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    General Introduction

Aims of this thesis

This thesis focuses on in vivo MRI atrophy patterns of Alzheimer's disease 
(AD) as calculated from intensive computational analysis of MRI scans. 
Light is shed upon various stages of AD, ranging from very mild cognitive 
impairment to moderate AD. Due to its overlap with AD, dementia with 
Lewy bodies is also treated in this thesis[3].

Epidemiology
Alzheimer's disease accounts for the majority of cases (42%) of progressive 
cognitive impairment in elderly patients (figure 1). Other causes of dementia 
include vascular dementia (32%), dementia with Lewy bodies (10%), fronto-
temporal lobe dementia (FTLD - 3%) with its various subforms and 
Parkinson's dementia (3%), while other rarer forms of dementia account for 
the remainder 10% (figure 1). The prevalence of AD roughly doubles every 5 
years after the age of 60, thereby increasing from a prevalence of 1% among 
those 60- to 64-years-old to up to 40% of those aged 85 years and older (figure 
2)[63]. The disease is more common among women than men by a ratio of 
1.2 to 1.5[25].

Genetics
Based on our current knowledge, the genetics of Alzheimer's disease can be 
divided into two categories: genetics of familial cases and genetics of 
sporadic cases. Familial cases of AD are autosomal dominant and express 
themselves at a younger age than sporadic cases. They constitute only a 
fraction of the total AD population (prevalence of 0.1%[31]) but they have 
enabled us to isolate a number of causative genes to AD: the amyloid 
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12 
precursor protein (APP[28]) gene residing on chromosome 21, and presenilin 1 (PSEN1 
- chromosome 14[56]) and presenilin 2 (PSEN2 - chromosome 1[38,51]) genes. PSEN1 
is the most frequent mutation, followed by APP[35].

In sporadic cases no causative gene has been found but only a gene associated with AD: 
APOE4. The APOE4 gene belongs to the APOE allele family, the other two alleles being 
APOE2 and APOE3, and is believed to be a major risk factor in developing coronary 
disease and late-onset AD[1,14,30,37,46]. There seems to be a distinct geographical distri-
bution in APOE frequencies around the globe(northern European populations have a 
higher APOE4 percentage than populations around the Mediterranean sea)[17], but 

FIGURE 1. Alzheimer's disease takes the largest part of pie in dementias followed closely by vascular dementia. 
The third most common form is dementia with Lewy bodies (DLB), while the other dementia subforms take a 
small part of the pie but altogether make up for 16% of all dementia cases.

FIGURE 2. Prevalence of dementia increases exponentially with age after the age of 60 
with more than 40% of the whole population having dementia after the age of 85.
• 
• 
• 
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Chapter 1:  General Introduction
although the risks associated with it are clear, it remains nebulous why certain populations 
have different proportions of the various alleles[21], especially taken into account that the 
latest APOE genes (APOE2 and APOE3) might have appeared only two hundred 
thousand years ago[24]. It is being speculated that APOE isoforms might modify the 
reproductive schedule at a time when people never reached such old age, thereby postu-
lating that Alzheimer's disease is a byproduct of this modulation [21].

Clinical manifestations of AD
Alzheimer's disease (AD) is a progressive form of dementia which produces symptoms and 
can be diagnosed clinically only in its end phase; some hypothesize that brain alterations 
may even start as early as 50 years before the onset of symptoms [57]. A definitive clinical 
diagnosis in the early stages may be difficult. The earliest indicator is a subtle deterioration 
of memory functions in a state of clear consciousness. Mental capabilities progressively 
worsen and personality changes appear, accompanied by decline of language functions, 
impairment of visuospatial abilities, and, in the final phase, the motor system is affected in 
the form of a hypokinetic-hypertonic syndrome (figure 3, [26]). The age of onset, speed of 
decay and the duration of the disease are variable (duration from diagnosis to death roughly 
3 - 9 years), but the outcome stays the same.

For a person to be diagnosed with AD, formal criteria must be met: the NINCDS-
ADRDA criteria (National Institute of Neurological Disorders and Stroke and 
Alzheimer's Disease and Related Disorders Association [40]). As our clinical knowledge 

FIGURE 3. The maximum span of Alzheimer's disease is 9 years, but notice that nursing home 
institutionalization can appear as early as 2 years after disease onset, with the average institutionalization 
occurring between 3 and 6 years after the onset of symptoms.
• 
• 
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14 
and experience on dementia increased, it became clear that a group of patients who could 
not yet fulfill the formal criteria for AD had clearly not a normal cognitive profile. This 
group was described as having mild cognitive impairment (MCI) which originally meant 
isolated memory decline with other cognitive domains still intact [49]. Synonyms for MCI 
are incipient dementia, cognitive impairment, no dementia (CIND), and isolated memory 
impairment. Currently, the MCI term has been enriched with other variants, such as 
vascular MCI, pertaining to early forms of other dementias. The rate at which "conversion" 
(or better - progression) to AD occurs is believed to lie around 15-20% per year, indicating 
that after about three years half of the MCI patients will have progressed to AD (figure 
4)[48]. After 6 years 80% of the MCI patients will have progressed to dementia (derived 
from figure 4). 

Neuropathology of AD
A definitive diagnosis of AD is possible only by histopathological analysis. The essential 
criterion is the presence of peculiar intraneuronal cytoskeletal changes, which eventually 
take the form of neurofibrillary tangles (NFTs); cotaining tau protein and neuropil threads 
(NTs). If these changes are not seen, then an alternative diagnosis of a non-Alzheimer 

FIGURE 4. If we start with an MCI population at time zero, after 3 years roughly half of this population 
will have converted to AD while at 7 years at least 80% will have converted to AD. Hence the notion that 
MCI simply represents an early form of AD. Adapted from Petersen et al [48].
• 
• 
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Chapter 1:  General Introduction
dementia might be proposed. But there are not only intracellular pathological abnormal-

ities in AD: there is also extracellular deposition of ß-amyloid protein (ßA) and formation 
of neuritic plaques (NPs, also called amyloid plaques). The intracellular (NFTs and NTs) 
and extracellular (ßA and NPs) lesions develop independently from each other (figure 5) 
and also have a different distribution pattern in the brain, with the extracellular compo-
nents following a more random distribution and the intracellular components following an 
orderly sequential spatial expansion[4,9,12,39,47], which has been likened to a process of 

FIGURE 5. At the cellular-level AD pathology is characterized by two processes, an endocellular and an 
extracellular process. Inside the cell microtubules are disintegrating into tau fragments and eventually leading 
to the formation of tangles (neurofibrillary tangles - NFTs). Outside the cell abnormal cleavage of amyloid 
precursor protein leads to abnormal accumulation of sAPP-beta, oligomerization thereof and eventually 
plaque formation (image adapted from NIH artwork).
• 
• 
• 
•
•
•
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16 
inverse myelination[10] (figure 6). More precisely, tangles spread from the inner temporal 
lobe out and over the surface while plaques form first on the surface, and then down into 
the brain. 

The NFT expansion has been differentiated in six stages, known as the Braak stages 
[12](figure 7):

-transentorhinal stages (I & II): the first accumulation of NFTs and NTs is in the transen-
torhinal region. This region represents the portal for neocortical information to enter the 
limbic loop[11]. In stage I only a few projection cells are affected while further spread to the 
entorhinal region proper and Ammon's horn sector are seen in stage II. The damage is not 
yet sufficient to reach the threshold of clinical symptoms. Quite remarkably, asymptomatic 
carriers of the APOE4 allele demonstrate stage I lesions at a young age (as young as 38 
years)[27].

-limbic stages (III & IV): in stage III there is severe involvement of the transentorhinal and 
entorhinal region. Modest changes occur in the hippocampal formation, in temporal and 
insular proneocortical areas, and in a few subcortical nuclei. The mature neocortex is still 
devoid of lesions. The hallmark of stage IV changes is spread of the damage to adjoining 
higher order association areas of the neocortex. In these stages there is interruption of data 
exchange between the sensory association fields, the higher order components of the 

FIGURE 6. The extracellular 
deposition of NFT (tangles) follows 
a different pattern than the 
deposition of the intracellular NP 
(plaques). We notice that NP 
deposition does not show the high 
aggregation in the MTL and 
hippocampus as NFT does. (adapted 
from Arnold et al, 2001).
• 
• 
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Chapter 1:  General Introduction
limbic system, and the prefrontal cortex. The limbic loop is interrupted at various points 
and the first symptomatology arises: slight mental deterioration and subtle personality 
aberrations.

-isocortical stages (V & VI): stage V is characterized by widespread devastation of the 
neocortex. From inferior temporal areas, the lesions spread superolaterally, and large 
numbers of NFTs/NTs gradually annex the extended multimodal association areas of the 
neocortex. The only regions spared are the primary motor field, the primary sensory areas, 
and the unimodal secondary fields. Even those areas are affected in stage VI. Accompa-
nying neocortical degeneration, patients become severely demented, and major distur-
bances of autonomic functions reflect the far-reaching devastation of the limbic loop 
centers.

It is of note that while neurofibrillary tangles and senile plaques are the neuropathological 
characteristics of AD, dementia in individuals with AD is a result of loss of functioning 
synapses [61].There is no linear correlation between the loss of synapses and other local 
pathology present [44].

FIGURE 7. There are six Braak & Braak stages in neurofibrillary tangle deposition. Damage starts from 
the entorhinal cortex, spreads towards the rest of the medial temporal lobe including the hippocampus and 
from there further towards the cortex with sparing of the sensorimotor cortex and the occipital visual 
association areas. Adapted from Braak and Braak 1999 [10].
• 
• 
• 
•
•
•
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Neuroimaging

Historical. The aforementioned findings triggered a search for atrophy in the same regions in 
vivo, namely with the use of computed tomography (CT) and magnetic resonance imaging 
(MRI). The first images produced were two-dimensional and of relatively poor quality 
compared to the images of today. The initial indication for imaging was exclusion of 
treatable causes of dementia, e.g. tumor, hematoma or hydrocephalus [52]. Such an exclu-
sionary approach has a low yield of less than 2%[20]. Pretty quickly though, it became 
evident that structural changes in the brain could be detected with imaging, especially 
dilatation of the ventricular system [19]. About a decade later, focus shifted towards 
quantified hippocampal atrophy on MRI [54] which visualized the hippocampus as an 
early region of AD pathology [53].

Visual Scales. It became apparent that a practical visual appreciation of hippocampal atrophy 
on MRI was needed. This came in the form of a visual scoring scale, called the medial 
temporal lobe atrophy (MTA) scale. This scale ranges from 0 (no atrophy) to 4 (severe 
atrophy) and takes into account the width of the choroid fissure, the height of the 
hippocampus, and the width of the temporal horn (figure 8)[36,53].

Region-of-Interest. For a more accurate estimation of hippocampal atrophy though one 
needs to implement volumetry by region-of-interest (ROI) measurements [33,54], (Figure 
9). Such an approach demands detailed anatomical knowledge of the boundaries of the 
structure in question and is time-consuming. Moreover, one has to decide a priori which 
structure will be measured. Nevertheless, ROI approaches are considered the gold 

FIGURE 8. A simple and yet robust 
way to visually evaluate hippocampal 
atrophy is the medial temporal lobe 
atrophy which takes into account three 
parameters: width of the choroid 
fissure, width of the temporal horn and 
height of the hippocampus. Adapted 
from Korf et al 2004 [36].
• 
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Chapter 1:  General Introduction
standard in neuroimaging, against which other techniques are compared to. In dementia, 
the structure measured most frequently is the hippocampus. Several ROI studies have 
confirmed loss of hippocampal volume in AD[2,13,16,34,42,60,68].

Brain Mapping or Computational Neuroanatomy

Basics. With the advent of modern MRI scanners, three-dimensional imaging became a 
standard. Faster computers and novel algorithms helped built neurocomputational models 
for the brain [43,67]. Equipped with an inexpensive computer a researcher is able to 

FIGURE 9. Region of interest (ROI) drawing around the left 
hippocampus on a coronal T1-weighted structural MRI scan. This method 
is used for accurate quantification of hippocampal volume.
• 
• 
• 
•
•
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implement algorithms that originally would take days to weeks to complete. Ever since, a 
revolution has taken place in the way the human brain is analyzed  in vivo. Currently, a 
typical structural MRI scan consists of a high-resolution heavily T1-weighted sequence 
with isotropic voxels with dimensions 1x1x1 mm[32]. The term voxel stems from 'volume 
element' and refers to the smallest building block produced by the MRI scanner. Accord-
ingly, pixel is a 'picture element' and lixel is a 'line element' for two and one dimensions 
respectively. The dimensions of the volume are most of the time 256 x 256 x 168, meaning 
that there are roughly 11 million voxels in the volume. The method used in this thesis is 
called voxel-based morphometry (VBM) and is explained in the following steps (regis-
tration, segmentation and statistics).

Registration. Such a collection of voxels from an MRI volume can be digitally stored and 
manipulated in space. For example one could rotate and reslice a whole digital head without 
appreciable loss of information. 'Cutting' of the digital volume at different angles is referred 
to as multi-planar reformatting (MPR), a term familiar to the radiologist wishing to view a 
set of axial images also in the coronal or sagittal plane. But this is just one of the most 
elementary operations one can perform with a digital volume. More interestingly, one can 
manipulate two MRI volumes to bring them into anatomical correspondence with each 
other. This process is called registration[5,6,8,15,29,64-66]. The volume being manipulated 
is termed the source volume and the other volume is called the target. The target volume 
can be a previous scan of the same patient if one wishes to compare time points or an 
average anatomical scan if one wishes to fit the individual volume into a standard 
anatomical space. The reason that such a process is feasible is the anatomical construction 
of the brain: quite solid and symmetrical anatomical structure enclosed in a rigid skull.

The process of anatomical registration can be as simple as Euclidean geometrical manipu-
lations or more complicated physical modeling. Each registration can be described 
according to the degrees of freedom it uses. If one only rotates an MRI volume in the x, y 
and z plane then there are three degrees of freedom (df ). If we also introduce translation 
(shifting) in three directions then we have six dfs, which is called a rigid body transform. 
Zooming (in or out, also termed scaling) in three directions adds another three dfs and 
finally shearing (stretching of the volume, or perspective manipulation in which line paral-
lelism remains) makes the total of dfs twelve (called affine registration). Figure 10 illustrates 
the basic principles of affine registration.
• 
• 
• 
•
•
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Chapter 1:  General Introduction
Beyond the 12th degree of freedom matters get more complicated: at an intermediate level 
one can apply various mathematical models which tend to match the anatomy between the 
two scans even more precisely. These models can be for example polynomials (practical 
range 6-7th degree polynomials)[62,65] or basis functions[7]. When even higher accuracy 
of registration is required then one introduces millions of dfs with various advanced and 
computationally intensive methods. Some examples include elastic warping[18,41,50,55], 
voxel compression[22,23], finite element analysis[45] or surface-based cortical matching 
techniques[59].

A delicate point of registration is that the more accurate the anatomical agreement the less 
information remains on the MRI volume to be extracted unless some sort of correction is 
applied (see discussion ).

FIGURE 10. The four basic transforms employed in affine registration. Without losing 
parallelism one can rotate, translate, scale in our out and shear an MRI scan until it matches a 
predefined template.
• 
• 
• 
•
•
•
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Segmentation. Once the MRI volume is within our target anatomical space we can begin with 
a series of manipulations in order to extract the desired information. The first manipulation 
one can perform is to segment grey, white matter and cerebrospinal fluid. Such a segmen-
tation algorithm examines the intensity of each voxel and compares it to the intensity of the 
corresponding voxel in the target anatomical space. Furthermore it examines the location 
of the voxel and compares it with the neighboring voxels (voxel connectivity). After a series 
of iterations a voxel is ascribed a probability as belonging to grey matter (GM), white matter 
(WM) or cerebrospinal fluid (CSF). There are many segmentations strategies with a 
variation on this theme. The one used in this thesis was Statistical Parametric Mapping 
(SPM, www.fil.ion.ucl.ac.uk/spm) or SIENAX (www.fmrib.ox.ac.uk/analysis/research/
siena)[58].

