 � 2.23 — —
CDR 0.80 � 0.25 — —
FAST 3.93 � 0.28 — —
Mattis 112.64 � 9.83 — —
Mattis memory test 15.53 � 4.27 — —
Grober and Buschke test 8.45 � 4.52 — —
Baddeley’s shape test 4.14 � 3.86 — —
Lexis 45.21 � 9.65 — —

The second and third columns present group characteristics, mean � SD.
The fourth column presents p values for the statistical significance of the
between group differences estimated by Mann-Whitney Wilcoxon test.
Key: AD, Alzheimer’s disease; CDR, Clinical Dementia Rating; FAST,
Functional Assessment Staging; M, men; MMSE, Mini Mental State Ex-

amination; W, women.
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patients). The patient and control groups differed neither in
age nor in their level of education. All but 1 participant in
both groups were right-handed. All the patients, caregivers,
and control subjects gave written informed consent. All the
applied procedures conform to the Declaration of Helsinki
(1964) by the World Medical Association concerning hu-
man experimentation and were approved by the local Ethics
Committee of Lausanne University.

The clinical diagnosis of probable AD was made accord-
ing to the National Institute of Neurological and Commu-
nicative Disorders and Stroke and the Alzheimer’s Disease
and Related Disorders Association (NINCDS-ADRDA) cri-
teria (McKhann et al., 1984), allowing a certainty of about
85% in the diagnosis. Cognitive functions were assessed
with the Mini Mental State Examination (MMSE; Folstein
et al., 1975) and with a detailed standardized neuropsycho-
logical assessment scale carried out by the Groupe de Ré-
flexion sur les Evaluations Cognitives (GRECO) group for
the French speaking population (Puel and Hugonot-Diener,
1996). To improve compatibility across studies, the stage of
dementia was determined both according to the Functional
Assessment Staging (FAST; Sclan and Reisberg, 1992) and
to the Clinical Dementia Rating Scale (CDR; Morris, 1993).
For this analysis we selected patients with mild dementia
(FAST 3–4 and CDR 0.5–1). Additionally to the basic
neuropsychological assessment, the severity of memory
deficits considered to be typical early symptoms of AD was
examined by means of the Mattis Dementia Rating Scale
(Mattis, 1976). Episodic verbal memory was evaluated us-
ing the 16-item test by Grober and Buschke (Grober and
Buschke, 1987). Episodic nonverbal memory was assessed
through the shape test from the “Doors and People” test
(Baddeley et al., 1994). Access to semantic knowledge was
tested by means of naming pictures of a series of 64 pictures
(Lexis test; DePartz et al., 2001).

Complete laboratory analyses and diagnostic neuroimag-
ing (computerized tomography [CT] or MRI) were per-
formed in order to rule out cognitive dysfunctions related to
causes other than AD. In particular, the exclusion criteria
were severe physical illness, psychiatric or neurological
disorders associated with potential cognitive dysfunction,
other dementia conditions (frontotemporal dementia, de-
mentia associated with Parkinsonism, Lewy Body disease,
pure vascular or prion dementia, etc.), alcohol/drug abuse,
regular use of neuroleptics, antidepressants with anticholin-
ergic action, benzodiazepines, stimulants, or �-blockers,
nd stages of AD beyond CDR 0.5–1.

We estimated the duration of the disease as the time in
ears between the onset of the recent episodic memory
ymptoms reported by the patient or relatives and the date of
he neuropsychological examination, as recommended in
he American Academy of Neurology (AAN) Practice
andbook (1994. Practice parameter for diagnosis and eval-
ation of dementia. (summary statement) Report of the

uality Standards Subcommittee of the American Academy n
f Neurology. Neurology 44, 2203–2206). Control subjects
nderwent a brief clinical interview and the MMSE, to
onfirm the absence of cognitive deficits, of the use of
sychoactive drugs, and of diseases that may interfere with
ognitive functions. Only individuals with no cognitive
omplaints and a score �28 for a high and �26 for a low
evel of education were accepted as controls. All control
ubjects underwent a brain MRI.

