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White Matter atrophy in Alzheimer Disease variants
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Abstract
Background—In comparison to late-onset Alzheimer’s disease (LO-AD, onset > 65), early age-
of-onset Alzheimer’s disease (EO-AD, onset<65 years) more often presents with language,
visuospatial and/or executive impairment, often occurring earlier than a progressive memory
deficit. The logopenic variant of primary progressive aphasia (lv-PPA) and the posterior cortical
atrophy (PCA) have recently been described as possible atypical variants of EO-AD. Lv-PPA is
characterized by isolated language deficit, while PCA is characterized by predominant
visuospatial deficits. Severe hemispheric grey matter (GM) atrophy associated with EO-AD, lv-
PPA and PCA has been described, but regional patterns of white matter (WM) damage are still
poorly understood.

Methods—Using structural MRI and voxel-based morphometry, we investigated WM damage in
16 EO-AD, 13 PCA, 10 lv-PPA, and 14 LO-AD patients at presentation, and 72 age-matched
controls.

Results—In EO-AD, PCA and lv-PPA patients, WM atrophy was centered on lateral temporal
and parietal regions, including cingulum and posterior corpus callosum. Compared to controls, lv-
PPA patients showed a more severe left parietal damage, and PCA showed a more severe occipital
atrophy. Moreover, EO-AD had greater cingulum atrophy compared with LO-AD. LO-AD
showed WM damage in medial temporal regions and less extensive hemispheric involvement.

Conclusions—Patterns of WM damage in EO-AD, lv-PPA and PCA are consistent with the
clinical syndromes and GM atrophy patterns. WM injury in AD atypical variants may contribute
to symptoms and disease pathogenesis.

Keywords
Alzheimer’s disease; white matter damage; cerebral network; age of onset; VBM

1. Introduction
Alzheimer’s disease (AD) can present with distinct clinical profiles, depending on the age of
onset. Typical late-onset AD (> 65 years; LO-AD) presents with the classical progressive
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amnestic syndrome, while the AD with early age-of-onset (< 65 years; EO-AD) is often
characterized by atypical manifestations with greater impairment in attention, executive,
language, and visuo–spatial functions at the time of presentation. Furthermore, we have
previously demonstrated (1) that two relatively focal, early-onset (usually before 65 years)
clinical syndromes, i.e., posterior cortical atrophy (PCA) (2) and logopenic variant of
primary progressive aphasia (lv-PPA)(3), are often clinical variants of Alzheimer’s
pathology and can thus be considered clinical variants of EO-AD.

PCA is characterized by initially isolated, progressive impairment of higher order visual and
visuo-spatial skills, which usually manifest as visual agnosia, prosopagnosia, environmental
disorientation and elements of Balint’s syndrome (4,5). Consistent with their clinical
presentation, patients with PCA show brain damage in parieto-occipital and posterior
temporal cortices, which is often more prominent in the right hemisphere (6–9). Lv-PPA is a
progressive language disorder characterized by slow speech, sentence repetition, and
comprehension deficits, and relative sparing of motor speech, grammar, and single-word
comprehension. Significant atrophy is located in the left posterior temporoparietal region
(10).

A growing number of imaging studies are exploring white matter (WM) damage in typical
LO-AD, mainly reporting widespread WM abnormalities and tissue loss in the temporal,
parietal, and frontal lobes, as well as in the corpus callosum (11). Despite the clinical
interest for the younger-onset form of AD, very few studies have explored the in vivo
pattern of WM involvement in EO-AD (12), as well as in lv-PPA (13,14) and PCA (15–17).

The aim of the present study was to explore the patterns of WM atrophy in EO-AD and in its
atypical lv-PPA and PCA variants, and to compare them with that of typical LO-AD. We
hypothesized that younger patients would show preferential WM loss in posterior
neocortical brain regions, and that such a pattern would be more global and symmetric in
EO-AD and centered on the lateral parietal regions, with right- and left-lateralization in PCA
and lv-PPA, respectively. In contrast, we expected that LO-AD patients would have a more
circumscribed involvement of the medial temporal WM.