The resulting volumes are called Statistical Parametric Anatomical Maps (SPAMs), three 
per MRI volume (GM, WM, CSF). Each voxel in a SPAM has a value between 0% and 
100% of belonging to a particular tissue class. In practice SPAMs have quite sharp edges 
between the classes with a steep gradient from high to low. One can measure the number 
of voxels in a SPAM above a certain probability and get an estimate of grey or white matter 
volume, a technique employed by SIENAX[58]. Or, one can proceed further and compare 
SPAMs of various subjects with each other in a statistical model. Before entering SPAMs 
in such a model one has to smooth the data in order to render them suitable for parametric 
statistics (to account for residual misregistration and anatomical variability, see discussion).

Statistics. The statistical process of comparing groups of SPAMs is termed statistical 
parametric mapping (SPM) and follows the principle of the same voxel on each SPAM is 
entered into the model (figure 11). For example voxel with coordinates x=45, y=56, z = 60 
from SPAM-1 is compared to the voxel xV=45, yV=56, zV = 60 from SPAM-2 and so on. The 
statistical tests one can then chose are the ones usually found in statistical packages like 
SPSS, for example a simple t-test between two groups. Only in our case the statistical test is 
performed millions of times for the whole brain (for each voxel once). The significant 
results of the test are displayed on a statistical parametric map (SPM)(figure 11). See the 
discussion for a detailed overview of mass-univariate (SPM) statistics and the multiple-
comparisons issue which then arises.
• 
• 
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Chapter 1:  General Introduction
Outline of this thesis
In this thesis we first set out to confirm whether VBM can capture atrophy patterns 
between moderate AD patients and healthy elderly controls as expected by the Braak 
staging (Chapter 2). Given the great overlap between DLB and AD we also examine 
whether AD patients differ from DLB patients in terms of brain atrophy (chapter 6). Subse-
quently we go earlier in disease expression and examine the differences of MCI patients 
with AD and healthy elderly controls (chapter MCI 3). As an extension to this we also 
follow-up an MCI group for three years and determine whether conversion status can be 
predicted from baseline MRI measurements (chapter 4). Moving further away from the 
beaten trail we examine whether young AD patients have different atrophy patterns than 
older ones (chapter 5), especially in cases where hippocampal atrophy is equivocal. Finally 
we integrate the findings of these studies in the discussion section where we discuss their 
relevance, applicability, potential pitfalls and possible future directions.

FIGURE 11. The basic algorithm idea behid voxel-based morphometry. 
• 
• 
• 
•
•
•
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    A comprehensive study of gray matter loss in 
patients with Alzheimer's disease using optimized 
voxel-based morphometry

Abstract
Voxel-based morphometry (VBM) has already been applied to MRI 
scans of patients with Alzheimer's disease (AD). The results of these stud-
ies demonstrated atrophy of the hippocampus, temporal pole, and insula, 
but did not describe any global brain changes or atrophy of deep cerebral 
structures. We propose an optimized VBM method, which accounts for 
these shortcomings. Additional processing steps are incorporated in the 
method, to ensure that the whole spectrum of brain atrophy is visualized. 
A local group template was created to avoid registration bias, morpho-
logical opening was performed to eliminate cerebrospinal fluid voxel mis-
classifications, and volume preserving modulation was used to correct for 
local volume changes. Group differences were assessed and thresholded 
at P < 0.05 (corrected). Our results confirm earlier findings, but addition-
ally we demonstrate global cortical atrophy with sparing of the sensorim-
otor cortex, occipital poles, and cerebellum. Moreover, we show atrophy 
of the caudate head nuclei and medial thalami. Our findings are in full 
agreement with the established neuropathological descriptions, offering 
a comprehensive view of atrophy patterns in AD.

Introduction 
Alzheimer's disease (AD) will become one of the major public health 
problems for the Western World in the coming decades. Aging of the 
population will lead to more and more people developing AD. In the 
long run, caring for AD patients will be a major financial backlash for the 
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health care system [25,43]. In order to provide care for these patients 
though, it is important to diagnose this disease and differentiate it from 
other dementia subtypes. 

Medial temporal lobe (MTL) atrophy, as seen on MRI scans of AD 
patients, is a sensitive marker of AD, even in mild forms of the disease 
[12,16,36]. There are various ways to estimate brain atrophy on MRI. 
Visual inspection for the presence of atrophy [37] may be adequate in a 
routine clinical setting, but is not enough when quantitative measures are 
needed, for example, to estimate rate of tissue loss during a clinical trial. 
To assess such changes in a single brain structure, the region-of-interest 
(ROI) analysis technique may be employed [31], in which an experi-
enced operator outlines the structure in question in a series of contiguous 
sections on a computer screen. ROI analysis constitutes, up to now, the 
gold standard in brain atrophy measurements [27], but there are major 
shortcomings such as observer/ operator dependency and bias in brain 
structure and anatomical region boundary selection [31]. In order to 
overcome these shortcomings, automated techniques have been devel-
oped [17] [18,20] [39,41], the goal of which is to automatically analyze 
whole-brain structural MRI scans, avoiding a priori selection of regions 
and eliminating observer variability.

Voxel-based morphometry (VBM) is one such method developed for 
automated unbiased analysis of structural MRI scans. It has been used in 
a variety of settings and diseases [3], including VBM analysis of brain tis-
sue loss in AD [5,32]. However, the initial implementation of VBM has 
led to debate about the limitations of affine and low-order registration 
algorithms [4,6]. It has been argued that imperfect registration of MRI 
scans to a common template can lead to false estimates of atrophy [6]. 
Moreover, tissue classification errors during automated segmentation of 
brain tissue classes will produce an artificial thin rim of periventricular 
gray matter. In the current analysis, we tackled these two issues and 
applied dementia-specifc VBM to study patterns of atrophy in AD com-
pared to elderly controls, attempting to visualize similar atrophy patterns 
on the MRI analysis to the ones described neuropathologically [7,8]. 
• 
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Chapter 2:  AD versus Controls
Materials and methods

Subjects . Twenty-five patients with AD and twenty-five healthy controls of 
comparable age, recruited among spouses and friends of the patients, 
were included in the study. Written informed consent was obtained for all 
subjects. Approval of performance of MRI scans by local ethics commit-
tee was granted. All dementia subjects underwent a neuropsychological 
test battery. Cognitive function was measured using the Cambridge 
Mental Disorders of the Elderly Examination (CAMCOG) [33], which 
incorporated the Mini-Mental State Examination (MMSE)[14]. For 
controls, the cutoff for MMSE was set to greater than or equal to 24, but 
none of the controls had a MMSE score lower than 25. 

Depressive symptoms were also rated using the Montgomery Asberg 
Depression Rating Scale (MADRS) [30], in order to exclude major 
depression. Control subjects underwent detailed examination to exclude 
evidence of dementia (from history or CAMCOG score <80), depres-
sion (from history or score >10 on MADRS), and neurologic, physical, 
and psychiatric disorders before being recruited into the study. 

The diagnosis of AD was made by a consensus of three experienced rat-
ers following the consensus criteria of the National Institute of Neuro-
logical and Communicative Disorders and Stroke and Alzheimer's 
Disease and Related Disorders Task Force (NINCDS/ADRDA) AD 
[29]. Baseline characteristics of the group are given in Table 1, showing 
that the group consists of mild-moderate late onset AD patients. 

Magnetic resonance imaging was performed on a 1.0-T Siemens Magne-
tom Impact Expert MRI system (Siemens, Erlangen, Germany). Whole 
brain T1-weighted 3D MPRAGE (magnetization-prepared rapid-
acquisition gradient echo) data sets were acquired in the sagittal plane 
• 
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(TR, 11.4 ms; TE, 4.4 ms; TI, 400 ms; 256 x 256 matrix; 1-mm slice thick-
ness; flip angle, 15°). Voxel sizes were 1 x 1 x 1 mm (isotropic voxels). The 
same radiographer and standard head positioning were used throughout. 

Image processing . Data analysis was performed on a SUN SPARC Ultra 
10 workstation (Sun Microsystems, Mountain View Inc., CA, USA), 
using mainly statistical parametric mapping software (SPM99, Well-
come Department of Cognitive Neurology, Institute of Neurology, 
London, UK, http://www.fil.ion.ucl.ac.uk/spm/) (Friston et al., 1995) in 
conjunction with MATLAB version 6 (The Mathworks, Inc., MA, 
USA). Display of 3D images and image blending for display was done 
with IDL version 5.5 (Interactive Data Language, Research Systems Inc., 
Boulder, CO). In-house developed software in the C language and IDL 
was used to solve or automate certain processing problems. 
• 
• 
• 
•
•
•



Chapter 2:  AD versus Controls
Original VBM 

The dementia-specific method we propose (Fig. 1) has taken into 
account previous VBM studies applied on dementia [5,32] and recent 
approaches of creating local templates [23,24,40].

FIGURE 1. VBM protocol applied in dementia. We began by performing an original VBM in order to create 
the local template (step 1). Subsequently we followed the proposed steps (2 to 7). Numbers in bold reflect the 
VBM steps described in the under Materials and Methods. Notice that we reached the statistics box by either 
opening the volume or not, depending on whether we wished to analyze deep structures or cortical regions. 
• 
• 
• 
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Prior to image preprocessing a single investigator checked the images for 
artifacts and manually reorientated them using SPM99 so that they were 
centred on the anterior commissure [24]. The image data sets were then 
subjected to the following automated image processing steps prior to sta-
tistical analysis. 

In the original VBM method applied in dementia, volumes are first regis-
tered to a standard brain template. Registration of volumes to a common 
target is referred to as normalization. The target is usually a template of 
the same modality [32]. In the first VBM studies of tissue loss in AD, the 
template used was the default of SPM99, which was created by averaging 
the structural MRI scans of 152 healthy young controls. Subsequently, a 
Bayesian segmentation of gray/white matter and cerebrospinal fluid par-
titions is performed and eventually smoothing and statistical analysis. 
Variations do exist, for example, segmented gray matter maps may be reg-
istered to standard space once more and then subjected to statistical anal-
ysis [5]. The essential problem with the original VBM applied to brains 
with atrophy is that MRI scans of AD patients have a different geometry 
than those of controls (mainly ventricular enlargement and displacement 
of structures). As a result, controls will match the standard template bet-
ter than AD patients; especially near strong intensity gradients, one runs 
the danger of measuring structure displacement on top of atrophy[6]; 
hence the need for a study-specific template. 

Optimized VBM 

Study-specific template formation . We attempted to tackle the problem 
of registration to standard space by creating a study-specific local group 
template. Local refers to a template created by averaging the scans of the 
patients and controls in the current data set together in one template. 
Image volumes were first roughly normalized to standard space by using 
a 12-parameter affine model without any nonlinear factors. Spatial nor-
malization uses a 12-parameter affine transformation to match each 
image volume to the template image volume by minimizing the residual 
sum of squared differences between the image and the template [1]. The 
standard space model used was the 152 average T1 MNI (Montreal 
Neurological Institute) template. Subsequently the transformed scans 
were averaged (Fig. 2). We decided not to perform iterative averaging of 
transformation matrices for this study (by using matrix logarithms and 
• 
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Chapter 2:  AD versus Controls

y averaging 
M template. 
mplate also 
 AD-related 
lly. Because 
exponents), since our goal was to search for local group differences and 
not create a state-of-the-art disease probability atlas [42,44]. It should be 
noted that the template was created with input from both the patients 
and controls. In a last step, the created average volume was smoothed 
with a Gaussian of 8 mm full-width at half-maximum (FWHM). Non-
linear components were not used for template creation in order to pre-
serve group affine geometry [42,44].

Scan to template matching . This was achieved by affine registration of 
each scan to the aforementioned local group template and subsequently 
performing nonlinear iterations using 5 x 5 x 5 basis functions to account 
for global nonlinear shape differences [2]. Normalization ends with the 
resampling of the transformed volumes by trilinear interpolation to a 
voxel size of 1 x 1 x 1 mm. By registering to the local group template rather 
than a standard template, systematic registration bias for any particular 
group is reduced. 

Segmentation . After normalization, the images were automatically seg-
mented using a cluster analysis technique to identify voxels belonging to 
particular tissue types. This process, based on prior probability maps 
about the relative distribution of tissue types, partitions brain into gray 

FIGURE 2. Local group templates versus standard space template. (A) A local group affine template created b
both controls and AD patients; (B) the same template smoothed with a kernel of 8 mm; and (C) the original SP
Since the scans we used for template creation were already registered to standard space, the group-speci?c te
matches standard space. We notice, however, that our template already demonstrates a mixture of aging-and
changes: enlarged lateral ventricles and third ventricle, widened Sylvian fissure, and atrophic hippocampi bilatera
of smoothing it is hard to tell the degree of cortical atrophy only by visual inspection.

A B C
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matter (GM), white matter (WM), cerebrospinal fluid (CSF), and a 
fourth partition comprising skull, fat, muscle, and other unclassified vox-
els [3]. 

Volume preserving modulation . Although affine normalization does 
change the global volumes to bring them into template space and facili-
tate further analysis, during nonlinear normalization the local volumes of 
certain regions of the brain might expand or contract. As statistical anal-
ysis aims to identify regional differences in gray matter between groups it 
is important to correct for the effects of volume change. This was 
achieved by an additional processing step termed modulation, which 
multiplies the gray matter voxels by the Jacobians derived from spatial 
normalization and thereby preserves the amount of gray matter in each 
voxel [3]. In essence, analysis of modulated data focuses on volume differ-
ences, while analysis of unmodulated data focuses on concentration dif-
ferences. Modulation was performed on all image datasets in this study. 

Erosion and dilatation . MR scans of elderly subjects tend to have larger 
ventricles. The voxels lying at the interface of ventricular CSF and 
periventricular white matter tend to assume intermediate intensities 
(close to gray matter) as a result of partial voluming. The Bayesian seg-
mentation tends to misclassify these voxels as GM. This results in a thin 
rim of “GM voxels” around the lateral ventricular system in both the AD’s 
and the controls. This artifact has been present in previous VBM studies 
of AD patients vs controls; see, for example, Fig. 1 in the VBM study by 
Baron et al. [5]. This poses a question about the validity of earlier findings 
regarding deep cerebral gray matter structures. Therefore we incorpo-
rated a morphological “opening” algorithm which is defined as gray scale 
erosion followed by dilatation to eliminate this thin rim of tissue [26]. 
The effect of morphological opening is to remove small features within 
the image, in our case the thin periventricular rim. The side effect of the 
algorithm is that thin cortical GM islands might be removed as well. This 
was an anticipated side effect, and that is why in the current study we used 
analysis of “opened” volumes to examine atrophy of deep structures, while 
we employ normal volumes without “opening” to evaluate cortical atro-
phy. 
• 
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Chapter 2:  AD versus Controls
Smoothing . The spatially normalized gray matter masked images were 
smoothed with a 10-mm FWHM isotropic Gaussian kernel to allow for 
individual gyral variation and to render the data suitable for parametric 
statistical analysis. Our choice of a 10-mm FWHM kernel was sup-
ported by a recent publication, where it was shown that kernels between 
10 and 15 mm produce higher T values for VBM [10]. The opened GM 
volumes were smoothed with a narrower kernel of 4 mm FWHM, 
because morphological opening results in smoothing as well [26]. 