.2. MTI protocol

All patients and controls were scanned in a 3 Tesla
hilips Achieva scanner (Philips, Best, the Netherlands).
he protocol included a sagittal T1-weighted 3D gradient-
cho sequence (magnetization-prepared rapid acquisition
radient echo [MPRAGE], 160 slices, 1 mm isotropic vox-
ls) as a basis for segmentation. MTI was performed by
unning a gradient echo sequence (flip angle [FA] 20, time
o echo [TE] 10, matrix size 192 � 192, pixel size 1.3 � 1.3
m, 52 slices [thickness 2.5 mm]) twice, first with and then
ithout a magnetization transfer (MT) saturation pulse. The
T weighting was obtained by using a radio frequency

repulse to partially saturate the immobile protons bound to
acromolecules, which present a broad absorption spec-

rum compared with the free water protons. The saturation
f the macromolecular protons indirectly causes a decrease
f the magnetization of the mobile protons by magnetization
ransfer. When an on-resonance excitation pulse is applied
fter an off-resonance pulse, the received magnetic reso-
ance (MR) signal is lower than without that prepulse. The
yelin, consisting in a lipid bilayer, in which protons are

mbedded and surrounded by a limited extracellular space
ontaining water and plasma derivatives, makes WM highly
usceptible to the MT effect since the large number of
acromolecular bound protons enables a high cross-relax-

tion rate with mobile water protons. We used a Gaussian
T prepulse with a duration of 7.68 ms, FA 500, and with
frequency offset of 1.5 kHz. The entire protocol lasted 22
inutes.

.3. MTI metric

MT acquisitions were coregistered on the high resolution
1 acquisition. For every intracranial voxel (spatial resolu-

ion �4 mm3), we calculated the magnetization transfer
atio (MTR) as follows:

MTR � �M0 � Ms� ⁄ M0 � 100%,

where MS represents the intensity of the signal in a voxel
with saturation, M0 without saturation. The ratio indicates
he percentage loss of signal intensity attributable to the MT
ffect. Because this effect is mainly dependent on myelin
oncentration (Stanisz et al., 1999), a decrease in MTR
alues is considered to be a sign of demyelination and/or a
oss of axons. In this study we have chosen region of interest
ROI)-based mean MTR values as an estimator of demyeli-

ation. This parameter was preferred to the often used and
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more sensitive MTR peak height or location because of the
relatively fine scale of measurements required here by Brod-
mann-like mapping. We analyzed ROIs within the wide
range between 364 and 6234 voxels, i.e., including quite
small volumes. For minor volumes, significant variations of
the peak height and position have been shown among and
within subjects (Sormani et al., 2000). Therefore, by using
the average MTR value, we sacrificed sensitivity for the
sake of reliability of the results as is done in lesion studies
with similar ROI volumes (Cercignani et al., 2001; Tjoa et
al., 2008). In order to minimize the effect of noise, cerebral
spinal fluid, and of partial volume (Bosma et al., 2000), only
voxels with MTR �10% were included in the analysis.
Image processing was performed using SPM8 (Wellcome
Trust Centre for Neuroimaging, UCL Institute of Neurol-
ogy, London, UK; http://www.fil.ion.ucl.ac.uk/spm/) and ad
hoc routines developed in the MATLAB 7.1 environment
(The MathWorks, Inc.; http://www.mathworks.in).

2.4. Segmentation of white and gray matter

For each subject, the high-resolution anatomical T1 im-
ages of the brain were segmented using a cluster analysis
(SPM8) (Ashburner and Friston, 2000). The procedure is
based on the between-voxel intensity differences and prior
knowledge of the spatial distribution of tissues in the normal
brain. The outcomes of this procedure are the probability
maps of the gray matter (GM), of the WM, and of the

Fig. 1. Region of interest (ROI) selection and parcellation of hemisphere. In
Neurological Institute [MNI] coordinate system) is shown. The externa
thresholding the WM probability map at p � 0.95. The internal white line r
these 2 lines was considered for parcellation into ROIs and for calculatio
Brodmann areas (BAs) are shown in different colors together with their sup
of the final parcellation of the hemispheres is shown on a surface represent

lobe are designated with different nuances of the same color.
cerebrospinal fluid in the T1 native space, and parameters of
the affine normalization procedure estimated to fit each
subject’s morphology to the Montreal Neurological Institute
(MNI) template.

The selection of a target layer of WM for further analysis
was performed in 3 steps (Fig. 1). First, from the WM
probability map we identified the entire WM volume by
thresholding the map at p � 0.95. The selected high level of
significance allowed us to minimize the partial volume
effect in the selected voxels. Second, the thus-defined WM
mask was submitted to an iterative erosion process ending at
a depth of 3 mm from the GM/WM boundary. Third, we
selected subcortical WM by subtracting the eroded volume
from the original WM mask (white contours in Fig. 1A).
These steps were performed by in-house-made routines in
Matlab language. Similarly, the mask for the GM was ob-
tained by thresholding the corresponding probability map at
p � 0.95.