2. Methods
2.1 Subjects

Eligible subjects were identified by searching the database at the University of California
San Francisco (UCSF), Memory and Aging Center for patients meeting criteria for AD,
PCA and lv-PPA. Clinical diagnosis was based on a multi-disciplinary evaluation including
a history and neurological examination by a neurologist, caregiver interview by a nurse, and
a neuropsychological test battery by a neuropsychologist. The diagnosis of probable AD was
based on standard research criteria (18), in which memory impairment is required, even if in
younger patients it does not have to be the main symptom. Then, based on the age of onset
(age at the first symptom as reported by patient and caregivers), AD patients were divided
into EO- (<65) and LO-AD (>65). Memory impairment constituted the main clinical
complaint in older patients. As expected (19), younger AD patients presented at first
evaluation with important attention/executive, visuospatial, praxis and language deficits,
while memory deficits, when present early, were often not considered the major cause of
functional impairment. The following diagnostic criteria were applied, respectively, for PCA
and lv-PPA: McMonagle et al. (20) and Alladi et al. (21) criteria, and Gorno-Tempini et al.
(10).

Thirty right-handed AD patients (16 EO-AD and 14 LO-AD) were included. The group size
(16/14) was chosen to preserve similar power for the EO-AD (mean age= 61 years) and LO-
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AD (mean age= 78 years) analyses. Thirteen patients with PCA (mean age= 61 years) and
10 patients with lv-PPA (mean age= 63 years) were also identified (Table 1). In order to be
included in the study, patients needed to have a high-quality MRI within six months of the
first clinical evaluation. No patient had a clear dominant family history of dementia or
psychiatric diseases. During the diagnostic procedure, conventional MRI scans were used to
exclude other causes of focal or diffuse brain damage, including extensive WM disease. All
the patients but those with LO-AD were included in our previous paper (1).

As previously reported (1), PET with the beta-amyloid tracer 11C-labeled Pittsburgh
Compound-B (PIB) study was conducted in a subgroup of patients: three PCA, four lv-PPA,
and seven EO-AD. Autopsies were performed at UCSF for three additional patients: one
PCA, one lv-PPA, and one EO-AD, showing in all cases amyloid deposition (on PET) or
AD pathology at autopsy.

Seventy-two healthy subjects, with no history of neurological or major psychiatric disorders
(longstanding Axis I psychiatric disorder), were studied (younger controls: 38 women, 27
men, mean age= 61 years; older controls: 21 women, 10 men, mean age= 73 years).

The study was approved by the UCSF committee on human research. All subjects provided
written informed consent before participating.

2.2 Cognitive testing
The neuropsychological measures included in our bedside screening protocol, previously
described (22,23), are reported for EO-AD, PCA and lv-PPA patients in the previous study
(1), as well as in e-Table 1. Patients affected by LO-AD underwent a comparable cognitive
protocol (e-Table 2).

2.3 Neuroimaging Study
MRI scanning—MRI scans were obtained on a 1.5 Tesla Magnetom VISION system
(Siemens, Iselin, NJ). Structural MRI sequences included: (1) double spin echo sequence
(repetion time [TR]=5000 ms, echo time [TE]=20/80 ms, 51 contiguous axial slices,
thickness=3 mm, 1.0 × 1.25 mm2 in-plane resolution); and (2) volumetric magnetization
prepared rapid gradient echo (MP-RAGE) sequence (TR=10 ms, TE=4 ms, inversion
time=300 ms, flip angle=15°, coronal orientation perpendicular to the double echo sequence,
matrix size=256 × 192, voxel resolution=1.0 × 1.0 × 1.0 mm, slab thickness=1.5 mm). In
patients with multiple MRI scans, the earliest available MRI was used for analysis.