Statistical analysis 

Statistical analysis used the general linear model and is based on the ran-
dom Gaussian field theory (Friston et al., 1995). The design matrix for sta-
tistical analysis is composed of two contrasts comparing the smoothed 
gray matter. In the categorical group comparisons (AD vs Controls) 
voxel-by-voxel statistical differences were estimated by detecting whether 
each voxel has a higher or lower probability of being gray matter in the 
patient group than the same voxel in the control group. To normalize for 
global differences in voxel intensities across scans, gray matter globals 
were modeled as a confounding covariate in an analysis of covariance 
(ANCOVA) [21]. By allowing for global changes, the results reflect 
regionally specific difference in gray matter rather than a global measure 
of atrophy. Differences in voxel values for each contrast form a t statistic 
map (SPM{t}). The SPM{t} map is then transformed to the unit normal 
distribution (SPM{z}) and thresholded at P < 0.05 corrected for multiple 
comparisons at the voxel level [21]. It should be noted that both positive 
(GM of Controls greater than of AD) and negative (GM of Controls 
less than of AD) contrasts were calculated. 
• 
• 
• 
•
•
•

39 



40 
FIGURE 3. Results of VBM analysis of superficial structures. The background is 
the local group template and the colored overlay is the contrast of gray matter 
being less in AD’s than in controls. The color coding represents T values, ranging 
from 5.59 (dark red) to 11(yellow, almost white). A value of T > 5.59 corresponds 
to a P < 0.05 (corrected for multiple comparisons based on the theory of 
Gaussian random field). We notice diffuse cortical atrophy with asymmetric 
atrophy of the hippocampi bilaterally (left > right), both insulae and temporal 
poles. The periventricular rim has caused artifacts in the region where we expect 
to find the caudate and medial thalamus, so we cannot be sure if the resulting 
voxels are truly atrophic. More detailed analysis of these structures is described 
in the text (step 5) and in Fig. 4. Interestingly, sparing of the sensorimotor 
cortex, occipital areas, and cerebellum is evident on the series of images of the 
• 
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Chapter 2:  AD versus Controls
Results 

Display of results 

For qualitative analysis, mean gray matter images for each group were cre-
ated and visually inspected (Fig. 5). These images did not demonstrate 
any collateral “spreading” of gray matter structures such as the caudate 
nucleus and medial thalamus. For the visualization of quantitative results 
areas of significant change were displayed in the coronal plane and over-
laid on the group specific template (Fig. 3). We avoid the “glass brain” dis-
play, because we do not find it informative enough when used in a non-
interactive manner, since significant regions are superimposed. The 
images are orientated in radiological convention (the right side of the 
head is on the left) and all statistical maps are displayed as a color-coded 
overlay, with lower T values having dark red color and higher values 
approaching the yellow side of the spectrum. 

Differences in gray matter volume between AD and controls 

Significant clusters of locally reduced gray matter volume were observed 
in AD patients relative to controls subjects. Regions of significant differ-
ence were seen to diffusely affect the cerebral cortex, with remarkable 
sparing of the sensorimotor cortex (Figs. 3 and 6). The gray matter sur-
rounding the Sylvian fissure was also remarkably reduced, as well as the 
hippocampal and temporal pole gray matter. The occipital pole, however, 
was also relatively spared. 

While VBM has not been developed to formally test for differences in 
gray matter between different regions in the brain (that is, between a cer-
tain region on the left and on the right), the T maps indicate asymmetries 
between hemispheres. For example, 10.3% of all MTL voxels on the left 
vs 7.8% of all MTL voxels on the right were above the corrected P value, 
suggesting greater left than right MTL atrophy. 

As mentioned previously, the periventricular rim of false-positive gray 
matter produced highly signi.cant results inside the ventricular system 
(smoothing of the ventricular rim spreads the false-positive voxels to a 
larger area). Morphological opening (step 5) resulted in removal of the 
thin gray matter rim, but also reduced the signi.cance of cortical atrophy 
(Fig. 4). Without the periventricular artifact covering the deep gray 
• 
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structures, we noticed signi.cant atrophy of the caudate nucleus and the 
medial thalamus. However, the putamen and globus pallidus were not 
affected by atrophy in any of the analyses. 

Examination of the inverse contrast, i.e., gray matter loss of controls com-
pared to AD, did not yield any signi.cant results for any of the aforemen-
tioned analyses. 

Discussion 
It is well known that Alzheimer’s disease is characterized by cerebral atro-
phy. A recent review describes the current hypotheses about atrophy pat-
terns in AD (Smith, 2002). In the very early stages only the entorhinal 
cortex is affected. Later, atrophy spreads to the hippocampus proper and 
the MTL. Projection neurons from the MTL die, disrupting their neu-
rotrophic support to pyramidal cells in the association areas of the cortex. 
Based on projections from the MTL, the cortex in the temporoparietal 
region is the next to be involved. Other areas of the cortex, dependent on 
synaptic input from the association areas, later begin to disintegrate. In 
late stages of the disease the entire neocortex becomes involved, with rel-
ative sparing of occipital poles and cerebellum. As pointed out by Smith 
“an anatomical cascade builds up” from the entorhinal cortex to involve 
the nearby structures first and eventually higher cortical areas [38]. 

Various studies have demonstrated several regions involved in the atro-
phy process, in particular the entorhinal cortex, the hippocampus, and 
the medial temporal lobe [11,19]. The issue not solved by these studies 
was that they set their focus of attention to a predefined set of structures 
without relating the atrophy patterns from other areas of the brain. In 
contrast, VBM estimates anatomical differences by considering the brain 
as a whole. Whereas most current ROI methods have been focusing on 
measurement of preselected regions, atrophy measurement and localiza-
• 
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Chapter 2:  AD versus Controls
tion by VBM is performed by running millions of statistical tests 
between two groups (a typical structural MRI dataset has around 11 mil-
lion voxels, approximately 3 million of which are brain voxels). 

Our VBM implementation demonstrated in vivo diffuse cortical atrophy 
in AD, with the exception of the sensorimotor cortex, cerebellum, and 
occipital lobes. We also demonstrated atrophy of the hippocampus, 
insula, temporal poles, medial thalamus, and head of the caudate nucleus. 

One should be cautious when using automated image processing pack-
ages for disease description and identification. Although the algorithms 
in SPM99 are considered robust, this software was not specifically 
designed for measurement of atrophy in diseased patients. Rather, it was 
designed for evaluation of functional MRI data and PET data. We per-
formed the various procedures during a typical VBM session of SPM 
and noted certain steps, which needed to be either modified or inserted 
in the typical analysis (Fig. 1).  As very well pointed out recently, imper-

FIGURE 4. (A) Results of VBM analysis without morphological opening and (B) after the 
opening operator has been applied. Results are superimposed on a single patient scan for 
display purposes. VBM analysis of deep structures lowers the signal of the diffuse cortical 
component of atrophy, but separates atrophy of the caudate and medial thalamus. This atrophy 
was masked by ventricular partial voluming in the initial analysis (A). The cortical component of 
atrophy is less prominent with this type of analysis, since thin islands of cortical gray matter are 
also removed. Also, highly signifcant voxels remain in the insular region.
• 
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fect registration can lead to inaccuracies [6]. This is especially true in brain 

AD atrophy, where the ventricles are enlarged and registration might 
thus be imperfect. We attempted to tackle this problem by creating a 
local template, comprising both AD’s and controls [23,24,42]. When 
registering to a local template, AD and controls meet approximately half-
way through the registration process, essentially lowering this error. Of 
course, anatomical variability in AD pathology and degree of ventricular 
expansion might mean that even with the use of a study-specific template 
misregistration might still occur, but would nevertheless be substantially 
lower than that with matching to a generic young-normal template 
because age effects and average AD pathology are encoded in the tem-
plate. Matching of dementia scans to a disease-specific template together 
with measurements of goodness of match has been described in cortical-
matching studies in AD [40]. Also, with this sophisticated type of regis-
tration a similar atrophy pattern was reported, underscoring the validity 
of our results. A second approach is to correct for volume change, as we 
described in the modulation section. A third approach would be to use 

FIGURE 5. (A) Mean gray matter volumes (averaged) of controls’ scans and (B) 
of AD scans. Images have been brought to intensity scale to appreciate the diffuse 
loss of gray matter in the AD group (darker signal). We notice what in VBM 
literature is commonly referred to as global vs local differences; although the 
approximate global size has been matched (an essential step in VBM), local 
differences are still visible. The locations corresponding to the average caudate 
nucleus and the average medial thalamus are smaller in the AD group than in the 
control group. We also notice increased average ventricular size in the AD group. 
In order to quantitate these visual differences one needs to perform statistical tests 
(Fig. 3). Nevertheless, there is no visible “spreading” of the aforementioned 
structures over a wider area. These images have not been morphologically opened 
and therefore we still notice the periventricular artifact.
• 
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Chapter 2:  AD versus Controls
segmented gray matter partitions for the normalization process, a 
method currently under development and evaluation [24], but then use 
of priors for the segmentation might still be problematic. 

A second step which merits attention is the segmentation procedure. 
One should check the histograms of the volumes to make sure no major 
misclassifications have taken place. Furthermore, a periventricular rim of 
misclassified voxels is frequently observed. This rim can be blown up 
because of the smoothing. One could argue that atrophy detected at the 
interface between gray/white matter and CSF is artificial, because that is 
exactly where we find strong intensity gradients [6]. The argument for 
the strong gradients is that if a group’s ventricles are enlarged, as happens 
in AD, then spatial normalization would shrink the surrounding struc-
tures when attempting to fit the scans to the template [4]. Moreover, ven-
tricular size variation within the AD group might have “spread” the deep 
gray matter structures along a wider area, thus creating the false impres-
sion of atrophy. We checked the mean GM images of the two groups, 
and we did not notice any spreading of the caudate nucleus or medial 

FIGURE 6. Three-dimensional surface rendering of a skull-
stripped AD brain (gray) and AD group cortical atrophy (red) 
superimposed. Notice that there is diffuse cortical atrophy with 
sparing of the sensorimotor cortex, low occipital region, and 
cerebellum. Such a pattern of atrophy corresponds to neocortical 
stage V, as described by Braak et al. [7,8]. It is at this stage that 
the initial diagnosis of AD is usually made. 
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thalamus or any other structure over a wider area in any of the groups. 
Moreover, only selected structures were demonstrated; if registration 
had squeezed all structures, then we would have expected significant atro-
phy, for example, in the putamen and globus pallidus as well. 

The first visual scales of AD pathology, as visualized on MRI, rate the hip-
pocampus, insula, medial temporal lobe, and parahippocampal gyrus 
[13,35,36]. These scales presume that pathology in AD is concentrated in 
the aforementioned regions in the earliest stages of AD, a result easily 
identifiable with the naked eye. Our results confirmed the presence of 
severe atrophy in these locations, namely, the hippocampus, insula, and 
temporal lobe. Additionally, we also observed diffuse cortical atrophy in 
concordance with mild to moderate dementia severity in our sample. 
Cortical atrophy was not uniform; the sensorimotor cortex, occipital 
poles, and cerebellum were spared. Previous neuropathological publica-
tions support the notion of sensorimotor cortex sparing in the early–mid 
stages of AD [7,9,15,34] and only one exception has been demonstrated 
as a case report [22], probably reflecting a late stage in AD pathology. 

There have been other cross-sectional studies examining brain atrophy 
without prior assumptions [5,32,40]. The pilot study of Rombouts et 
al.[32] was the first study to report atrophy of the hippocampus, insular 
region, and caudate nucleus, but it failed to observe any cortical involve-
ment. Factors which might explain the differences with our study might 
be that 2 x 2 x 2 mm resliced scans were used compared to 1 x 1 x 1 mm 
in the current study, a smaller group (with 8 years difference between the 
groups) was examined, and P values were not corrected for multiple com-
parisons [32]. The group of Baron et al. [5] reported symmetrical atrophy 
of the MTL, sparing of the sensorimotor cortices, occipitotemporal 
regions, and cerebellum, and left-sided predominance of atrophy of pos-
terior parietal and dorsal frontal cortex. Our study reports similar 
findings with the addition of asymmetry in the MTL as well. It should be 
noted though that Baron et al. examined a group of AD patients with a 
higher mean MMSE score (22.4) than our AD group (mean MMSE of 
15.6) [5]. Moreover, in the study of Baron et al., the same down-sampling 
as in the study of Rombouts et al. was performed: scans were resliced to 2 
x 2 x 2 mm, the cutoff value for multiple comparisons was set to 0.10, and 
no clear correction was applied for the periventricular misclassified vox-
els (meaning that deep gray matter results are not clear of bias). A study 
• 
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Chapter 2:  AD versus Controls
which used a different approach to estimate atrophy is that of Thompson 
et al.[40]. Although based on a different registration method, the 
findings of Thompson et al. are in good agreement with our data, show-
ing diffuse neocortical pathology, with sparing of the sensorimotor cor-
tex, occipital poles, and cerebellum. Interestingly, they emphasize left-
sided predominance, which was also present in the MTL in our material. 

The findings of the current study are also in agreement with the histo-
pathological staging of Braak et al. [7,8]. In the limbic stages severe 
changes in the transentorhinal and entorhinal regions and modest 
changes in the hippocampus, temporal poles, and insula occur (stage III), 
with damage expanding to neocortical association areas in stage IV. The 
same areas were very significantly affected on the VBM analysis (Fig. 3). 

In the neocortical stages, widespread devastation of the neocortex and 
damage spreading from inferior temporal areas superolaterally are noted 
(stage V). The primary motor field, primary sensory areas, and unimodal 
secondary fields are still spared. This is the pattern emerging in our group 
of patients with clear clinical involvement. 

The medial temporal lobe and neocortical alterations served as a refer-
ence point in our findings, but we also noticed other regions of atrophy. 
Atrophy of the caudate head and medial thalamus, as well as of the cingu-
lum, was observed. Atrophy of the caudate has been described by neuro-
pathological findings [8] and atrophy of the thalamus by MRI ROI 
analysis [28]. These three structures lie geometrically in locations which 
are hard to evaluate with computational models. Ventricular expansion 
(via partial volume effects) might obscure the fact that the caudate head 
and thalamus might also be atrophic, whereas cingular atrophy can easily 
be missed and ascribed to interhemispheric fissure widening. 

The method we applied, combining creation of a local affine template 
and morphological opening, excluded ventricular enlargement and inter-
hemispheric widening to cause such artifacts. We can only speculate 
about the clinical significance of these new findings in our patient popu-
lation. What is worth mentioning, though, is that these findings were 
present in the same group where sensorimotor sparing was documented. 
• 
• 
• 
•
•
•

47 



48 
Conclusion 
The optimized VBM we describe here allows a comprehensive in vivo
analysis of patterns of atrophy in AD, and the results are in perfect agree-
ment with histopathological findings. In addition to hippocampal and 
medial temporal lobe involvement, diffuse cortical atrophy with sparing 
of sensorimotor cortex, occipital poles, and cerebellum was noted. Fur-
thermore, insula, caudate head, medial thalamus, and cingulum also 
appeared to be involved. 
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    Global and local grey matter loss in mild cognitive 
impairment (MCI) and Alzheimer's disease

Abstract
Purpose: Mild cognitive impairment (MCI) is thought to be the pro-
dromal phase to Alzheimer's disease (AD). We analyzed patterns of grey 
matter (GM) loss to examine what characterizes MCI and what deter-
mines the difference with AD. 

Materials-Methods: Thirty-three subjects with AD, 14 normal elderly 
controls (NCLR) and 22 amnestic MCI subjects were included and 
underwent brain MR imaging. Global GM volume was assessed using 
segmentation and local GM volume was assessed using voxel-based mor-
phometry (VBM); VBM was optimized for template mismatch and sta-
tistical mass.

Results: AD subjects had significantly (12.3%) lower mean global GM 
volume when compared to controls (517 58 versus 590 52mL; p<0.001). 
Global GM volume in the MCI group (552 52) was intermediate 
between these two: 6.2% lower than AD and 6.5% higher than the con-
trols but not significantly different from either group. VBM showed that 
subjects with MCI had significant local reductions in grey matter in the 
medial temporal lobe (MTL), the insula and thalamus compared to 
NCLR subjects. By contrast, when compared to subjects with AD, MCI 
subjects had more GM in the parietal association areas and the anterior 
and the posterior cingulate.

Conclusion: GM loss in the MTL characterizes MCI, while GM loss in 
the parietal and cingulate cortices might be a feature of AD.