2.5. Parcellation of hemispheres

Because the AD process inversely mirrors myelogenesis
and because of the similarity between cytoarchitectonic and
myelogenetic maps, the Brodmann’s scale was an optimal
choice for mapping demyelination. Each hemisphere was
divided into 39 ROIs mainly corresponding to Brodmann
areas (Table S1). They were automatically defined with a
standard spatially normalized data set of anatomical land-

t panel (A), the transversal slice at Z � 24 mm (according to the Montreal
contour represents the white matter (WM) mask as calculated when

ts the outcome of the erosion process of 3 mm in depth. The WM between
e mean magnetization transfer ratio (MTR) values. The selected cortical
white matter (SWM) ROIs in red. In the right panel (B), the representation
boundary between gray matter (GM) and WM. Different BAs within each
the lef
l white
epresen
n of th
erficial
ing the
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marks using the Brodmann Atlas in the MNI space (WFU
PickAtlas toolbox for SPM; ANSIR Laboratory, WFU
School of Medicine Medical Center Winston-Salem, NC)
(Maldjian et al., 2003). To adapt these ROIs to the single
subject’s morphology, they were exported to the subject’s
native space by inverting the normalization parameters ob-
tained during the segmentation process. Then each ROI was
submitted to a growth process in order to intersect the
3-mm-thick layer of the WM and applied to the coregistered
MTR images. Each voxel of the WM layer was assigned to
the closest ROI defined by the Brodmann areas (BAs). The
quality of parcellation was visually inspected for each in-
dividual subject and statistically estimated for the group
data. The distribution of the number of voxels across the
ROIs (nonparametric Komogorov-Smirnov test, p � 0.1) as

ell as the mean number of voxels in each ROI (t test, p �
.3) did not differ between the patients and controls. For
tatistical analysis we calculated the mean MTR value for
ach ROI of each subject.

.6. Statistical analysis

Statistical analysis included, first, testing the differences
etween the ROI-based MTR mean values of patients and
ontrols with a 2-sample t test, Bonferroni-corrected for the
umber of areas in each hemisphere at p � 0.05. For each
OI we also computed the effect size (d) by dividing the
ean MTR difference between controls and patients by the

ommon standard deviation of the 2 populations (Cohen,
988). To link the individual MTI data to the clinical pic-
ure, we performed correlation analysis. In particular, pa-
ients’ individual scores on MMSE, memory scales, and
stimated duration of the disease served as predictors, and
he regional MTR mean value as an outcome. We controlled
he effect of age by introducing it as a nuisance variable in
ach correlation model. We considered the Pearson corre-
ation coefficient (r) significant at p � 0.01.

The results of statistical analysis for 78 ROIs were ex-
orted into a 3D map defined by the MNI standard stereo-
axic space (Fig. 1B). To display demyelination of each BA,
e used a scale defined by the corresponding t values from

tatistical tests performed on the MTR values in the patients
ersus controls contrast or in the correlation analysis of the
atient group. These results were displayed with the Caret
oftware (brainmap.wustl.edu/caret) on a mesh representing
he surface of GM-WM boundary of a standard MNI brain.

.7. Linear discriminant analysis (LDA)

A logistic regression model was used to investigate the
inimum number of regional mean MTR values sufficient

o reliably discriminate patients from control subjects. Mul-
ivariate classification methods typically consist of 3 main
tages: feature extraction, feature dimensionality reduction,
nd feature-based classification with cross-validation. Fea-
ure extraction was described in the previous paragraphs. To

educe the initial number of extracted features (39 BA areas �
hemispheres), we used a variable ranking and a feed-
orward selection procedure. The ranking step was defined
y running a significant features test based on Fisher’s
riterion, a procedure that maximizes the separation be-
ween groups in a multidimensional feature-defined space
sing the ratio of the between-class variance to the within-
lass variance (Duda et al., 2001). It allowed us to rank the
TR values by optimizing the covariance matrix for sub-

equent feature classification based on the minimum num-
er of significant features. The number of predictors in-
luded in the linear discriminant analysis (LDA) was then
efined by including more and more variables starting from
single 1 with the highest loading and adding other vari-

bles in the order of decreasing loadings (stepwise feed-
orward procedure). The variable selection was stopped
fter the best discrimination power was achieved. The latter
as defined as the percentage of correct classifications re-

ulting from a leave-1-out validation procedure. It consists
n iteratively removing 1 subject from the data set, con-
tructing the predictor for the remaining data, and finally,
lassifying the removed subject.