Voxel-based morphometry analysis—Voxel-based morphometry (VBM) was
performed using the Statistical Parametric Mapping software (SPM5, Welcome Department
of Imaging Neuroscience, London; http://www.fil.ion.ucl.ac.uk/spm) running on Matlab
7.2.1 (Math-Works, Natick, MA). First, T1-weighted images were segmented into GM, WM
and cerebral spinal fluid (CSF) by using the standard unified segmentation model (24).
Then, GM and WM segmented images were normalized, respectively, to the GM and WM
population templates generated from the complete image set using the Diffeomorphic
Anatomical Registration using Exponentiated Lie algebra (DARTEL) registration
method(25). Spatially normalized images were modulated to ensure that the overall amount
of each tissue class was not altered by the spatial normalization procedure. Since the
DARTEL process warps to a common space that is smaller than MNI space, the modulated
images from DARTEL were normalized to the MNI template using an affine transformation
estimated from the DARTEL GM and WM template and the a priori GM and WM
probability map without re-sampling. Finally, the images were smoothed with a 8-mm full-
width at half-maximum Gaussian kernel. Smoothed images were used to perform a two
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sample t-test comparing patients and controls. Age, gender, and total intracranial volume
(TIV) were entered as nuisance covariates.

The following sets of linear contrasts were performed to identify regional WM atrophy: (1)
all patients vs. controls; (2) conjunction analyses of EO-AD, PCA, and lv-PPA vs. age-
matched controls; (3) each syndrome separately: EO-AD, PCA, lv-PPA, and (4) LO-AD vs.
age-matched controls; (5) EO-AD, PCA and lv-PPA syndrome vs. the others (EO-AD vs.
PCA and lv-PPA; PCA vs. lv-PPA and EO-AD; lv-PPA vs. PCA and EO-AD); (6) older vs.
younger controls. Moreover, in agreement with the contrasts analyses performed in the
previous paper (1), regions of common atrophy across early onset syndromes were identified
by inclusively masking the results of Contrast 2 with Contrast Set 3. Regions of atrophy
more severe in each early onset syndrome compared to the other syndromes were identified
by inclusively masking the relevant contrast from Set 3 (e.g., EO-AD vs. controls) with the
appropriate contrast from Set 5 (e.g., EO-AD vs. lv-PPA and PCA). Finally, the conjunction
analyses between the contrasts EO-AD vs. younger controls and LO-AD vs. older controls
was assessed in order to evaluate the differences between the EO-AD and LO-AD. A
significance threshold of p<0.05 corrected for multiple comparisons (Family Wise Error
[FWE]) was accepted comparing patients vs. controls and of p<0.001 when directly
comparing patient groups and controls groups. When used, masking thresholds were the
same in all analysis with p=0.0025, because of three groups at the same time were
compared.

2.4 Statistical Analyses
Group comparisons in continuous data were evaluated using ANOVA and post hoc Tukey
tests, while dichotomous variables were compared using the χ2 test. Statistical analyses
were performed using SPSS software (version 17 for windows; SPSS, Chicago, IL).

3. Results
3.1 Demographics and cognitive data

There were no significant group differences in gender, handedness, disease duration, or
MMSE score between patient groups (Table 1). The patients with the early forms of AD
were, as expected, younger than the LO-AD patients. Cognitive characteristics of the EO-
AD, PCA, and lv-PPA have been already described in detail in our previous study (1) and
here reported in e-Table 1, while cognitive characteristics of LO-AD group are reported in e-
Table 2. In summary, patients with EO-AD performed worse than patients with lv-PPA on
visual memory tasks. Patients with PCA scored lower on visuospatial tasks, while patients
with lv-PPA performed better than other groups on all non-language-based tests (e-Table 1).
In the LO-AD patients group, frequent impairments were observed on tests investigating
memory, visuospatial function, language, and executive function; however, the most
frequent impairment was in verbal memory recall (92.3% of subjects scored at least 1.5 SD
below the normative mean in the 10-minute recall test)(e-Table 2).