3
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Introduction 
Mild Cognitive Impairment (MCI) is a clinical term describing the tran-
sitional state between normal aging and dementia [33]. Patients with 
amnestic MCI are characterized by isolated episodic memory loss 
greater than expected by age alone, but not enough to meet criteria for 
probable Alzheimer's Disease (AD) [29]. Recent MRI research in MCI 
shows atrophy of the parahippocampal gyrus and medial temporal lobe 
(MTL) in one study[44], and of the entorhinal cortex, the banks of the 
superior temporal sulcus, and the anterior cingulate in another [27] com-
pared to controls. The choice of which structure to measure is likely to 
have been guided by histopathological staging research which particu-
larly identifies the medial temporal lobe as being involved early in AD 
[8,15]. It has been recognized though, that there might be a discrepancy 
between amyloid deposition, tangle formation and neuronal loss: neu-
ronal loss is greater than what would be expected from direct amyloid 
damage alone [20] and that might be reflected on grey matter loss 
(GML) on MRI. Likewise, in vivo measures of hypometabolism in the 
brain appear to follow a different pattern than the histopathological 
(Braak) stages [14,30,31]. Loss of synaptic neurotrophic support might 
lead cortical areas in the brain to exhibit atrophy earlier than would have 
been anticipated neuropathologically [8,38]. In other words, extrapolat-
ing neuropathological findings to describe AD and its prodromal stages 
introduces a certain degree of bias towards conformance to the Braak 
staging. A recent study attempted to correct for the bias and identify 
atrophic regions in MCI versus AD [12]. In that study, the authors used 
a statistical framework based on local statistical maxima to highlight 
GML throughout the whole brain but failed to find hippocampal vol-
ume differences between MCI and AD. In order to tackle the method-
ological issues and assess the suggestion [12] of a lack of  hippocampal 
atrophy we undertook a project to quantify the extent of GML in MCI 
patients as measured by MRI and verify whether the hippocampus con-
tinues to loose volume or not in AD. We employed neurocomputational 
methods which search the whole brain for differences and quantify the 
extent and asymmetry of brain GML [2,3,21] or quantify global GM in 
a robust manner [40]. 
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Chapter 3:  MCI cross-sectional
Materials and methods
Subjects with amnestic MCI [34] and late-onset probable Alzheimer's 
disease (AD) [29] were selected from consecutive referrals to an outpa-
tient memory clinic in the period 2000 to 2002. To be included, every 
patient had to have received an MRI scan examination on the same scan-
ner. The diagnosis of amnestic MCI was made if the subject had a score 
on the Global Deterioration Scale of 3 [35] and had impairment on 
memory tests as judged by a neuropsychologist. Specifically, the Petersen 
criteria were operationalized by including patients exhibiting memory 
complaints and neuropsychological evidence of a memory disorder >1.5 
standard deviation below cut off for normal ageing, and no evidence for 
a deficit in any other cognitive domain, no activities of daily living (ADL) 
interference and no clinical dementia. Healthy elderly controls (NCLR) 
were recruited among spouses or relatives of the patients.

Accordingly, MCI subjects with impairments in domains other than 
memory were excluded. Other exclusion criteria were history of depres-
sion, cardiovascular or extensive vascular disease on MRI. In addition, 
subjects were excluded if the MRI scan did not allow VBM analysis. 

MRI was performed on a 1.0 T Siemens Magnetom Impact Expert sys-
tem (Siemens, Erlangen, Germany). Anatomical high-resolution scans 
were obtained as whole brain T1-weighted 3D MPRAGE (magnetiza-
• 
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tion-prepared rapid-acquisition gradient echo) volumes and were 
acquired in the coronal plane (TR, 15 ms; TE 7 ms; TI, 300ms; flip angle, 
15o). Voxel sizes were 1 x 1 x 1.5 mm. For the visual assessment of vascular 
burden 2D FLAIR (Fluid Attenuated Inversion Recovery) images were 
acquired in the axial plane (TR, 9000 msec; TE, 105 msec; TI, 2200 msec; 
flip angle 180 o).

Image Processing

Data were analyzed at a global-level using the cross-sectional version of 
Structural Image Evaluation, using Normalization, of Atrophy (SIE-
NAX) as part of the FSL Oxford software suite [40]: http://
www.fmrib.ox.ac.uk/fsl/ . For local-level analysis we employed VBM 
methodology by using SPM99 (http://www.fil.ion.ucl.ac.uk/spm) run-
ning on MatLab 6.1 (The Mathworks, MA, USA). Additional special 
customized scripts in MatLab automated all VBM steps and ensured 
consistency. Image processing functions and visualization routines were 
coded in IDL 5.6 (Research Systems, Boulder, CO, USA). Advanced 
image registration was performed with AIR version 5 (freely available at: 
http://bishopw.loni.ucla.edu/AIR5/) [45]. Skull extraction was per-
formed with the Brain Extraction Tool (BET) from the FSL suite [39]. 
All processing steps were done on a Linux Workstation. All source code, 
templates and extra scripts are freely available from the corresponding 
author upon request.

Global grey matter loss: SIENAX. The SIENAX algorithm was applied 
to estimate  grey matter volumes corrected for skull size and is an algo-
rithm which has been shown to perform well on differing slice thickness 
and sequences [40]. SIENAX registers a scan to standard space, strips the 
skull, segments the grey matter and uses the stripped skull to adjust the 
results for head size. In our implementation, we noticed that the skull 
extraction algorithm (BET) performed better if the scan was brought 
with rigid body registration to standard space first, because then the cen-
ter of the sphere BET uses to expand is then in the center of the brain 
parenchyma.
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Chapter 3:  MCI cross-sectional
Regional grey matter loss: optimized VBM with manifold projection. 
We applied optimized VBM with some modifications necessary for ana-
lyzing dementia MRI scans [26]. Briefly, scans were registered twice, 
once to standard space and once to a local space. Local space is usually cre-
ated by averaging the scans after they have been registered to standard 
space. Since there has been debate about misregistration influencing the 
results of VBM [4,7] and one of the assumptions for a correct VBM is 
reduced global anatomical variability [3], we enhanced the averaging pro-
cess at the template-creation step by projecting the affine transformation 
matrices, which map all scans to a random scan from the group, to a semi-
Riemannian manifold and averaging them there, thus creating a common 
transformation matrix for all scans [45]. Subsequently this matrix was 
applied to all scans and the process was iterated two times until maximum 
convergence was reached (semi-Riemannian manifolds and semi-Rie-
mannian geometry are advanced theoretical concepts of a multidimen-
sional curved space, upon which the theory of relativity is based). This 
method removes registration bias arising from discrepancies between 
template and scan; it does not matter if some of the scans don't match the 
template very well: all scans will converge towards a 'halfway' common 
target (defined by the average transformation) spreading residual registra-
tion errors in an unbiased fashion. 

Subsequently, grey matter, white matter and cerebrospinal fluid were 
extracted and the grey matter intensity partitions were mapped by non-
linear registration (5x7x5 basis functions) to the common grey matter 
template and resampled at 1 x 1 x 1 mm, to maximize use of structural 

 
FIGURE 1. Coronal sections of grey matter partitions of the NCLR group. On the 
left is the template derived from the usual VBM creation method and on the right 
is the template after transformation matrix averaging has occurred in the semi-
Riemannian manifold. Note that the template on the right is much better defined 
indicating that global anatomical variability has been reduced (a prerequisite for 
application of VBM).
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information. Morphological opening was performed to correct for mis-
classified periventricular partial volume voxels [26]. In order to accom-
modate for shrinking and expanding effects of the nonlinear registration 
part, we performed modulation [3]. To evaluate registration success we 
created a grey matter template with usual VBM methodology and one 
with transformation matrix projection. The latter template was much 
better defined compared to the usual VBM template, indicating reduced 
global anatomical variability (figure 1).

Statistical analysis of VBM. When performing statistics in a functional 
MRI (f MRI) experiment one usually applies gaussian kernel smoothing 
and the general linear model [19] in order to detect activations, i.e. 
changes in blood oxygen level-dependent (BOLD) response. This statis-
tical methodology was initially adopted en bloc by neurocomputational 
methods involving structural analysis. There are certain caveats though, 
which might render this implementation troublesome [41]. The first 
drawback is the arbitrary setting of significant p values (or the equivalent 
T scores). Different thresholds reveal different structural changes. In fig-
ure 2 we demonstrate the absence of cingulate atrophy when setting the 
threshold to p=0.0001 and presence of cingulate atrophy when using the 
lower threshold of p=0.001 in the VBM AD vs. MCI comparison. The 
second drawback is the report of statistics according to cluster peak and 
extent. The peak is the maximum T score in a cluster and the extent is the 
number of connected voxels to that cluster. In a diffuse disease such as 
AD, cluster analysis would search for local maxima and form clusters 
around them, but leave widespread changes untouched unless they hap-
pened to have a local maximum. Thirdly, multiple comparisons correc-
tion methods have been used to adjust for statistical error but not for 
biological effect. It is evident that 3 million voxels of the same brain are 
not independent observations. That is especially true for voxels falling 
within the same gaussian kernel. Conversely, if the same disease process 
causes atrophy of neighbouring voxels, correcting for multiple compari-
sons would inevitably adjust for the assumed statistical type I error but 
also filter out the biological effect. Ultimately, one has to balance statisti-
cal significance with biological relevance.
• 
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Chapter 3:  MCI cross-sectional
In order to account the aforementioned issues we applied the concept of 
statistical mass. Initially, traditional VBM statistics were calculated with 
SPM99 using the general linear model as described previously [19,26]. 
Two-sample t-tests were used to calculate the statistical contrasts. By 
comparing three groups, the number of contrasts one is allowed to per-
form is only two, since the third contrast is already implied in the other 
two comparisons. Hence, we performed VBM analysis only for MCI 
versus NCLR and MCI versus AD. Subsequently we partitioned the 
VBM statistical maps according to predefined anatomical regions and 
calculated the T-mean per anatomical region, thus determining the 'statis-
tical mass' (SM) in the anatomical region [9]. Appropriate choice of the 
anatomical regions to use was performed after the VBM maps were 
inspected visually to identify the atrophic areas. 3D standard anatomical 
probability maps (in MNI space) were used to mask the VBM maps 
[18,22,23]. The 3D anatomical probability maps range from 0 (null) to 1 
(maximum) probability that a voxel belongs to the specified anatomical 
region. After visual inspection of the anatomical probability maps and 
taking into account that the grey matter volumes were smoothed with a 
kernel of 12 mm, a cut-off value of 0.5 for probability was used for voxel-
assignment (Figure 3). We could compare T-mean values between the 
two analyses because at relatively large samples, the corresponding T 
value for various p values varies only in the third decimal (e.g. at p=0.001 

FIGURE 2. Effect of threshold value on VBM results interpretation. In the upper 
panel, the T-map was thresholded at p=0.0001 and in the lower panel at 
p=0.001. Notice that by lowering the threshold the left MTL appears more 
atrophic and the right parietal association area and caudate head are enlarged. 
The cingulate cortex almost does not appear at all atrophic at the high threshold, 
but is obviously abnormal at lower threshold.
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the T value is 3.591 for 35 subjects and T=3.551 for 40 subjects[1]). Since 
a high statistical value may either arise because of true difference or low 
variability, we estimated grey matter sub-volumes over the anatomical 
probability regions. Statistical mass results are expressed in table 3 and dif-
ferences in sub-volumes are expressed as percent changes in table 4.

Statistical analysis of SIENAX. SPSS 11 was used. Group comparisons for 
age and SIENAX means for GM were compared by ANOVA and dif-
ferences between the means of the three groups were assessed by a post 
hoc Bonferroni test, when appropriate (non-significant homogeneity of 
the means and significant F value). Because of the ordinal nature of 
MMSE (an arbitrary rating scale), Kruskall-Wallis non-parametric test 
was performed by applying a Monte Carlo simulation of 10000 sampling 
to test for differences between the three groups in MMSE scores.

 Results
The total MCI population comprised of 68 subjects, twenty-two out of 
which fulfilled the inclusion criteria. The other two groups consisted of 
33 subjects with AD and 14 control subjects. All groups were compara-
ble for age at scanning. Demographics and clinical variables are presented 
in Table 1. To ensure that the selected MCI subpopulation was represen-
tative for the total MCI sample we compared age and mini-mental state 
examination (MMSE, max score = 30, [17]) between the included and 
excluded MCI subjects (no statistical significance, p for age=0.8, p for 
MMSE =0.7). As expected, the selected MCI subgroup comprised of 
• 
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Chapter 3:  MCI cross-sectional
individuals with very mild cognitive decline (mean MMSE of 26.4, range 
24-30) and the AD group consisted of patients with mild cognitive 
decline (mean MMSE of 21.1, range 4-28).

MCI versus NCLR

Comparing the three groups for global grey matter volume demon-
strated a significant difference (p<0.0001). At post-hoc analysis this 
appeared to be caused by the comparison of AD versus NCLR (12% 
global GM volume reduction of GM, Bonferroni p<0.001). The MCI 

FIGURE 3. Axial slices of the MNI standard brain with the automatic probability anatomical 
regions overlaid. These regions were used to estimate the statistical mass and grey matter lobar 
volume. Red=frontal lobe, green=parietal lobe, orange=temporal lobe, blue=occipital lobe. 
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group had a much smaller reduction of 6.5% of global GM volume com-
pared to the NCLR subjects which was not statistically significant (Bon-
ferroni p=0.13) reflecting the considerable overlap between the groups 
(figure 4).  The two groups though, differed markedly in terms of the pat-
tern of regional grey matter (Figure 5, Tables 3 and 4). On a lobar level, the 
most significant difference in MCI subjects compared to NCLR sub-
jects was seen in the parietal lobes followed by the frontal lobes. Focusing 
on a more detailed level the structure most affected in subjects with MCI 
was the thalamus bilaterally followed by the superior temporal cortex 
bilaterally, the left insula and the hippocampus bilaterally. Compared to 
the NCLR subjects, MCI subjects had only modest SM differences in 
the parietal association areas, the retrosplenial cingulate cortex, and the 
temporo-parietal cortex.

MCI versus AD

The difference in grey matter volume between MCI and AD subjects 
was 6.2%, which did not reach statistical significance (p=0.08 (table 2)). 
VBM analysis revealed clear differences in SM in a number of brain 
regions (Figure 6, Tables 3 and 4). Subjects with AD showed a greater SM 
in the temporal and parietal lobes compared to subjects with MCI. Sub-

FIGURE 4. Boxplot of SIENAX-generated grey matter volumes. We notice that the 
AD group has lower grey matter volume than the MCI and the control group. 
Statistical analysis of the data showed that significance is present only between AD 
and Controls.
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Chapter 3:  MCI cross-sectional
jects with AD also showed a greater SM of the frontal and occipital lobes 
but this difference was less pronounced. On a more detailed level, the 
structure that had the greatest SM in AD patients compared to MCI 
patients was the left amygdala, followed closely by the rest of the MTL 
structures. The left insula was not more involved in AD compared to 
MCI patients. SM in AD patients was more severe at the left side than at 
the right side (with the exception of the insula). Parietal association areas 
demonstrated a high SM, comparable to the levels seen in the MTL. 
Involvement of the cingulate cortex was also noted, with the retrosplenial 
cingulate equally involved as the parietal association and with the anterior 
cingulate a little less.
• 
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Discussion
In the current study we used two different methodologies to quantify 
grey matter differences in MCI patients compared with normal controls 
and AD patients. While global grey matter volume did not clearly distin-
guish MCI from the other two groups, spatially varying differences were 

FIGURE 5. MCI vs. NCLR at p=0.001(uncorrected). In MCI subjects, atrophy is confined in the MTL re
without any major involvement of higher cortical areas.
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Chapter 3:  MCI cross-sectional
detected between groups, whereby the MCI group differed from the 
NCLR group in terms of atrophy of the MTL region, thalamus and 
insula. By contrast, GM losses in the parietal association cortices and cin-
gulate cortex were hallmarks of the AD group when compared to MCI. 
The AD subjects also had more atrophy in the MTL indicating an ongo-
ing atrophic process in that area.
• 
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 bias.
Atrophy of the anterior cingulate, postulated to be an early marker of AD 
[27] was not a distinctive feature when MCI patients were compared to 
NCLR, but was  quite evident when the AD group was compared to 
MCI. Interestingly, in the study by Killiany et al. posterior cingulate 
involvement was only evident when MCI was compared to controls, but 

FIGURE 6. AD vs. MCI at p=0.001 (uncorrected). AD subjects demonstrate more atrophy in the medial tem
lobe, but also in the parietal cortex and cingulate cortex. The quantified VBM maps for these findings i
confirmed the visual appearance of the VBM maps without the need to set threshold and consequently introduce
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Chapter 3:  MCI cross-sectional
not between AD and MCI. The differences between these studies may 
be technical, but also differences in patient selection, with our MCI 
group being closer to NCLR than AD for their MMSE scores.