. Results

.1. Regional MTR values: comparison between AD
atients and controls

In AD patients, we found a widespread decrease in re-
ional MTR values across the entire target volume exclud-
ng motor, premotor (BA 1–6), and right orbitofrontal (BA
1) areas (Fig. 2, Table S1). The most significant differ-
nces were found in the left hemisphere. They occurred in
he parahippocampal (BA 27, 28, 35, 36) and the posterior
ingulate, precuneus (BA 29–30), and cuneus regions. Sim-
lar MTR changes extended to the ventral cingulate area
BA 23), insula (BA 13, 43), the superior and middle tem-
oral areas (BA 41, 42, 22, 37), and to Broca’s area (BA 44,
5) (2-sample t-test, pcorrected � 0.005). The patients versus
ontrols difference for the inferior temporal (BA 20, 38),
refrontal and frontal (BA 8, 9, 46), and visual extrastriate
reas (BA 18, 19) was significant at pcorrected � 0.01. The

symmetric regions in the right hemisphere showed a similar
MTR pattern with a probability of a null hypothesis ranging
between 0.01 and 0.05. The parietal (BA 7, 39, 40) and
visual striate (BA 17) areas displayed a symmetrical de-
crease in both hemispheres at pcorrected � 0.05. The effect
size measured by Cohen’s d (Table S1) was large (d � 1)
for as many as 29 and 25 areas, and medium (0.76 � d �
0.99) for 10 and 14 areas in the left and right hemisphere,
respectively.

To address the issue of the neural basis of early versus
late onset AD, we divided the whole group of newly diag-
nosed AD patients into subgroups according to their age (8
patients younger than 66 [60.1 � 6.7], and 7 patients older
than 70 years of age [76.8 � 5.7]). The duration of the

disease did not differ between these subgroups (4.9 � 2.0

http://brainmap.wustl.edu/caret
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for early onset and 3.8 � 2.5 for late onset). In comparison
with controls, these subgroups showed clearly different pat-
terns of SWM demyelination (Fig. 3). In particular, in early
onset patients demyelinated areas (pcorrected � 0.05) mainly
ccupied posterior parts of the hemispheres including the
ilateral occipital (BA 17, 18, 19), left cuneus and posterior
ingulate (BA 23, 30), and inferior and posterior temporal
BA 21, 20, 37) areas. In addition, in the left hemisphere,

Fig. 2. Difference in regional myelination between Alzheimer’s disease
magnetization transfer ratio (MTR) values are shown. Each region of intere
They are thresholded at p � 0.05 corrected for multiple comparisons. Th

Fig. 3. Demyelination patterns in early- and late-onset Alzheimer’s disea

arly-onset (left panel, A) and late-onset (right panel, B) patients.
he reduced myelination extended anteriorly into the insular
ortex (BA 13), the Rolandic operculum (BA 43), and
roca’s area (BA 44).

The late onset patients showed a distributed pattern of
reas with reduced MTR values (pcorrected � 0.05). These

were the cuneus and cingulate (BA 23, 30, 31, 32), the
superior temporal (BA 22), the insula (BA 13, 43), and
frontal (BA 10, 44–45) regions bilaterally. They also in-

atients and elderly controls. The results of the 2-sample t test for mean
) has been tested separately and the results are displayed in a 3D rendering.
bar represents pcorrected values. See Table S1 for details.

). The results of the 2-sample t test (p � 0.05) are shown for the
(AD) p
st (ROI
se (AD
 corrected
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cluded the orbitofrontal (BA 11), the posterior temporal
(BA 37), and parietal lobule (BA 39–40) areas of the left
hemisphere. Both subgroups demonstrated predominant in-
volvement of the left hemisphere and, in particular, of the
left temporal lobe. Moreover, for the whole AD group we
found an inverse correlation between the duration of AD
and MTR values in the superior (BA 22, 41–42) and middle
(BA 21) temporal areas of the right hemisphere and in the
inferior temporal areas (BA 20, 37) of the left hemisphere
(p � 0.01, �0.42 � r � �0.53; Fig. 4). In other words, at
he early stage, the AD progression correlates with the
emyelination of SWM in the temporal lobe.