3.2 Neuroimaging Data
WM areas atrophied in all patients vs. controls—Figure 1 shows WM volumes in all
AD syndromes vs. younger and older normal subjects. The pattern of WM atrophy involved
the WM underlying parietal regions, both dorsal (right x, y, z: 36, −60, 47 pFWE= 0.01; left
x, y, z: −32, −51, 45 pFWE= 0.01) and medial (right x, y, z: 1, −42, 20 pFWE < 0.0001; left x,
y, z: −4, −63, 29 pFWE= 0.001), the posterior temporal regions (right x, y, z: 40, −9, −35
pFWE < 0.0001; left x, y, z: −32, −7, −23 pFWE < 0.0001), and the parahippocampal regions
(right x, y, z: 18, −13, −23 pFWE < 0.0001; left x, y, z: −18, −27, −18 pFWE < 0.0001),
bilaterally. Smaller areas of WM atrophy were also found in the left inferior frontal and
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bilateral insula regions (right x, y, z: 40, −13, −23 pFWE= 0.020; left x, y, z: −11, 28, −25
pFWE < 0.0001). The posterior segment of the corpus callosum was also atrophied (p pFWE <
0.0001).

WM areas atrophied in EO-AD, PCA, and lv-PPA vs. age-matched controls—
The direct WM comparisons between each syndrome vs. controls are shown in figure 2 (A:
EO-AD vs. controls, B: PCA vs. controls, C: lv-PPA vs. controls). The contrast of EO-AD
patients to controls demonstrated WM atrophy in the medial parietal (right x, y, z: 23, −55,
32 pFWE < 0.0001; left x, y, z: −18, −57, 32 pFWE < 0.0001) and medial temporal (right x, y,
z: 29, −4, −34 pFWE= 0.008; left x, y, z: −30, −4, −34 pFWE= 0.004) areas, symmetrically, as
well as in the posterior part of corpus callosum (x, y, z: 4, −45, 20 pFWE < 0.0001). WM
atrophy was also found in right lateral temporal lobe (x, y, z: 53, −27, −15 pFWE= 0.001).
Compared to controls, PCA patients showed WM atrophy in the parietal (right x, y, z: 30,
−58, 23 pFWE < 0.0001; left x, y, z: −37, −74, 21 pFWE < 0.0001), occipital (right x, y, z: 33,
−56, −4 pFWE= 0.008; left x, y, z: −34, −59, −4 pFWE < 0.0001) and temporal regions (right
x, y, z: 44, −44, 3 pFWE = 0.001; left x, y, z: −31, −40, −4 pFWE < 0.0001) bilaterally, but
with right predominance, and in the posterior cingulum (x, y, z: 1, −44, 18 pFWE < 0.0001)
and posterior part of the corpus callosum (x, y, z: 1, −36, 18 pFWE < 0.0001). Compared
with controls, lv-PPA patients showed WM atrophy in left parietal region (x, y, z: −20, −57,
27 pFWE= 0.01).

WM areas atrophied in LO-AD vs. age-matched controls—Compared to older
controls LO-AD showed WM atrophy in parahippocampal regions (right x, y, z: 32, −21,
−21 pFWE = 0.001; left x, y, z: −29, −24, −18 pFWE < 0.0001) (Figure 2, D: LO-AD vs.
controls). In order to evaluate the involvement of cingulum WM regions, we lowered the
threshold (p < 0.001 uncorrected), and a significant area of WM atrophy in the posterior (left
x, y, z: −8, −47, 16; right x, y, z: 4, −45, 11−3), middle (left x, y, z: −5, −39, 37), and
anterior (left x, y, z: −8, 30, −10; right x, y, z: 8, 26, −9) cingulate gyri (E-figure 1) was also
found.