In a recent VBM study a similar pattern of parietal atrophy was found in 
Alzheimer's patients compared to MCI patients [12]. That study did not 
reveal any hippocampal atrophy in the transitional stage from MCI to 
AD, suggesting a plateau had been reached, or even postulating that neu-
ral plasticity compensated for the volume loss [12]. In our study though, 
the hippocampus still demonstrated atrophy in the AD group. This dis-
crepancy may be due to the fact that in the study by Chetelat et al. the hip-
pocampal atrophy might have just been under the arbitrary significance 
level set by the authors, or due to differences in disease severity of the 
MCI populations.

In a previous study we conducted with moderate to severe Alzheimer's 
patients we observed a close adherence to the Braak stages [26]: MTL 
atrophy accompanied by diffuse neocortical atrophy with the exception 
of the occipital cortex and the sensorimotor strip. In the current study we 
did not aim to look at cumulative atrophy in AD compared to controls, 
but atrophy in the regions which would distinguish MCI from AD and 
NCLR. We noticed that atrophy patterns still seemed to adhere to the 
Braak staging, with the exception of the thalamus. Early thalamic involve-
ment, not a characteristic of the Braak staging, has been observed in 
recent metabolic hypoperfusion studies[10,13,32] and reported as a dis-
criminative factor of AD in recent meta-analysis [46], but manual outlin-
ing of the thalamus is necessary to confirm this finding. Brain atrophy or 
hypometabolism might exhibit themselves in areas further away from the 
expected Braak pattern; recently it has been reported that parietal associ-
ation metabolic impairment differentiates AD from MCI [13] and that 
these metabolic reductions might even exceed grey matter volume losses 
[14]. Our current study on the other hand, using a sample of comparable 
age and MMSE scores with the study of de Santi et al., demonstrated pos-
sible neocortical GML in the AD group, but unfortunately we did not 
have PET data to compare the difference in magnitude. Arguably, the 
grey matter measurements of the De Santi group were not optimally 
tuned to evaluate cortical atrophy (gyral-sulcal variability makes it very 
difficult to perform accurate region of interest measurements in cortical 
areas) and accordingly find a correlation with metabolic impairment. 
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Interestingly, another recent study [11] measured the dissociation 
between hypometabolism on FDG-PET and VBM of MRI in MCI and 
correlated encoding and retrieval findings with only the hippocampal 
loss (VBM) and posterior cingulate hypometabolism (FDG-PET). It 
remains unclear why the VBM study of Chetelat et al. was unable to dem-
onstrate posterior cingulate involvement, while in our case it was possible. 
Methodological differences in the VBM implementation or focusing 
only on the encoding-retrieving task might explain the discrepancy.

Our results are in agreement with the findings of a recent meta-analysis of 
volumetric studies in AD [46], where it was found that disease duration 
of less than four years was mainly characterized by atrophy in the MTL 
region, while disease duration of more than four years (hence higher 
probability of having true AD clinical picture) showed extension to 
other structures like the caudate nucleus, parietal-occipital regions and 
frontal and parietal lobes.

Our findings indicate a laterality trend of the atrophic process. The AD 
group demonstrated more left-sided atrophy. This comes in accordance 
with a number of VBM studies [5,26], sulcal-warping studies [41,42], 
SPECT and PET studies [16,25,28], which support left greater than right 
hemispheric involvement in AD. The right hemisphere has been 
described as having a "time lag" in demonstrating atrophy [41]. The find-
ing of greater right medial temporal atrophy in MCI is intriguing. It is 
known that healthy brain is asymmetrical in structure and function [43], 
with the right hippocampus approximately 5% larger than the left [24]. It 
is unclear why our MCI group demonstrated inversed laterality. A recent 
study suggested that disease duration of less than two years is associated 
with larger left than right hippocampi in MCI and AD patients [6]. It 
remains to be elucidated, in case laterality inversion does take place, 
whether a timeframe of two years forms a pivotal point.

A drawback of the implementation of regionalized statistical mass, via 
the MNI standard masks, is that distorted pathology might "pull" struc-
tures out of the anatomical mask, thus creating artificially reduced grey 
matter. That might be especially true in the case of AD pathology with 
known ventricular expansion. For this reason we opted for empirically 
wider anatomical masks, which would ensure the structures of interest fall 
within the mask. Another weakness of this study is its cross-sectional 
nature and the temporal pattern of evolution suggested by the two sepa-
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Chapter 3:  MCI cross-sectional
rate comparisons needs to be validated in a longitudinal study where each 
subject serves as it's own control in a framework of high-dimensional 
transforms and voxel-compression mapping [36,37]. An additional limi-
tation is that some of the MCI subjects may not develop AD but may 
have MCI due to other causes. Therefore, the differences between 
NCLR and MCI subjects who will convert to AD may have been under-
estimated (and those between MCI and AD overestimated).

In summary, while MCI might indeed lie empirically 'halfway' between 
AD and NCLR, as indicated by global GM measurements, spatially 
varying anatomical areas are involved in this transitional phase, suggesting 
that early changes in AD involve the MTL, thalamus and insula, while 
established AD also involves parietal association areas and cingulate. 
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    Amnestic mild cognitive impairment: structural 
MRI findings predictive of conversion to 
Alzheimer's disease

Abstract
Background and Purpose: Mild cognitive impairment (MCI) is by many 
considered a prodromal phase of Alzheimer's disease (AD). We used 
voxel-based morphometry (VBM) to find out whether structural differ-
ences on MRI could offer insight about the development of clinical AD 
in patients with amnestic MCI at three years follow-up. 

Methods: Twenty-four amnestic MCI patients were included. After 
three years 46% had progressed to AD (n=11, age [72.7, SD 4.8]; sex 
[women/men] 8/3). For 13 patients (age [72.4, SD 8.6]; sex [women/
men] 10/3) the diagnosis remained MCI. Baseline MRI at 1.5T 
included a coronal heavily T1-weighted 3D gradient echo sequence. 
Localized grey matter differences were assessed with VBM. 

Results: The converters had less grey matter volume in medial (including 
the hippocampus) and lateral temporal lobe structures, parietal lobe 
structures and lateral temporal lobe structures. After correction for age, 
gender, total grey matter volume and neuropsychological evaluation, left-
sided atrophy remained statistically significant. Specifically, converters 
had more left parietal atrophy (angular gyrus and inferior parietal lobule) 
and left lateral temporal lobe atrophy (superior and middle temporal 
gyrus) than stable MCI patients. 

Conclusion: By studying two MCI populations, converters versus non-
converters, we found atrophy beyond the medial temporal lobe to be 
characteristic of MCI patients who will progress to dementia. Atrophy of 
structures such as the left lateral temporal lobe and left parietal cortex 
may independently predict conversion.

4
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Introduction
The term mild cognitive impairment (MCI) was coined to describe indi-
viduals not yet fulfilling the criteria of Alzheimer's disease (AD), but who 
evidently do not have a normal cognitive profile compared to their con-
temporaries[29]. The annual conversion rate of MCI patients is generally 
believed to lie around 15-20%, meaning that by three years half of the 
patients with MCI will probably have developed clinical AD[30]. If 
drugs become available that could influence the course of the disease, it is 
evident that these should be administered at the earliest stage at which a 
diagnosis can be made with certainty. Hence, clinical, biological and 
imaging markers are needed to detect that earliest stage of underlying 
pathology. 

Previous MRI studies assessing the predictive value of structural brain 
changes for AD focused on medial temporal lobe atrophy (MTA) 
[20,21]. Brains of patients with Alzheimer's disease exhibit more atrophy 
in the medial temporal lobe, thalamus, superior temporal gyrus, parietal 
association cortex and cingulate gyrus, than patients with MCI 
[5,12,23,28]. Some of these brain atrophy locations might provide addi-
tional independent information about risk of conversion [36]; conver-
sion from MCI to AD has already been associated with hippocampal 
and entorhinal volume loss [16] and with hippocampal shape changes[2]. 
We adopted a longitudinal approach, in which we followed up a study 
group for three years and then compared the baseline MRI scans. Voxel-
based morphometry (VBM) was chosen as the post-processing method 
in order to avoid a priori hypotheses.

Patients and Methods

Patient inclusion

Twenty-five amnestic MCI patients were prospectively selected from the 
Alzheimer Center at the VU Medical Center, Amsterdam, The Nether-
lands. Due to image pipeline failure one patient had to be excluded, leav-
ing 24 patients for analysis. MCI patients were diagnosed according to 
the Petersen criteria with a slowly progressive memory decline without 
the involvement of another domain of cognitive function, that did not 
interfere significantly with activities of daily living [30]. Inclusion of an 
• 
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individual in the study required mini-mental state examination (MMSE) 
score of 24 and higher [19]. Follow-up ending for this study was set at 
three years after inclusion and diagnosis of AD was made according to 
the NINCDS-ARDRA criteria [26]. All patients received a diagnostic 
battery comprising of mini-mental state examination - MMSE [19], clin-
ical dementia rating - CDR [27] and NYU-paragraph recall tests, which 
were used for cognitive profiling. The study had approval of the review 
board of the committee of medical ethics of the VU University Medical 
Center in Amsterdam, The Netherlands. All patients provided informed 
consent according to the Declaration of Helsinki under supervision of a 
lawful caretaker during a screening visit in which the procedure was 
explained and contraindications were checked.

MRI Data Acquisition

Imaging was carried out on a 1.5 T Sonata scanner (Siemens AG, Erlan-
gen, Germany), using a standard circularly polarized head coil with foam 
padding to restrict head motion. A heavily T1-weighted structural 3D 
sequence was employed to obtain high resolution images (MP-RAGE; 
inversion time: 300s, TR = 15 ms; TE = 7 ms; flip angle = 8o; 160 coronal 
slices, 1x1x1.5 mm voxel dimensions). Additional to the structural MRI 
protocol the patients also received FLAIR and gradient-echo weighted 
sequences to exclude significant vascular pathology or microbleeds 
which might interfere with either the diagnosis of pure amnestic MCI or 
cause the segmentation of the T1-weighted images to be sub-optimal.

Visual Scoring

In order to have an absolute and not a relative measure of hippocampal 
atrophy the MTA was visually scored on the coronal images using a well 
validated scale, medial temporal atrophy (MTA) scale,[25,31]. Accord-
ing to the scale, MTA scores evaluate the medial temporal lobe struc-
tures, encompassing the hippocampus proper, dentate gyrus, subiculum, 
parahippocampal gyrus and the volume of the surrounding cerebrospinal 
fluid (CSF) spaces, especially the temporal horn of the lateral ventricle 
and the choroid fissure. MTA scores range from 0 (no atrophy) to 4 
(severe atrophy) on each side. Visual scores from left and right were aver-
aged. The rater ( J.S.) was blinded to diagnosis or other clinical variables of 
the patients, and trained using our standard training set (19 brains, none 
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belonging to the study's dataset) to meet consistency requirements 
according to our standard operating procedure. The intrarater weighted 
Cohen's kappa was 0.93 and interrater weighted Cohen's kappa was 0.91 
(against internally established gold-standard). 

SIENAX

Global grey matter volume was estimated with a cross-sectional atrophy 
estimation method called SIENAX [33]. Briefly, scans were affinely (12 
parameters) registered to standard Montreal Neurological Institute 
(MNI) space (average template of 151 healthy adult brains), the skull was 
extracted and grey matter was segmented based on signal intensity and a 
voxel-connectivity algorithm. Subsequently, global grey matter volumes 
were corrected for scaling and scanner errors by using the extracted skull 
as a constant variable and partial volume effects were incorporated into to 
the model. The resulting grey matter volumes were then expressed as 
cubic centimeters (cm3).

Voxel-based Morphometry (VBM)

Preprocessing. Localized grey matter differences were assessed with VBM 
[3], implemented as described previously [22,23]. A detailed algorithm 
with the image processing settings of the proposed VBM scheme is 
shown in table 1. MRI scans were brought into standard reference ana-
tomical space using an affine 12-parameter registration and with the 
MNI template as target. We chose not to perform nonlinear registration 
since Jacobian analysis of SPM-basis function warped images showed 
mainly expansion/contraction of the lateral ventricles without little 
change of gyri or sulci. At this step the scalp was removed using the auto-
mated skull-stropping algorithm brain extraction tool (BET [32])
• 
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Subsequently, scans were segmented into grey matter (GM), white mat-
ter (WM) and CSF, based on a segmentation algorithm implemented in 
SPM5 (http://www.fil.ion.ucl.ac.uk/spm/software/spm5/) producing 
statistical probability anatomical maps (SPAMs). We found that this 
algorithm outperformed the previous SPM implementations, especially 
in subjects with enlarged ventricles.

SPAMs values range from 0% to 100% probability of a voxel belonging to 
a tissue class (GM, WM, and CSF). Registration accuracy was enhanced 
by aligning and scaling with advanced registration methods spreading 
registration bias among the whole group - transformation matrix averag-
ing by projection on a manifold [23,37]. Finally, grey matter volumes were 
smoothed with a Gaussian kernel of 12mm (full-width at half maximum-
FWHM), a kernel which seems to perform well in studies of simulated 
atrophy (best kernels being in the range of 10-15mm)[14]. 

Image level Statistics: statistical parametric mapping (SPM). Initially 
an SPM two-sample t-test was applied to search for grey matter differ-
ences between the two groups. Statistics were run within a brain mask 
excluding the cerebellum (mask created with the 'aal' toolbox, see below). 
Since the baseline clinical measures were unbalanced at baseline we fur-
ther refined the statistical model by including age, gender, and NYU and 
SIENAX global grey matter volume in the model (model: "single-sub-
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ject, conditions and covariates" with the modeled variables introduced as 
nuisance variables). NYU was preferred over MMSE since in a logistic 
regression model with NYU and MMSE as predictors and conversion as 
outcome, it was only NYU which remained significantly independent 
(pNYU=0.05[OR 2.3,1-5.2] versus pMMSE=0.15[OR 2.8, 0.7-11]). 
CDR was not entered in the model since it practically represents a binary 
outcome. Visual scoring of MTA was also not included in the model 
since it is highly correlated with SPAM data (both derived from the same 
source images). Our threshold for statistical significance was set to 
p<0.001 uncorrected for multiple comparisons, subsequently suprath-
reshold voxels were further filtered to p<0.1 corrected with FDR (false 
discovery rate) for multiple comparisons and cluster height p<0.1 cor-
rected for multiple comparisons.

Variable level Statistics

T-tests were performed where appropriate. Monte-Carlo nonparametric 
statistical simulation was applied to test for differences in visual scores, 
and NYU score (exact p values). Fisher's exact test was used to compare 
sex proportions between the two groups. 

Technical Issues

VBM analysis was done with SPM5 (http://www.fil.ion.ucl.ac.uk/spm/
software/spm2/) running under Matlab 6.5 (The Mathworks, MA). 
The segmentation algorithm was performed with SPM5 (http://
www.fil.ion.ucl.ac.uk/spm/software/spm5/). Custom image processing 
steps and batch analysis were coded in IDL 6.1 (Research Systems, CO). 
Cluster extraction was performed with the SPM plug-in 'marsbar' version 
0.38.2 [10]. Calculation of cluster locations was performed with the 'aal' 
toolbox [35]. The 'aal' toolbox parcellates statistical parametric clusters to 
sub-clusters according to standard-space anatomical boundaries and 
gives percentage points of each sub-cluster. Conversion of MNI to 
Talairach coordinates was performed with the mni2tal.m script in Mat-
lab. Special Matlab, IDL and UNIX shell scripts were used to batch pro-
cess the analysis. All extra scripts and source code is freely available upon 
request from the author. Conventional statistics were performed with 
SPSS 13. 
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Results

Baseline Demographics

At the end of the three-year follow-up period 46% of the MCI patients 
had converted to AD. There were no differences between groups in age 
or sex (Table 2). MMSE values were relatively high in both groups (above 
25), but the patients who progressed to AD differed significantly from 
the patients who remained stable MCI in terms of lower MMSE and 
NYU. 