.2. Linear discriminant analysis

We ran Fisher’s ranking procedure for sorting the most
xplanatory features and reducing the dimensionality of the
ata separately for the 2 hemispheres (with 39 features in
ach 1) and then for the whole brain. In the left hemisphere,

Fig. 4. Progression of superficial white matter (SWM) demyelination with
duration of Alzheimer’s disease (AD). The results of correlation analysis
between regional magnetization transfer ratio (MTR) values and the esti-
mated duration of the disease are depicted. Blue color bar represents p
alues for inverse Pearson’s correlation coefficients at p � 0.05. The
nverse correlation means that the longer the duration, the lower the SWM
yelination in early AD. The scatter plot and regression line representing

ndividual MTR values as a function of the duration of disease is presented
or the Brodmann area (BA) 38 (r � �0.53).
he cuneus (within BA 19), entorhinal (BA 28), and superior t
emporal (BA 41) regions showed the highest loadings
4.73, 4.47, and 4.42, respectively). In the right hemisphere,
he BA 28 and 34 (parahippocampal region) and cuneus
urned out to be the best discriminating variables with load-
ngs 4.29, 3.34, and 3.86, respectively. The feed-forward
election of features showing the highest discriminating
oadings performed on the total number of areas gave the
ame results as for the left hemisphere alone (Fig. 5). The
lassification power increased from 66% (3 controls and 2
atients misclassified) with 1 input variable (left cuneus), to
0% (2 controls and 1 patient misclassified) with 2 inputs
left cuneus and parahippocampal region), and to a full
iscriminating power with 3 input variables (cuneus, para-
ippocampal region, and superior temporal region of the left
emisphere). The MTR abnormalities in AD patients were
pparently asymmetric. However, the assessment of the
nterhemispheric asymmetry is outside of the scope of this
eport and will be presented elsewhere.

.3. Regional MTR and the clinical picture in AD

To understand whether the demyelination of SWM con-
ributes to cognitive impairment in AD, we considered the
elationship between the state of mental health in AD pa-
ients and the severity of demyelination. To this end, first of
ll, we used a conventional metric for cognition — MMSE.
n our AD group we found widespread territories, where MTR
nd MMSE scores directly correlated, i.e., the more the my-
lination of SWM was affected, the lower were the individual
MSE ratings (Fig. 6). As can be seen from the image, these

reas include Broca’s area (BA 44, 45), the bilateral insular
egion (BA 13, 43), the left superior temporal lobe (BA 41,
2) extending to the temporoparietal region (BA 39, 40), the
uneus (within BA 19), the cingulate sulcus (BA 23, 24, 31,
2), and primary visual areas (BA 17) bilaterally (0.51 �
� 0.67 at p � 0.005).
The scores on the Mattis memory scale that summarizes

n entire set of different memory functions were associated
ith MTR values (Fig. S1) in the right hemisphere for the

uperior temporal (BA 22, 42) and frontal (BA 10, 45–47)
ortices. For these areas, the Pearson’s correlation coeffi-
ients (r) ranged between 0.41 (BA 10) and 0.47 (BA 45).
pisodic visual memory scores (Doors and People Test,
1/12) also correlated with MTR values mainly in the left
emisphere (Fig. S2). The region, where individual scores
ere linked to SWM demyelination, included the parieto-

emporal (BA 39, 40) and parahippocampal (BA 36) corti-
es. In the right hemisphere, correlations were limited to the
nsular cortex and prefrontal cortex (BA 46) at p � 0.01.
pisodic verbal memory, examined with the Grober and
uschke test (T1/16), correlated with MTR scores (Fig. S3)
redominantly in the left hemisphere, specifically in the
uperior parietal lobule (BA 5) and the parahippocampal
rea (BA 36). In the right hemisphere, only the superior
arietal lobule (BA 5) turned out to be involved. The rela-

ionship between the naming ability estimated with the



aration

428.e14 E. Fornari et al. / Neurobiology of Aging 33 (2012) 428.e7–428.e19
Lexis test and demyelination was significant for the superior
and middle temporal regions of the left hemisphere (BA 41,
42, 22) at p � 0.01 (Fig. S4).

4. Discussion

Here we report a widespread decrease of SWM myeli-
nation in early AD quantified with the MTI method. We
found a specific landscape of demyelination characterized
by the involvement of the cingulate, temporal, parietal, and
frontal association areas. Although the demyelination was
bilateral, the right hemisphere showed milder effects than
the left hemisphere. Importantly, linear discriminant analy-
sis achieved a full discriminating power — that is, correctly
classified all the participants on the basis of only 3 vari-
ables: the superior temporal, parahippocampal, and cuneus
regions of the left hemisphere. The pattern of demyelination
depended on the age of AD onset. In early onset patients, we
found bilateral posterior demyelination spreading to the
temporal areas in the left hemisphere. The late onset patients
showed a more distributed bilateral pattern with the tempo-
ral and cingulate regions strongly affected. A correlation
with MMSE and various memory tests pointed to a signif-
icant impact of the SWM demyelination on the general
mental state and on specific cognitive functions in AD
patients.