Common areas of WM atrophy in EO-AD, PCA, and lv-PPA vs. age-matched
controls (masking analyses Contrast 2 with Contrast Set 3)—Regions of WM
atrophy common to all early AD syndromes are shown in Figure 3. WM atrophy was found
across the syndromes in posterior brain regions including medial (precuneus/cingulum
region) and dorsal parietal, lateral temporal regions, bilaterally, and the posterior corpus
callosum (p<0.05) (Figure 3 and Table 2 for details on p values, cluster size, proximal
Broadmann areas, and probable long-range WM bundles involved).

WM areas more atrophied in EO-AD, PCA, and lv-PPA, in comparison to the
other early onset syndromes and age-matched controls (masking analyses
relevant contrast from Set 3 with the appropriate contrast from Set 5)—EO-AD
patients showed greater WM atrophy in the left cingulum and bilateral frontal regions (p
<0.001, uncorrected). PCA showed greater WM atrophy in bilateral occipital and temporal
ventral regions, right cingulum, right inferior parietal and left parahippocampal areas (p
<0.001, uncorrected). Lv-PPA patients group showed greater WM atrophy in posterior
temporo-parietal regions (p<0.001, uncorrected). WM atrophy areas for each early AD
syndrome are shown in Table 2 along with details on p values, cluster size, proximal
Broadmann areas, and probable long-range WM bundles involved.

Areas of WM atrophy difference between EO-AD and LO-AD—Conjunction
analysis showed the differences between LO-and EO-AD. EO-AD patients showed greater
WM atrophy in the posterior part of the cingulum (left x, y, z: −8, −45, 30) and precuneus
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region (right x, y, z: 11, −55, 33; left x, y, z: −16, −57, 32) compared to LO-AD (p< 0.001
uncorrected) (figure 4).

Older controls vs. younger controls—No difference was found between older and
younger subjects.

Results of the pattern of GM atrophy in EO-AD, PCA and lv-PPA have been previously
published (1). E-figure 2 shows the GM atrophy profile of LO-AD.

4. Discussion
In this study, we found evidence that EO-AD, PCA and lv-PPA clinical syndromes are
associated with WM tissue loss in posterior, hemispheric brain regions. This WM atrophy
pattern is mainly localized to medial and dorsal parietal areas and consistent with their
mostly hemispheric pattern of GM atrophy (1). Conversely, LO-AD mainly showed WM
atrophy in medial temporal regions. We discuss these results in relation to the clinical profile
of each syndrome, GM involvement, and taking into account the current literature about the
brain areas involved in each clinical syndrome.

PCA patients demonstrated WM atrophy in bilateral dorsal parieto-temporal and ventral
occipito-parietal regions with right side predominance, and involvement of medial
structures, such as the posterior cingulum and the posterior corpus callosum (Figure 2, B).
The distribution of WM atrophy follows the trajectories of dorsal and ventral streams, two
“functional” networks implicated in the management of space-based and object-based visual
processing, respectively. These cognitive functions are notably damaged in PCA patients
(20). Symptoms ascribed to both the streams were variously present in our patients, such as
visual agnosia and prosospagnosia for the ventral stream, and neglect and simultanagnosia
for the dorsal stream (1). Moreover, the low percentage of language dysfunction in our PCA
sample (36%) is in agreement with the less severe involvement of the left compared to the
right hemisphere. The atrophy of the splenium of corpus callosum maybe secondary to
neuronal degeneration of the posterior brain cortices (16) and could contribute to limb
apraxia (26) and visual neglect (27), present in our sample. Consistent with the idea of WM
damage contribution to the cognitive profile of PCA patients, a high right-lateralized
network-level dysfunction, including WM bundles damage along the major visual pathways,
was recently identified in a 59-years-old PCA patient with selective visuo-spatial deficits, by
using diffusion tensor (DT)-based tractography (17). In the same way, a specific dorsal (e.g.,
superior longitudinal fasciculus) or ventral (e.g., inferior longitudinal fasciculus and inferior
fronto-occipital fasciculus) WM pathway damage has been shown in a sample of seven PCA
patients, and this anatomical damage closely mirrored the patient clinical presentations (28).