MTA and cortical atrophy (Table 3)

The converters exhibited more medial temporal lobe atrophy already at 
baseline, according to visual scoring of medial temporal lobe atrophy by 
using a well-validated method [25,31]. The median difference was one 
step on the MTA rating scale, with the non-converters displaying a 
• 
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median score of 1 and the converters a median score of 2. Global brain 
grey matter volumes as evaluated by SIENAX demonstrated 5% less 
total grey matter volume in the converters.

VBM results

The patients who progressed to AD were found to have more atrophic 
left medial and lateral temporal lobe structures, left parietal lobe struc-
tures and right lateral temporal lobe structures (figure 1). Anatomical 
parcellation of the clusters allowed evaluation of percentage of clusters of 
significant differences according to anatomical regions (Table 4). The left 
medial temporal lobe structures involved were the hippocampus, para-
hippocampal gyrus, fusiform gyrus and amygdala (highest percentage for 
the hippocampus and parahippocampal gyrus). The involved left lateral 
temporal lobe structures included the superior and middle temporal 
gyrus, and the superior and middle temporal pole (highest percentages 
for the superior and middle temporal gyrus). The left parietal lobe struc-
tures involved were the angular gyrus, inferior parietal lobule and the 
supramarginal gyrus (highest percentages for the angular gyrus and the 
inferior parietal lobule). The involved right lateral temporal lobe struc-
tures included the superior, middle and inferior temporal gyrus, and the 
superior and middle temporal lobe (highest percentages for the middle 
and superior temporal gyrus). Figure 1 shows the unthresholded VBM 
maps (with a color-coded significance scale).
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After correction for age, gender, global grey matter volume, and delayed 
NYU the overall statistical significance declined with only left-sided 
atrophy surviving the statistical threshold, namely parietal atrophy (angu-
lar gyrus and inferior parietal lobule) and lateral temporal lobe atrophy 
(superior and middle temporal gyrus). These results indicate that loca-
tion of (more) atrophy in those regions carries independent predictive 
value for conversion to AD. 

FIGURE 1. VBM contrast between converters and non-converters using a 
simple t-test (no covariates). Areas with more atrophy in converters are 
superimposed on the average grey matter template. No threshold is applied, 
so that the full extent of the results can be appreciated. Converters have more 
atrophy of the medial and lateral temporal lobes bilaterally, of frontal lobes and 
parietal lobes. Thresholded results and corrected for multiple comparisons 
using random field theory are displayed in tables 4 and 5.
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Discussion
Our goal in this study was to test whether prediction of conversion by uti-
lization of clinical variables can be augmented by incorporating structural 
imaging data. Almost half (46%) of the MCI amnestic population had 
deteriorated to fulfill diagnostic criteria for AD, comparable with previ-
ous studies on the conversion rate in MCI [30].We found that medial and 
lateral temporal lobe atrophy as well as parietal cortex atrophy on MRI 
characterized converters (figure 1). After correction for clinical variables, 
left lateral temporal and left parietal cortex atrophy conveyed indepen-
dent predictive value to distinguish converters from non-converters (fig-
ures 2 and 3). Of note, hippocampal atrophy was not significant after 
correction for the above variables. The importance of lateral parietal cor-
tex atrophy might be significant since it is believed to be mainly involved 
at a later stage of the disease and not in MCI. Introduction of a visual scor-
ing method for evaluation of medial temporal lobe atrophy might appear 
coarse, but its use offers robustness to our findings since the visual scale 
used has been well validated [25,31].

FIGURE 2. Rendering of the simple t-test and full model (corrected for age, sex, NYU and global grey 
matter) between MCI converters and non-converters. The big yellow area on the left hemisphere denotes 
less gray mater (more atrophy) in the converters group, compared to non-converters, as captured by the t-
test. After correcting for age, sex, global grey matter atrophy and a neuropsychological measure which is a 
good predictor of conversion to AD (NYU), atrophy in the left lateral temporal lobe and left parietal regions 
remains statistically significant, depicted as red. Results were thresholded at p=0.001 uncorrected for 
multiple comparisons for display purposes.
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The finding of medial and lateral temporal lobe atrophy in the patients 
who progressed to AD is in agreement with previous MRI studies 
[6,13,15,21,24,25]. Involvement of both medial and lateral temporal 
lobes corresponds to neuropathological Braak stages III and IV, the time 
when there is disruption between the two hemispheres and cognitive 
deterioration first becomes apparent [9]. There are only few published 
studies using VBM to study MCI conversion. One study (n=18) with a 
conversion rate of 39% over 18 months, found more atrophy of medial 
and lateral temporal lobe structures, and frontal lobe gyri in converters 
[13]. Another study (n=9) with a conversion rate of 44% at 45.7 months, 
found more atrophy of medial and lateral temporal lobe structures and 
the frontal lobe in converters [6]. We did not notice frontal lobe atrophy 
to the extent described in the other two VBM studies. A possible expla-
nation might be that frontal lobe atrophy did not survive the statistical 
threshold: it is visible on the unthresholded VBM maps (figure 1).
• 
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FIGURE 3. Coronal multiplanar reconstructions of a structural T1-
weighted MRI volume. There is slight hippocampal atrophy (open arrow) 
with concomitant widening of the collateral sulcus (closed kinked arrow), 
both signs of progressive medial temporal lobe atrophy. We additionally 
notice slight parietal atrophy (closed arrow), which adds independent 
predictive value for conversion from mild cognitive impairment to 
Alzheimer's disease.
• 
• 
• 
•
•
•



Chapter 4:  MCI longitudinal
Moving further away from the temporal lobe, we also noted parietal atro-
phy. Especially after correcting our data for a measure of disease severity 
it was only left-sided parietal atrophy and lateral temporal atrophy which 
distinguished converters from non-converters. Parietal atrophy is known 
to characterize AD. Neuropathologically, involvement of the parietal 
cortex corresponds to Braak stages V and VI of neurofibrillary tangles 
(NFTs) deposition, at the time usually the diagnosis of AD is made [9]. It 
seems that functional changes in the parietal cortex might even precede 
tissue loss [11]. The first data of parietal cortex involvement  in MCI 
developing AD came from studies utilizing PET and SPECT 
[1,8,12,17,18]. A goal for future research might be to correlate in vivo data, 
pathological data and clinical status of MCI patients to determine the 
precise contribution of parietal atrophy or hypometabolism to MCI sta-
tus.

The strength of this study lies in the unbiased way of identifying atrophic 
brain regions. Additionally, we showed that even after accounting for 
clinical variables there remained brain atrophy to discriminate patients 
who would later develop AD. One could argue that the two groups were 
already clinically different at baseline and that we simply detected AD 
patients at different stages of the disease. That may very well be true and 
putting arbitrary cutoffs on a continuum might indeed be controversial. 
On the other hand, our main goal was not to find isolated regions of brain 
atrophy in patients with equal cognitive status; clinical scales are well 
known for their strong predictive ability and it might be naive to think 
that structural MRI is be able to discriminate among the very mild 
patients. More relevant is the survival of brain atrophy locations after cor-
recting for the predictive ability of clinical scales. As our sample size was 
relatively small a larger study is needed to confirm the findings and useful-
ness of lateral temporal and parietal atrophy. Moreover, VBM has caused 
controversy [4,7], and additional studies utilizing a different post-pro-
cessing approach are needed to corroborate our findings. Unfortunately 
a region of interest approach (considered the gold standard for the hip-
pocampus) might be problematic for the parietal region due to high sul-
cal variability in that region [34]. VBM smoothes gyri, thereby reducing 
this variability and enabling comparisons. Another strength of this study 
is the relatively long follow-up of 3 years and ascertainment of conversion. 
Nevertheless, one could argue that with even longer follow-up more 
MCI patients would deteriorate; most likely those will have less severe 
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disease. A more elegant approach would have been to implement survival 
analysis in VBM and utilize time to conversion and not a dichotomous 
criterion. Unfortunately, no such algorithm implementation of survival 
models in VBM exists to our knowledge and is beyond the capabilities 
and resources of our research group.

Conclusion
By studying two MCI populations, converters versus non-converters, we 
found atrophy beyond the medial temporal lobe to be characteristic of 
MCI patients who will progress to dementia. Atrophy of structures such 
as the left lateral temporal lobe and left parietal cortex may indepen-
dently predict conversion.
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    Precuneus atrophy in early-onset Alzheimer’s 
disease: a morphometric structural MRI study

Abstract
Introduction Alzheimer's disease (AD) usually first presents in elderly 
patients, but may also develop at an earlier age. Patients with an early age-
at-onset tend to present with complaints other than memory, such as 
visuo-spatial problems or apraxia, which may reflect a different distribu-
tion of cortical involvement. In this study we set out to investigate 
whether age-at-onset in patients with AD determines the pattern of atro-
phy on cerebral MRI scans. 

Methods We examined 55 patients with AD over a wide age-range and 
analyzed their 3D T1-weighted structural MRI scans in standard space 
using voxel-based morphometry (VBM). Regression analysis was per-
formed to estimate loss of grey matter as a function of age, corrected for 
mini-mental state examination (MMSE) scores and sex. 

Results The VBM analyses identified multiple areas (including temporal 
and parietal lobe) showing more atrophy with advancing age. By contrast, 
a younger age-at-onset was found to be associated with lower gray matter 
density in the precuneus. Regionalized volumetric analysis of this region 
confirmed the existence of disproportional atrophy in the precuneus in 
early-onset AD patients. Application of a multivariate model with precu-
neus grey matter density as input, showed that precuneal and hippocam-
pal atrophy are independent from each other. Additionally, we found that 
a smaller precuneus is associated with impaired visuospatial functioning.

Conclusion Our findings support the notion that age-at-onset modu-
lates the distribution of cortical involvement, and that disproportionate 
precuneus atrophy is more prominent in patients with a younger age-of-
onset.
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Introduction
Alzheimer's disease (AD) is the most common form of dementia, with a 
typical age-at-onset beyond 75 years of age. In elderly patients, the clinical 
hallmark of the disease is progressive memory impairment, followed by 
global cognitive decline. Accordingly, atrophy of the medial temporal 
lobe, including the hippocampus, is one of the most important markers 
on magnetic resonance imaging (MRI). However, AD may also develop 
at an earlier age and these patients tend to present with complaints other 
than memory, such as visuo-spatial problems or apraxia [18,19], probably 
reflecting a different pattern of cortical involvement.

Therefore, regional cortical atrophy patterns may differ between early- 
and late-onset Alzheimer's disease patients (EAD and LAD respec-
tively). So far, most MRI studies in AD have focused on elderly patients. 
Various MRI studies have suggested more posterior atrophy in early-
onset AD patients [16,22]. Comparable areas in the brain were identified 
with PET/SPECT studies [39,40,49]. One of the areas incriminated is 
the precuneus.

The precuneus is located in the medial aspect of the posterior parietal 
lobe and its borders are the parieto-occipital sulcus posteriorly and the 
marginal ramus (pars marginalis) of the cingular sulcus anteriorly. The 
precuneus is best appreciated on a midsagittal section. It lies immediately 
anterior to the cuneus and posterior to the posterior cingulate and retro-
splenial cortex, while more superior it is separated from the primary sen-
sorimotor cortex by the marginal ramus of the cingular sulcus. 
Cytoarchitectonically, the precuneus corresponds to Brodmann area 7, 
an area in close relationship to Brodmann areas 31 (posterior cingulate 
cortex - PCC) and 23 (PCC proper). Cortical and subcortical connec-
tivity of the precuneus is extensive [10]: medial and lateral parietal cortex, 
frontal cortex, superior temporal sulcus, thalamus, striatum, claustrum 
and brainstem. As an additional analysis we attempted to explore a possi-
ble association of precuneus atrophy with specific neuropsychological 
deficits in patients with early-onset Alzheimer's disease [17,23,36].
• 
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Chapter 5:  Early-onset AD and precuneus
In the present study, we aimed to assess atrophy according to age-at-onset 
in a sample of AD patients. We hypothesized that elderly AD patients 
would show mainly medial temporal atrophy, while in younger AD 
patients atrophy might be observed outside the temporal lobe, including 
the parietal lobe and precuneus.  

Patients and Methods

Inclusion of patients

Consecutive patients with AD were recruited at the secondary/tertiary 
referral Alzheimer Center at our institute. All patients underwent a stan-
dardized work-up that involved history taking, physical and neurological 
examination, blood tests (erythrocyte sedimentation rate, hemoglobin, 
white cell count, serum electrolytes, glucose, creatinine, liver function 
tests, thyroid stimulation hormone and free thyroid hormone, vitamin 
B1 and B6 levels, syphilis serology), Mini Mental State Examination 
(MMSE), comprehensive neuropsychological examination when indi-
cated, and MRI of the brain. A diagnosis of probable AD was based upon 
the NINCDS-ADRDA criteria [33]. Only those AD patients whose 
diagnosis remained unchanged after a minimum follow up of 1 year were 
included in this study. In the absence of neuropathological confirmation 
this approach will improve the accuracy of the diagnosis[37]. All patients 
provided written informed consent. 

Image Acquisition and Processing

MR imaging was performed on a 1.0 T Magnetom Impact Expert system 
(Siemens, Erlangen, Germany). For the anatomical high-resolution scans, 
whole brain T1-weighted 3D MPRAGE (magnetization-prepared 
rapid-acquisition gradient echo) volumes were acquired in the coronal 
plane (TR, 15 ms; TE 7 ms; TI, 300ms; 1 excitation; flip angle, 15o). 
Voxel sizes were 1 x 1 x 1.5 mm.

Medial temporal lobe atrophy (MTA) on the coronal MPRAGE scans 
was visually scored according to a well-established scale [42]. This scale is 
based on a visual estimation of the medial temporal lobe, encompassing 
the hippocampus proper, dentate gyrus, subiculum, parahippocampal 
gyrus and the volume of the surrounding cerebrospinal fluid (CSF) 
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spaces, especially the temporal horn of the lateral ventricle and the chor-
oid fissure, bilaterally. The MTA score ranges from 0 (no atrophy) to 4 
(severe atrophy). Visual scores from left and right were averaged.

Global grey matter volume was estimated with a cross-sectional atrophy 
estimation method (SIENAX: structural image evaluation, including 
normalization, of atrophy [45]). Briefly, scans were registered to standard 
space, the skull and brain were extracted and grey matter (GM) was seg-
mented based on signal intensity, atlas information and a voxel-connec-
tivity algorithm. Subsequently, grey matter global volumes were 
corrected for scaling and scanner errors by using the skull as scaling 
parameter and partial volume effects were incorporated into to the 
model. The resulting grey matter global volumes were then expressed as 
cm3. 