4.1. Demyelination of U-fibers in AD

The superficial white matter has not been systematically

Fig. 5. Results of linear discriminant analysis. (A) The Alzheimer’s diseas
linear combination of magnetization transfer ratio (MTR) values from cuneu
and BA 41 (the third variate, in green) of the left hemisphere. (B) The sca
stars) and patients (blue stars). The ellipsoids represent the 95% confidenc
within-group means of the predictors. The image demonstrates a clear sep
studied in the elderly population or AD patients. To our
knowledge, only 1 quantitative MRI report separately char-
acterized the deep WM and the layer of U-fibers in normal
middle-aged individuals (Wen and Sachdev, 2004). Accord-
ing to this study, the 4-mm-thick layer adjacent to the cortex
is virtually free of lesions in contrast to the deep WM that
shows widely dispersed lesions with the frontal and occip-
ital lobes being most affected. This difference was ac-
counted for by the pattern of vascularization of U-fibers,
which are supplied by both deep and cortical arteries. A
recently published DTI study of SWM predominantly char-
acterized radially oriented fibers (Oishi et al., 2009). How-
ever, such fibers mostly represent long range association
connections. They constitute only a small fraction of the
SWM: the number of U-fibers is 2 orders of magnitude
greater (Schuz and Braitenberg, 2002). Therefore, the im-
pact of U-fibers on the SWM is expected to be overwhelm-
ing and requires a special analysis. Because the MTI does
not depend upon the orientation of fibers within the SWM
compartment, this method predominantly quantifies U-fi-
bers.

Even a cursory examination of demyelination maps (Fig.
4) shows that the topography of SWM changes in AD is
compatible with the distribution of amyloid plaques (Bart-
zokis et al., 2007; Buckner et al., 2005; Frisoni et al., 2009;
Shin et al., 2008). However, in contrast with amyloid de-
posits, which are predominantly located in the convexity
association cortex (Buckner et al., 2005; Frisoni et al.,
2009), we have found the most pronounced SWM demyeli-

patients were distinguished from controls without misclassifications by a
rst variate, in violet), Brodmann area (BA) 28 (the second variate, in blue),

t shows the individual combinations of MTR values in the controls (black
als for the patients (yellow) and controls (red). They are centered on the
between the 2 groups (see the text for details).
e (AD)
s (the fi

tter plo
e interv
nation in the medial temporal areas, which makes its topog-
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raphy more similar to that of neurofibrillary tangles and
neuritic plaques (Nelson et al., 2009a; Shin et al., 2008).

The effect sizes (Table S1) suggest a certain temporal order
of the AD-related SWM demyelination that starts in the medial
temporal areas (dmean � 1.22) and consequently spreads out to
the association areas of the neocortex (dmean � 1.05), sparing
rimary sensory-motor and orbitofrontal cortices at a rela-
ively early (CDR 0.5–1) stage of the disease. This inter-
retation fits the known scenario, according to which AD
egins in the entorhinal cortex, then spreads to the other
edial temporal structures, and, finally, affects the convex-

ty association cortices (Braak and Braak, 1996). It also
grees with the observation that the AD extension over the
ortex inversely mirrors myelogenesis, as the temporal lobe,
nd, specifically, its basal and parahippocampal regions,
ave the most protracted cycle of myelination continuing
nto the fifth and even sixth decades of life (Bartzokis,
004), yet the large effect sizes in the association cortex
mply an early involvement of the convexital cortex in the

Fig. 6. Superficial white matter (SWM) demyelination correlates with
general mental state in Alzheimer’s disease (AD) patients. Correlation
maps based on Pearson’s correlation coefficients between individual Mini
Mental State Examination (MMSE) scores and magnetization transfer ratio
(MTR) values are shown. The color bar represents p values. The scatter
plot and regression line show individual MTR values as a function of the
MMSE score for the Brodmann area (BA) 41 in the left hemisphere (r �
0.67).
athological process. i
Surprisingly, in our patients, the most affected areas also
nclude the primary auditory area (BA 41) of the left hemi-
phere, which has the largest size effect. Moreover, together
ith the cuneus and parahippocampal regions, it perfectly
iscriminates AD patients from controls. In humans, the
rimary auditory areas are fully myelinated much later than
he other primary areas (Yakovlev and Lecours, 1967).
heir structural interhemispheric asymmetry is another im-
ortant feature (Chance et al., 2006; Penhune et al., 1996).
n the left hemisphere, the neuronal columns are wider and
paced further apart with the more myelinated connections
etween them (Seldon, 1981). Greater myelination and con-
ectivity of the left primary auditory cortex are thought to
nderlie its specialization for speech processing (Seldon,
981; Warrier et al., 2009). These very features might also
ncrease the susceptibility of this area to AD, yet highly
ariable morphology of this region in the human brain
Penhune et al., 1996 Puel et al., 1996) calls for cautious
nterpretation and replication of the measurements.