Lv-PPA was associated with atrophy in the left parietal region (Figure 2, C), consistent with
both their selective language impairment and focal and left-lateralized GM atrophy. For this
reason, it has been suggested that the lv-PPA syndrome might be considered as a left-
lateralized presentation of AD (1,29). Moreover, the parietal area of WM atrophy could
represent a “passage point” for the WM bundles running from the parietal lobe to the frontal
and posterior temporal areas, and could represent, along with the GM damage, the anatomic
bases for the lexical retrieval deficits and phonological errors typical of this syndrome (10).
A recent study of DT-based tractography has shown that the posterior segment of superior
longitudinal fasciculus running between posterior temporal and parietal cortices is the major
long-range WM bundle damaged in these patients (13).

EO-AD showed a pattern of WM atrophy mainly involving the parieto-temporal regions
(12), with symmetric distribution and greater medial temporal involvement (Figure 2, A).
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Previous imaging and pathological studies have indicated that the precuneus/posterior
cingulum area of the cerebral cortex may be specifically vulnerable to early changes in AD
(30). Recently, using DT MRI, the in vivo trajectories of WM degeneration in AD have been
identified. These pathways include the posterior cingulum bundle, lateral posterior temporo-
parietal areas, interhemispheric connections passing through the corpus callosum, with a
relative preservation of WM in prefrontal, temporal pole and caudal occipital areas (31).
This pattern suggests that these areas may degenerate as part of a functionally and
anatomically integrated neural system. Moreover, distinct regional vulnerability patterns
corresponding to specific neurodegenerative syndromes have been described, by using
network-sensitive neuroimaging methods (32). In the case of AD, the network involved
medial temporal, posterior cingulate/precuneus, and lateral temporoparietal regions,
corresponding to the anatomical WM damage illustrated in the present study in our EO-AD
group.

Following the set of analyses of our previous paper (1), we evaluated also the areas of
exclusive atrophy specific to each of the three early syndromes. Consistent with the pattern
of GM atrophy, as well as with their clinical hallmarks, unique areas of WM atrophy were
identified in the right ventral occipito-temporal and the supramarginal and cingulum areas in
PCA (17), in the left posterior temporal areas in lv-PPA (13), and in the cingulum/precuneus
and bilateral prefrontal regions in EO-AD (1).

The LO-AD patients were the only group showing severe WM atrophy in the
parahippocampal regions (Figure 2, D), as expected given their early and dominant episodic
memory impairment. Moreover, when we analyzed WM volume differences between EO-
and LO-AD, the former showed a greater medial parietal WM atrophy involving mainly the
cingulum. As already suggested by other authors (7,12,33,34), the involvement of WM
could elucidate the discrepancies between structural (medial temporal lobe atrophy) and
functional changes (e.g., hypometabolism in posterior brain regions) in AD. In particular,
the hippocampus is connected to the posterior brain regions via the cingulum bundle (35),
and the destruction of this WM bundle could produce a functional impairment in parietal
regions. In our VBM study, we did not find the involvement of cingulum in LO-AD at a
threshold corrected for multiple comparisons, but it was found with a lower level of
significance. This finding, along with severe WM damage to parahippocampal regions, part
of Papez’s circuit, could result in a partial disconnection of information flow from the
hippocampus to distant areas (such as parietal lobes) and vice versa.

Finally, when we looked at the similarities across all early syndromes, a pattern of WM
atrophy mainly involving the medial parietal areas (posterior cingulum/precuneus, and
posterior corpus callosum) was found, highlighting that the posterior brain involvement
represent the common target of degeneration in the early syndromes.