Localized grey matter differences were assessed with voxel-based mor-
phometry (VBM) [1,2,12]. MRI scans were registered using the follow-
ing methods: Initially the MRI scans were brought to standard space by 
utilizing the registration algorithm of SPM (affine 12 degree of freedom 
registration with least squares minimization as the function). Subse-
quently the affine registration was refined by a more advanced template-
less approach by spreading registration bias among the whole group - 
transformation matrix averaging by projection on a manifold [48]. The 
latter method incorporates a 12 degree of freedom affine approach with 

FIGURE 1. Effect of registration error spreading among all 
scans in the group. The method used was transformation matrix 
averaging by projection on a semi-Riemannian manifold [48]. 
On the left image scans are mapped to standard space and 
subsequently averaged to create a template. On the right image 
scans are also mapped to standard space but subsequently 
registration error was spread among all scans. Notice that the 
resulting template on the right image shows clearer delineation of 
gyri.
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Chapter 5:  Early-onset AD and precuneus
least squares minimization as the cost function.. Spread of registration 
error among group members creates template with clearer defined gyri 
than ordinary registration (figure 1). The second step was to account for 
finer anatomical variability by utilizing the low-frequency basis function 
nonlinear approach of SPM with 7 x 8 x 7 basis functions and medium 
regularization (the metric used to constrain the warping effect of the 
algorithm). Although there exist high-dimensional nonlinear registra-
tion algorithms with millions of degrees of freedom (voxel-compression 
mapping, for example [15]) this would move us away form VBM towards 
tensor-based morphometry. VBM brings homologous anatomical 
regions in close proximity and perform well compared to other higher-
dimensional registration algorithms [20]. Subsequently, scans were seg-
mented into GM, white matter (WM) and CSF, based on an atlas-driven 
expectation maximization - maximum likelihood (EM-ML) segmenta-
tion algorithm, which included bias field inhomogeneities correction as 
well and produced statistical probability anatomical maps (SPAMs). 
SPAM values range from 0% to 100% probability for a voxel belonging to 
a tissue class (GM, WM, and CSF). Taking into account that scanner 
field inhomogeneities and tissue signal intensity profiles might differ 
between scanners we sought expert help from a neuroradiologist in order 
to define the threshold of SPAMs, to minimize the effects of over- and 
undersegmentation of grey matter; that the optimum for our images was 
found to be at 79% threshold for the SPAMs. The resulting GM maps 
were smoothed with a Gaussian kernel of 12mm (full-width at half maxi-
mum), which is a suitable setting for detecting atrophy [14].

VBM data were then analyzed with statistical parametric mapping 
(SPM). In order to measure the effect of age on GM a "single-subject, 
covariates only" model was built in SPM, with age as the single covariate 
and sex and MMSE as nuisance variables. The output of this type of anal-
ysis produces two maps: a positive VBM map (indicating more atrophy 
in young patients) and a negative VBM map (indicating more atrophy in 
older patients). The negative map, areas of cerebral atrophy correlated 
with age, entails mixed effects of disease, disease duration and normal 
aging. The positive map shows areas, which are more atrophic in younger 
patients or less atrophic in older patients; this map shows only disease dif-
ferences between the two groups since this map has the opposite direc-
• 
• 
• 
•
•
•

103 



104 
tion of aging. Subsequently, the positive VBM map was regionalized and 
the normalized volume per scan was calculated (termed regionalized vol-
ume, RV).

Statistical Analysis of variables

Either parametric (Pearson) or non-parametric (Spearman) correlation 
coefficients were calculated between age and the following variables: 
SIENAX global GM volume, MTA score, RV and sex.

Technical issues

VBM analysis was performed with SPM2, running under Matlab 6.5 
(The Mathworks, MA). Special image processing steps were imple-
mented in IDL 6.1 (Research Systems, CO). Cluster extraction was done 
with the SPM plug-in 'marsbar' [8]. Conversion of the Montreal Neuro-
logical Institute (MNI) coordinates to Talairach coordinates was made 
possible with the 'mni2tal.m' script in Matlab. Special Matlab, IDL and 
UNIX shell scripts were used to batch process the analysis. All extra 
scripts and source code is freely available upon request from the author. 
SPSS 13 was used for conventional statistical analysis.

Post-hoc neuropsychological analysis

For the majority of the LAD patients (28/32) and a subgroup of the 
EAD patients (11/19) a battery of standard tests was employed to assess 
neuropsychological functioning of patients referred to the memory 
clinic (Table 2). The time required to complete the battery was approxi-
mately 90 minutes. Screening included tests of processing speed  (WAIS 
Digit Symbol Substitution[47], Trail Making A[38]), attention (Digit 
Span[47]), episodic memory (Visual Association Test, a brief learning 
task based on imagery mnemonics that detects with high specificity AD 
patients a year before the clinical diagnosis[25]), semantic memory (cat-
egorical word fluency: 1 minute animals, 1 minute insects[27] and WAIS 
Information[47]), executive functioning (Trail Making B[38] and mean-
der drawing[26]) and a test of visuospatial functioning.[3]  Objective 
cognitive impairment was defined as a score of more than 1.5 standard 
deviations below the age, education, and gender-matched control mean. 
For a subgroup of the EAD patients NPE had been already performed 
elsewhere and data were not available for review.
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Chapter 5:  Early-onset AD and precuneus
In order to investigate a possible association of precuneus atrophy with 
visuospatial functioning, precuneus volume was compared to a metric of 
visuospatial functioning (drawing task). Since missing data in this analysis 
might constitute an important confounder, we also compared precuneus 
volume between the patients with missing data and the patients with 
available data. There was no difference between the two groups (t-test, 
p=0.58), thereby reducing the danger of introducing bias. 

Results
A total of 55 AD patients were included in this study; four patients were 
excluded from the analysis due to MR imaging artifacts or grossly 
enlarged lateral ventricles which caused the image processing pipeline to 
fail. The average age of the AD group was 69 years (SD 8.5) and with a 
wide range of 51-82, encompassing both younger and older AD patients. 
• 
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MMSE scores had an average of 20 (SD 6, range 4-28). Gender distribu-
tion was balanced with 29 women and 22 men. Age was positively corre-
lated with MMSE (Spearman's rho=0.43 at p<0.005), indicating that 
younger patients were more severely affected. Age was also correlated 
with MTA (Spearman's rho=0.27, at p<0.05), indicating older subjects 
had more hippocampal atrophy. Precuneus regionalized volume was 
lower in younger patients (Pearson's r=0.4, at p<0.004). There was a trend 
for global grey matter volume decline with age but was not statistically 
significant (Pearson's r=-0.22, at p=0.15).
• 
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The VBM correlation analyses (corrected for cluster-extent multiple 
comparisons at p<0.05 and corrected for MMSE and sex) revealed mul-
tiple areas of advancing atrophy as a function of advancing age: older 
patients had more atrophy in the left superior and inferior temporal 
gyrus, the pre- and postcentral gyrus, the left superior frontal gyrus and 

FIGURE 2. Location of the VBM-cluster showing lower gray matter probability in younger 
patients. The maximum value of atrophy corresponds to the precuneus. The bottom left image 
identifies the boundaries of the precuneus or quadrilateral gyrus, bounded anterior by the marginal 
ramus of the sulcus cingularis and posterior by the parieto-occipital sulcus. The bottom right 
image is a stereotactic brain on coronal section with the precuneus marked by asterisks (medially) 
modified from [32].
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the left thalamus (table 1). The reversed correlation analysis (positive 
VBM map) demonstrated more atrophy of the precuneus in younger 
patients (Figure 2). In order to ensure that the findings were not biased by 
our segmentation threshold, we also analyzed non-thresholded maps of 
grey matter, and the precuneus still remained more atrophic in the 
younger patients, albeit at a somewhat lower statistical significance 
(Tmax=4.6).

The precuneus cluster for the positive VBM map was used to calculate 
regionalized average grey matter volume for this structure (scaled for 
structure size and plotted against age in figure 3). This analysis confirmed 
a positive correlation between age and the regionalized precuneus vol-
ume, indicating that younger AD patients had smaller precunei. The dis-
proportionate atrophy in this area is easily appreciable on the original 
images, as illustrated in figure 4.

SPM is a mass-univariate approach. In order to estimate the relation of 
precuneus atrophy with other brain areas, especially the hippocampus, we 
applied a simple multivariate model in our group. Precuneus regionalized 
grey matter volume of each subject was entered into a new model as a sin-

FIGURE 3. Scatterplot of precuneus grey matter volume 
(corrected for size) versus age.
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gle covariate (figure 5). The resulting SPM statistical map showed, as 
expected, a high correlation with the precuneus itself as well as diffuse 
cortical atrophy bilaterally, with the highest correlations biparietal. There 
was no association with hippocampal atrophy, even at a lower statistical 
threshold, effectively protecting our findings from type II error. This indi-
cates that precuneus atrophy occurs completely independent of hip-
pocampal atrophy.

For the sake of completeness and to facilitate comparison with earlier 
studies we additionally performed a dichotomous analysis of early- and 
late-onset AD patients (EAD and LAD respectively) at an arbitrary cut-
off of 65 years as used in earlier studies [16,22], using a two-sample t-test. 
Dichotomizing our group produced 35 patients with LAD and 20 
patients with EAD (2 LAD and 2 EAD eventually excluded due to 
image pipeline failure as described above) with average age for LAD 74.7 
years (SD 4.2, range 66-82) and for EAD 59.5 (4.3, 51-65) and MMSE 
scores of 21.5 (5.4, 4-28) for LAD and 16.2(5.6, 8-24) for EAD. The 
EAD group was characterized by lower MMSE scores (p<0.002), consis-
tent with the correlation analysis. MTA was not significantly different 
between the two groups (p=0.3), while there was a significant difference 
of global GM volume between EAD and LAD of 6.7% (p<0.04) with 
EAD having an average GMV of 554 cm3 (SD 60) and LAD having an 
average GMV of 517 cm3 (58). Dichotomous VBM analysis comparing 
EAD and LAD (with correction for MMSE and sex and multiple com-
parison's correction at p=0.05) was in agreement with the VBM correla-
tion analysis in showing that the LAD group had more atrophy of the left 

FIGURE 4. Three examples of precuneus atrophy best appreciated on multiplanar reformatted images in 
the sagittal plane. In an atrophic precuneus there is widening of the marginal ramus of the cingulate sulcus 
and widening of the parieto-occipital sulcus A=normal precuneus, B and C atrophic precuneus.
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inferior temporal gyrus, left uncus and left superior temporal gyrus, while 
the EAD group had atrophy of the precuneus (left and right). The left 
superior frontal gyrus and left thalamus were the only other locations 
that were found to be more atrophic in the EAD group using this dichot-
omous analysis.

The subgroup of EAD patients was characterized by a more extensive 
deterioration in processing speed and attention functioning than LAD 
patients (table 2). Analysis of covariance demonstrated that patients with 
EAD performed well below LAD patients on three out of four tests in 
this domain. As one would expect, learning capacity was impaired both in 
EAD and in LAD patients. However, EAD and LAD patients appeared 
to be equally affected for no statistically significant differences between 
these groups were found. Statistically significant group differences were 
also lacking in semantic memory and executive functioning. Semantic 
memory was affected in both patient groups and the apparent impair-
ment in executive functioning could primarily be explained by a slower 
processing speed. Although visuospatial functioning was within the nor-
mal range for both patient groups, LAD patients had a better perfor-
mance than EAD patients (p = 0.028). 
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FIGURE 5. Results of multivariate 
analysis with precuneus grey matter 
density as single covariate. Since we 
were interested to show whether there 
is accompanying hippocampal atrophy 
we present unthresholded maps. By 
definition, precuneus atrophy was 
correlated with the location of the 
precuneus on the multivariate maps. 
Additionally, diffuse cortical atrophy 
was also associated with precuneus 
atrophy, especially in a biparietal 
cortical distribution. Interestingly, even 
on such high-sensitivity unthresholded 
statistical multivariate maps, there 
seemed to be no association between 
precuneus atrophy and hippocampal 
atrophy, indicating two separate 
atrophy processes.
• 
• 
• 
•
•
•

111 



112 
Correlation analysis of precuneus volume with visuospatial functioning 
revealed a significant correlation (Pearson correlation coefficient 0.48 
with p=0.01, one-tailed since we expected atrophy of the precuneus to be 
associated only with lower visuospatial functioning scores). Due to the 
small sample in our study we refrained from performing a data mining 
approach with all available neuropsychological data; we chose to test only 
for visuospatial functioning instead as stated in our hypothesis. 

Discussion
We found that early onset AD patients showed disproportional and 
independent precuneus atrophy compared to late onset AD patients. 
The specificity of precuneus atrophy is corroborated by its occurrence in 
the relative absence of significant hippocampal atrophy, despite worse 
MMSE scores. This is, to our knowledge, the first study attempting to 
dissociate atrophy of the precuneus from hippocampal atrophy by utiliz-
ing a multivariate approach. An analysis of available neuropsychological 
data did not show any difference between EAD and LAD in episodic 
memory function, semantic memory or executive functioning (table 2), 
possibly reflecting no appreciable hippocampal atrophy differences. We 
did find clear differences though in visuospatial functioning and process-
ing speed and attention.

Previous studies have also shown that the precuneus might have a smaller 
volume [16,22] or be functionally impaired [39,40] in younger patients 
with AD. Additionally, precuneus volume has been found to be a good 
classifier in a group of AD patients [44]. In most previous studies, the 
authors decided to set an arbitrary cut-off at 65 years of age and define 
younger patients as EAD and older patients as LAD. Our paper confirms 
these findings without imposing such an arbitrary cut-off. We chose to 
treat age as a continuous variable instead. Still, for communication pur-
poses, we refer to the results as pertaining to 'younger' and 'older' AD 
patients despite the continuum, but it should be kept in mind that there 
might be overlap between the two groups and age alone might not be 
sufficient to characterize the two groups. A combination of precuneus 
volume and neuropsychological tests might offer a better classification; 
we opted not to do that since that would render our study cyclical (same 
data used to find classifying variables and then using these variables to 
define the data into subgroups). 
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For the sake of completeness we also performed a dichotomous analysis 
of our data with the cut-off at 65 years of age, which confirmed both the 
correlational analysis findings and the results of the previous VBM stud-
ies [16,22]. Dementia severity, as measured by the MMSE, was higher in 
the younger patients although they appeared to have more preserved hip-
pocampi. This finding is in agreement with other studies in EAD, where 
EAD shows a different cognitive profile than LAD [23], with visuospa-
tial [17] and language disturbances [21] predominating.

From a neuropathological perspective, AD has been well described by 
the Braak and Braak staging [5,6], with damage initiating in the entorhi-
nal cortex, spreading to the medial temporal lobe and subsequently to the 
rest of the cortex. In fact, hippocampal neuronal cell loss is higher in older 
AD patients [13]. Only recently has it been suggested that younger AD 
patients might also have early synaptic loss in the posterior cingulate cor-
tex and precuneus [41] and that there might be precuneus volume loss in 
younger AD patients [35]. In a study that combined single photon emis-
sion computed tomography (SPECT) with post-mortem Braak staging 
[7], hypometabolism of the precuneus was found in patients who were 
classified belonging to either the Braak entorhinal or limbic stage (i.e. 
mild AD changes).

The precuneus and adjacent PCC are believed to play an important role 
in a default mode cortical network as they show the highest level of base-
line metabolic activity in passive resting state studies [46]. Functionally 
these regions are involved in visuospatial processes such as the retrieval of 
the spatial context of events, detection of the speed of spatial targets and 
in processing egocentric aspects of movement [9,30,31,34]; for a detailed 
review we refer the reader to [10]. A study of stroke victims showed that 
the precuneus is often be associated with optic ataxia and that the precu-
neus might be the human equivalent of the 'parietal reach region' of the 
monkey [24]. In addition, the posterior cingulate and retrosplenial cortex 
appear to have a more general role in episodic memory functions 
whether spatial or non-spatial [28,29,43], and the anterior precuneus 
might be involved in retrieval mode and the posterior precuneus in 
retrieval success [10]. Consequently, it is not surprising to notice a differ-
ent clinical profile in younger (rather than elderly) AD patients with a 
predominance of visuospatial disturbances [17,23,36]. A recent neurop-
sychological study between young and old AD patients showed that 
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young AD patients performed worse on language skills, visuospatial 
skills, executive functions and savings, while immediate and delayed 
memory impairment were equally affected between the two groups [4].

Strenghts of our study include the wide age-range of subjects with well 
defined AD, and the use of correlation-type VBM rather than a dichoto-
mous comparison at an arbitrary cut-off. Additionally, our multivariate 
approach shows a clear dissociation between atrophy of the precuneus 
and the hippocampus. A potential limitation of our study is the absence 
of age-matched controls, which certainly impacts the relevance of our 
findings on older AD subjects. The disproportional and independent 
atrophy found with younger age, however, is beyond doubt, as growth of 
gray matter in this area in old AD subjects is extremely unlikely.  