The landscape of SWM demyelination appeared to be
ensitive to the age of AD onset. In the early onset patients,
he parieto-occipital SWM is affected, while in the late
nset patients the damage is distributed across the temporal,
rontal, and parietal areas, but the occipital ones are spared.
he SWM of the medial cortex also reveals remarkable
ifferences: the cingulate is spared in early- and strongly
ffected in late-onset AD. Although the data should be
onsidered preliminary due to a small group size, such
opography of demyelination in our early-onset patients is
ompatible with the so-called posterior variant of AD. The
haracteristic neuroimaging findings for visual AD involve
ilateral posterior gray matter loss. The parietal, posterior
ingulate, and precuneus regions are frequently among the
ffected cortices (Frisoni et al., 2007; Ishii et al., 2005;
chmidtke et al., 2005). The pattern of SWM demyelination
ound here in the old patients is close to the distribution of
onventional AD biomarkers reported for late onset AD
Braak and Braak, 1996; Buckner et al., 2005; Frisoni et al.,
009; Shin et al., 2008).

In summary, the specific topography compatible with the
istribution of the histochemical markers, high discrimina-
ive power, and sensitivity to the age of onset tightly link the
emyelination of SWM to the AD pathological processes.
urthermore, the advanced level of demyelination in mild
D implies that the process emerges and develops for a

ong time in the prodromal phase and, therefore, might have
good prognostic potential for people with mild cognitive

mpairment or even for those without apparent cognitive
roblems.

.2. Demyelination of U-fibers and cognitive decline
n AD

An additional utility of the SWM demyelination evi-
ence is provided by its association with cognitive decline

n early AD. Indeed, despite being a hallmark of AD, neither
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the burden of amyloid plaques (Duyckaerts et al., 2009) nor
their removal (Holmes et al., 2008) correlates with cognitive
performance in patients. Furthermore, although neurofibril-
lary (tau) pathology appears to be related to the severity of
AD (for review see Duyckaerts et al., 2009; Nelson et al.,
2009b), this relationship is reported for samples which in-
clude a wide range of cases (from mild to advanced) esti-
mated on a relatively coarse scale (e.g., 5 levels of cognitive
performance for the CDR). Such across-stage correlations
acquire significance mainly due to the very high lesion
counts in severely demented patients, implying low resolu-
tion of the marker in question at a fine scale limited to early
stages of AD.

Recent reports show that the MR-based neuroimaging
markers of the WM integrity in AD can successfully com-
pete with the histochemical ones (Stebbins and Murphy,
2009). The DTI studies not only demonstrate that the
changes in fiber integrity correlate with the AD progression
to advanced stages (Nakata et al., 2009; Yoshiura et al.,
2002), but also that links between some DTI metrics and
cognitive decline are significant in the groups limited to
mild AD. In particular, FA of the left cingulum was found
to correlate with scores in verbal episodic memory, verbal
recognition, and the Boston naming test in early AD (Fell-
giebel et al., 2008). Another study (on mild AD patients)
showed that posterior callosal FA correlates with verbal
fluency and figural memory impairments, whereas posterior
subcortical FA correlates with delayed verbal memory, fig-
ural memory, and optic flow perceptual impairments
(Kavcic et al., 2008).

The SWM correlation maps are expected to reveal the
“bottlenecks” emerging and developing due to AD in the
distributed cortical networks underlying respective cogni-
tive functions. Because with AD progression, abnormalities
extend over the cortex in an orderly fashion, the topography
of the affected regions that limit cognitive performance
would vary at different AD stages. Hence, a correlation
analysis of a roughly homogenous group (e.g., early AD)
seems to be optimal for determining cortical modules that
malfunction at a particular stage. In such a context, the
MTI-based quantification of SWM demyelination holds
substantial promise.