These data emphasize the idea that certain large-scale neuronal networks, sustaining specific
cognitive abilities, are especially vulnerable to the AD pathology. In the so-called
retrogenesis model (36,37), the WM degeneration tends to be more severe in neocortical
association fibers. Supporting evidence of WM damage, in particular in LOAD, comes from
in vivo imaging studies (38) as well as from several pathological series reporting rarefaction,
loss of axons and oligodendrocytes and reactive astrocytosis (39–41). One of the aspects less
known and more debated of the WM damage in AD is the myelin involvement. Sjöbeck and
coll. (42) have objectively demonstrated myelin loss on sections for microscopy in 16 post-
mortem brains of patients with typical AD and with no cerebrovascular disease. The
distribution of myelin loss was higher in fronto-parietal regions compared with occipital
lobes, and the mechanisms evocated by the authors were consistent with the presence of
recurrent episodes of microischemia, with gradual loss of oligodendrocytes and myelin.
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Within this framework, the authors suggested that the WM damage in AD may substantially
contribute to the cognitive profile and could be used as a marker in clinical diagnostic brain
imaging (42). More recently, WM pathology has been proposed to play an important role in
the onset and progression of AD (43). Consisting with the involvement of both GM and WM
in the AD degenerative process, Munoz and collaborators (44) described the co-existence of
AD pathology and argyrophilic thorny astrocyte clusters (ATAC), intensely tau
immunoreactive, in the fronto-temporo-parietal cortex and subcortical WM in the brain of
seven PPA patients, with a logopenic-like language profile. They suggest that these ATAC
might represent a marker of a process responsible for the prominent focal clinical
manifestations in lv-PPA. The distribution of WM involvement in PCA, lv-PPA and EO-AD
might sustain the biological hypothesis of AD as a disconnection syndrome in which the
cognitive deficits not result from cortical damage alone, but by a network-level dysfunction
including also WM damage. These interpretations might offer a framework for promising
therapeutic interventions, such as the facilitation of neuronal communication and WM
plasticity. The main limitation of our approach was to explore WM damage analyzing T1
structural images (45). The voxel-wise approach did not allow us to establish which specific
WM bundles were involved in neurodegeneration. Another limitation of this study is that a
low statistical threshold of significance was accepted. However, we accepted this level of
statistical significance only when the comparison was intended to show differences across
patient brain groups (for the masks that entailed within group comparisons), in agreement
with the previous analyses performed on the GM (1). In summary, our study highlights that
WM atrophy is present and particularly severe in AD that presents with atypical clinical
syndromes before the age of 65. Investigations into the WM alterations of AD can help to
clarify the pathophysiological mechanisms underlying neuropsychological and anatomical
asymmetry, and further how selective networks are vulnerable to the disease.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Regions of WM atrophy in all AD patients compared with controls. Results are shown on
the axial and sagittal sections of the Montreal Neurological Institute standard brain in
neurological convention and displayed at the threshold p<0.05 corrected for multiple
comparisons (Family Wise Error [FWE]).
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Figure 2.
Regions of WM atrophy in each subgroup compared with matched healthy controls. A) EO-
AD; B) PCA; C) lv-PPA, and D) LO-AD. Results are displayed on the coronal, sagittal and
axial sections on SPM glass brain (upper) and WM DARTEL template (lower) and
displayed at the threshold p<0.05 corrected for multiple comparisons (Family Wise Error
[FWE]). Color bar indicates T values.
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Figure 3.
Regions of WM atrophy common to EO-AD, PCA and lv-PPA patients vs. controls. Results
are displayed on the coronal, sagittal and axial sections on WM DARTEL template, at the
threshold p<0.05 corrected for multiple comparisons (Family Wise Error [FWE]). Color bar
indicates T values.
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Figure 4.
Regions of WM atrophy difference between EO-AD and LO-AD. Results are displayed on
the coronal, sagittal and axial sections on WM DARTEL template, at the threshold
p<0.001uncorrected. Color bar indicates T values.
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