First of all, in our patients with mild AD (MMSE scores
ranged between 13 and 27), a composite measure of cogni-
tive status — MMSE — shows distributed correlations with
the demyelination of the association neocortex that agree
with the well established observation that the clinical symp-
toms of AD emerge together with the involvement of the
convexity cortex (Morrison and Hof, 2007). The topography
of these correlations clearly differentiates AD patients from
elderly controls, in whom worsening in cognition is linked
to the prefrontal areas (Gunning-Dixon et al., 2009; Madden
et al., 2009) and fits the landscape of areas affected by AD
(see above). Among the cerebral cognitive networks, those

underlying memory functions are of special interest for this
discussion, because memory suffers first in AD. Strong
correlations with the underlying neural substrate would sug-
gest a method for their objective measurement, probably
even before the emergence of neuropsychological symp-
toms.

Considering that the Mattis memory scale summarizes a
set of memory tests and that involvement of the posterior
areas is material-specific, whereas that of the prefrontal
cortex is consistently demonstrated with diverse material
across various recall/recognition paradigms (Duncan and
Owen, 2000), we expected that the prefrontal cortex would
be the most probable substrate for correlations. In fact, the
correlation map for this scale revealed that memory decline
is related to demyelination in the prefrontal and superior
temporal territories of the right hemisphere. According to
the hemispheric encoding/retrieval asymmetry hypothesis
supported by neuroimaging results (Fletcher et al., 1998;
Tulving et al., 1994), the left hemisphere implements the
encoding, and the right hemisphere the retrieving of infor-
mation. Therefore, our finding can be interpreted as a pre-
dominant impact of retrieval difficulties in early AD. Alter-
natively, it can be explained by compensatory strategies,
due to which the less affected right hemisphere becomes
involved in both encoding and retrieval. Previously, corre-
lations between the verbal episodic memory dysfunction
and glucose hypometabolism in the right parietotemporal
and frontal cortices were also reported and interpreted as
compensatory effects in AD (Desgranges et al., 1998b).

In line with the functional neuroimaging literature, the
correlations for episodic memory tests would include ma-
terial-specific correlations in the selected temporal, parietal,
or occipital areas and consistent correlations in the parahip-
pocampal cortex, a key component of the episodic memory
system. Indeed, both episodic visual and episodic verbal
memory scores correlated with SWM demyelination in the
left parahippocampal cortex. In addition, the decline of
episodic visual memory predictably correlated with the de-
myelination of the left parietotemporal cortex and of the
right insular and prefrontal areas within the region usually
activated by memory retrieval processes (covered by the
Mattis memory scale correlations in this set of data). Inter-
estingly, the episodic verbal memory decline appeared to be
related to the SWM state of the superior parietal cortex that
cannot be attributed to the material specificity. However,
this region is frequently activated during episodic memory
tasks. A recent hypothesis suggests that the dorsal parietal
cortex allocates attentional resources to memory retrieval
(Cabeza et al., 2008). In view of the strong involvement of
this region in low confidence memory (Kim and Cabeza,
2009), its complementary role in episodic retrieval might be
enhanced in AD, making the deterioration of this region
critical for performance. Indeed, less activation during re-
trieval from episodic memory has been shown not only in

the hippocampal, but also in the parietal cortex of AD



428.e17E. Fornari et al. / Neurobiology of Aging 33 (2012) 428.e7–428.e19
patients (Bäckman et al., 1999; Grön et al., 2002; Rémy et
al., 2005).

Finally, the decline in the naming ability in our AD
patients correlated with the demyelination of the left supe-
rior and middle temporal regions that is consistently found
in functional activation studies within the extended cortical
network of semantic memory (Cabeza and Nyberg, 2000).
This is not surprising, given a strong relationship between
naming ability and semantic knowledge. In AD, semantic
memory dysfunction reliably correlates with the glucose
hypometabolism in the temporal areas (Desgranges et al.,
1998a; Hirono et al., 2001; Zahn et al., 2006). To summa-
rize, both general cognitive decline and deterioration of
particular memory functions in AD correlate with the de-
myelination of SWM within the neuroanatomic regions es-
tablished for respective functions. Therefore, through the
quantification of areal SWM, the MTI method can be used
to assess regional pathology related to individuals’ cogni-
tive deficits in early AD.

The main limitation of our study arises from the small
sample size that precludes immediate inferences regarding
the clinical application of our findings and suggests the
necessity for their validation with respect to a bigger cohort.
The reliability of our findings would also benefit from a
follow-up study linking the SWM demyelination to the
clinical picture in individual patients. Although the clinical
application of SWM analysis is of obvious interest, it will
further require the adaptation of the computational demands
to the clinical environment.
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