In summary, precuneus atrophy is a feature of early-onset AD and might 
be noted even in the absence of hippocampal atrophy. Future studies 
might clarify the discriminating ability of precuneus atrophy in the pres-
ence or absence of hippocampal atrophy in a diagnostic setting.

Acknowledgements
G. Karas is the recipient of Grant 2001-014 by the “Stichting Alzheimer 
Nederland” and S.A.R.B. Rombouts is the recipient of Grant H00.17 
from “Hersenstichting Nederland”. The clinical database of the 
Alzheimer Center is supported by a grant from Stichting Dioraphte. 
Additional support was received from the Stichting Alzheimer & Neu-
ropsychiatrie Foundation.G. Karas is the recipient of Grant 2001-014 by 
the "Stichting Alzheimer Nederland" and S.A.R.B. Rombouts is the 
recipient of Grant H00.17 from "Hersenstichting Nederland". The clini-
cal database structure of the Alzheimer Center was funded through a 
grant of Stichting Dioraphte.

Disclosure Statement
No conflict of interest.
• 
• 
• 
•
•
•



Chapter 5:  Early-onset AD and precuneus
• 
• 
• 
•
•
•

115 



116 
References

[1]Ashburner J, Friston KJ. Voxel-based morphometry--the 
methods. Neuroimage 2000;11(6 Pt 1):805-21.

[2]Baron JC, Chetelat G, Desgranges B, Perchey G, Landeau 
B, de la Sayette V, Eustache F. In vivo mapping of gray matter 
loss with voxel-based morphometry in mild Alzheimer's dis-
ease. Neuroimage 2001;14(2):298-309.

[3]Beery KE, Buktenica NA. Developmental test of visual-
motor integration. Odessa, FL: Psychological Assessment 
Resources; 1989.

[4]Bondi MW, Houston WS, Salmon DP, Corey-Bloom J, 
Katzman R, Thal LJ, Delis DC. Neuropsychological deficits 
associated with Alzheimer's disease in the very-old: discrepan-
cies in raw vs. standardized scores. J Int Neuropsychol Soc 
2003;9(5):783-95.

[5]Braak E, Griffing K, Arai K, Bohl J, Bratzke H, Braak H. 
Neuropathology of Alzheimer's disease: what is new since A. 
Alzheimer? Eur Arch Psychiatry Clin Neurosci 1999;249 
Suppl 3:14-22.

[6]Braak H, Braak E. Neuropathological stageing of 
Alzheimer-related changes. Acta Neuropathol (Berl) 
1991;82(4):239-59.

[7]Bradley KM, O'Sullivan VT, Soper ND, Nagy Z, King 
EM, Smith AD, Shepstone BJ. Cerebral perfusion SPET cor-
related with Braak pathological stage in Alzheimer's disease. 
Brain 2002;125(Pt 8):1772-81.

[8]Brett M, Anton JL, Valabregue R, Poline JB. Region of 
interest analysis using an SPM toolbox. 2002 June 2-6, 2002; 
Sendai, Japan.

[9]Burgess N, Maguire EA, Spiers HJ, O'Keefe J. A tem-
poroparietal and prefrontal network for retrieving the spatial 
context of lifelike events. Neuroimage 2001;14(2):439-53.

[10]Cavanna AE, Trimble MR. The precuneus: a review of its 
functional anatomy and behavioural correlates. Brain 
2006;129(Pt 3):564-83.

[11]Chau W, McIntosh AR. The Talairach coordinate of a 
point in the MNI space: how to interpret it. Neuroimage 
2005;25(2):408-16.

[12]Chetelat G, Desgranges B, De La Sayette V, Viader F, 
Eustache F, Baron JC. Mapping gray matter loss with voxel-
based morphometry in mild cognitive impairment. Neurore-
port 2002;13(15):1939-43.

[13]Coleman PD, Flood DG. Neuron numbers and den-
dritic extent in normal aging and Alzheimer's disease. Neuro-
biol Aging 1987;8(6):521-45.

[14]Davatzikos C, Genc A, Xu D, Resnick SM. Voxel-based 
morphometry using the RAVENS maps: methods and vali-
dation using simulated longitudinal atrophy. Neuroimage 
2001;14(6):1361-9.

[15]Freeborough PA, Fox NC. Modeling brain deformations 
in Alzheimer disease by fluid registration of serial 3D MR 
images. J Comput Assist Tomogr 1998;22(5):838-43.

[16]Frisoni GB, Testa C, Sabattoli F, Beltramello A, Soininen 
H, Laakso MP. Structural correlates of early and late onset 
Alzheimer's disease: voxel based morphometric study. J Neu-
rol Neurosurg Psychiatry 2005;76(1):112-4.

[17]Fujimori M, Imamura T, Yamashita H, Hirono N, Ikejiri 
Y, Shimomura T, Mori E. Age at onset and visuocognitive dis-
turbances in Alzheimer disease. Alzheimer Dis Assoc Disord 
1998;12(3):163-6.

[18]Galton CJ, Patterson K, Xuereb JH, Hodges JR. Atypical 
and typical presentations of Alzheimer's disease: a clinical, 
neuropsychological, neuroimaging and pathological study of 
13 cases. Brain 2000;123 Pt 3:484-98.

[19]Greicius MD, Geschwind MD, Miller BL. Presenile 
dementia syndromes: an update on taxonomy and diagnosis. J 
Neurol Neurosurg Psychiatry 2002;72(6):691-700.

[20]Hellier P, Ashburner J, Corouge I, Barillot C, Friston KJ. 
Intersubject registration of functional and anatomical data 
using SPM. Lect Notes Comput Sci 2002;2489:590-7.

[21]Imamura T, Takatsuki Y, Fujimori M, Hirono N, Ikejiri Y, 
Shimomura T, Hashimoto M, Yamashita H, Mori E. Age at 
onset and language disturbances in Alzheimer's disease. Neu-
ropsychologia 1998;36(9):945-9.

[22]Ishii K, Kawachi T, Sasaki H, Kono AK, Fukuda T, 
Kojima Y, Mori E. Voxel-based morphometric comparison 
between early- and late-onset mild Alzheimer's disease and 
assessment of diagnostic performance of z score images. 
AJNR Am J Neuroradiol 2005;26(2):333-40.

[23]Jacobs D, Sano M, Marder K, Bell K, Bylsma F, Lafleche 
G, Albert M, Brandt J, Stern Y. Age at onset of Alzheimer's 
disease: relation to pattern of cognitive dysfunction and rate 
of decline. Neurology 1994;44(7):1215-20.

[24]Karnath HO, Perenin MT. Cortical Control of Visually 
Guided Reaching: Evidence from Patients with Optic Ataxia. 
Cereb Cortex 2005.
• 
• 
• 
•
•
•



[25]Lindeboom J, Schmand B, Tulner L, Walstra G, Jonker C. 
Visual association test to detect early dementia of the 
Alzheimer type. J Neurol Neurosurg Psychiatry 
2002;73(2):126-33.

[26]Luria AR. Higher cortical functions in man. New York: 
Basic Books; 1966.

[27]Luteijn F, Van der Ploeg FAE. Groninger Intelligentie 
Test. Lisse, the Netherlands: Swets and Zeitlinger; 1983.

[28]Maddock RJ, Garrett AS, Buonocore MH. Remember-
ing familiar people: the posterior cingulate cortex and autobi-
ographical memory retrieval. Neuroscience 
2001;104(3):667-76.

[29]Maguire EA. The retrosplenial contribution to human 
navigation: a review of lesion and neuroimaging findings. 
Scand J Psychol 2001;42(3):225-38.

[30]Maguire EA, Burgess N, Donnett JG, Frackowiak RS, 
Frith CD, O'Keefe J. Knowing where and getting there: a 
human navigation network. Science 1998;280(5365):921-4.

[31]Maguire EA, Frackowiak RS, Frith CD. Recalling routes 
around london: activation of the right hippocampus in taxi 
drivers. J Neurosci 1997;17(18):7103-10.

[32]Mai JK, Assheuer J, Paxinos G. Atlas of the human brain. 
San Diego: Academic P.; 2004. 246 p.

[33]McKhann G, Drachman D, Folstein M, Katzman R, 
Price D, Stadlan EM. Clinical diagnosis of Alzheimer's dis-
ease: report of the NINCDS-ADRDA Work Group under 
the auspices of Department of Health and Human Services 
Task Force on Alzheimer's Disease. Neurology 
1984;34(7):939-44.

[34]Mesulam MM, Nobre AC, Kim YH, Parrish TB, Gitel-
man DR. Heterogeneity of cingulate contributions to spatial 
attention. Neuroimage 2001;13(6 Pt 1):1065-72.

[35]Najlerahim A, Bowen DM. Regional weight loss of the 
cerebral cortex and some subcortical nuclei in senile demen-
tia of the Alzheimer type. Acta Neuropathol (Berl) 
1988;75(5):509-12.

[36]Prvulovic D, Hubl D, Sack AT, Melillo L, Maurer K, Frol-
ich L, Lanfermann H, Zanella FE, Goebel R, Linden DE, 
Dierks T. Functional imaging of visuospatial processing in 
Alzheimer's disease. Neuroimage 2002;17(3):1403-14.

[37]Qizilbash N. Evidence-based dementia practice. Osney 
Mead, Oxford, UK ; Malden, MA,: Blackwell Science; 2002. 
xxii, 893 p.

[38]Reitan RM. Validity of the trail making test as an indica-
tor of organic brain damage. Percept Mot Skills 1958;8:271-6.

[39]Sakamoto S, Ishii K, Sasaki M, Hosaka K, Mori T, Matsui 
M, Hirono N, Mori E. Differences in cerebral metabolic 
impairment between early and late onset types of Alzheimer's 
disease. J Neurol Sci 2002;200(1-2):27-32.

[40]Scarmeas N, Habeck C, Anderson KE, Hilton J, 
Devanand DP, Pelton GH, Tabert MH, Flynn J, Park A, 
Ciappa A, Tycko B, Stern Y. Altered PET functional brain 
responses in cognitively intact elderly persons at risk for 
Alzheimer disease (carriers of the epsilon4 allele). Am J Geri-
atr Psychiatry 2004;12(6):596-605.

[41]Scheff SW, Price DA. Alzheimer's disease-related synapse 
loss in the cingulate cortex. J Alzheimers Dis 2001;3(5):495-
505.

[42]Scheltens P, Leys D, Barkhof F, Huglo D, Weinstein HC, 
Vermersch P, Kuiper M, Steinling M, Wolters EC, Valk J. 
Atrophy of medial temporal lobes on MRI in "probable" 
Alzheimer's disease and normal ageing: diagnostic value and 
neuropsychological correlates. J Neurol Neurosurg Psychia-
try 1992;55(10):967-72.

[43]Shah NJ, Marshall JC, Zafiris O, Schwab A, Zilles K, 
Markowitsch HJ, Fink GR. The neural correlates of person 
familiarity. A functional magnetic resonance imaging study 
with clinical implications. Brain 2001;124(Pt 4):804-15.

[44]Shiino A, Watanabe T, Maeda K, Kotani E, Akiguchi I, 
Matsuda M. Four subgroups of Alzheimer's disease based on 
patterns of atrophy using VBM and a unique pattern for early 
onset disease. Neuroimage 2006;33(1):17-26.

[45]Smith SM, Zhang Y, Jenkinson M, Chen J, Matthews 
PM, Federico A, De Stefano N. Accurate, robust, and auto-
mated longitudinal and cross-sectional brain change analysis. 
Neuroimage 2002;17(1):479-89.

[46]Wang L, Zang Y, He Y, Liang M, Zhang X, Tian L, Wu T, 
Jiang T, Li K. Changes in hippocampal connectivity in the 
early stages of Alzheimer's disease: Evidence from resting 
state f MRI. Neuroimage 2006;31(2):496-504.

[47]Wechsler D. Wechsler Adult Intelligence Scale-III. San 
Antonio, TX: The Psychological Corporation; 1997.

[48]Woods RP. Characterizing volume and surface deforma-
tions in an atlas framework: theory, applications, and imple-
mentation. Neuroimage 2003;18(3):769-88.

[49]Yasuno F, Imamura T, Hirono N, Ishii K, Sasaki M, Ikejiri 
Y, Hashimoto M, Shimomura T, Yamashita H, Mori E. Age at 
• 
• 
• 
•
•
•

117 



118 
onset and regional cerebral glucose metabolism in 
Alzheimer's disease. Dement Geriatr Cogn Disord 
1998;9(2):63-7.
• 
• 
• 
•
•
•



6
 Patterns of cerebral atrophy in dementia with Lewy 
bodies using voxel-based morphometry.
Burton, E. J., Karas, G., Paling, S. M., Barber, R., Williams, E. D., Ballard, C. G., 
McKeith, I. G., Scheltens, P., Barkhof, F., O'Brien, J. T.

Neuroimage, 2002. 17(2): p. 618-30.



120 
• 
• 
• 
•
•
•



    Patterns of Cerebral Atrophy in Dementia with 
Lewy Bodies Using Voxel-Based Morphometry

Abstract
Previous cross-sectional MRI studies based on region-of-interest analy-
ses have shown that increased cerebral atrophy is a feature of both 
Dementia with Lewy bodies (DLB) and Alzheimer’s disease (AD). Rel-
ative preservation of the hippocampus and temporal lobe structures in 
DLB compared to AD has been reported in region-of-interest-based 
studies. Recently, image processing techniques such as voxel-based mor-
phometry (VBM) have been developed to provide an unbiased, visually 
informative, and comprehensive means of studying patterns of cerebral 
atrophy. We report the first study to use the voxel-based approach to 
assess patterns of cerebral atrophy in DLB compared to control subjects 
and AD. Regional gray matter volume loss was observed bilaterally in the 
temporal and frontal lobes and insular cortex of patients with DLB com-
pared to control subjects. Comparison of dementia groups showed pres-
ervation of the medial temporal lobe, hippocampus, and amygdala in 
DLB relative to AD. Significant gray matter loss was also observed in the 
thalamus of AD patients compared to DLB.

6

• 
• 
• 
•
•
•

121 



122 
Introduction
Dementia with Lewy bodies (DLB) is the second most common cause 
of degenerative dementia in the elderly after Alzheimer's disease (AD) 
[37]. It is characterized clinically by fluctuating cognitive impairment, 
spontaneous Parkinsonism, and recurrent visual hallucinations [28]. Sev-
eral functional imaging studies have demonstrated that DLB is associ-
ated with occipital hypoperfusion [12,20,23], relative preservation of 
temporal perfusion [23], and reduced dopamine transporter activity in 
the basal ganglia [12,42]. 

In contrast, structural imaging changes in DLB have not been well char-
acterized. Relative preservation of the hippocampus and temporal lobe 
has been reported [7,19]. Although CT studies also indicate that frontal 
lobe atrophy may be a characteristic [14], this has not been supported by 
subsequent more rigorous volumetric MR studies [7,18]. Knowledge of 
structural changes in DLB is important for a number of reasons. For 
example, it is critical for the accurate interpretation of results from func-
tional imaging studies as functional changes may reflect either atrophy or 
hypometabolism or both. In addition, investigation of structural imaging 
may assist with differential diagnosis of DLB and provide important 
information about the nosological status of DLB with regard to other 
dementias such as AD and vascular dementia (VaD). 

Most previous MRI studies in AD, and all studies to date in DLB, have 
concentrated on either visual inspection or region-of-interest (ROI) 
analysis. ROI analysis is a robust, well-validated technique but is depen-
dent on operator skills and variability, the somewhat arbitrary nature of 
boundary choice for defining structures, the loss of information in com-
plex structures, and the need for an appropriate choice of the structures 
to be investigated. Unbiased voxel-based methods, such as that per-
formed using voxel-based morphometry (VBM), overcome some of 
these shortcomings by applying operator-independent analysis of each 
voxel to whole data sets and allow specific analysis of a single tissue type, 
for example gray matter [2]. VBM has successfully been applied in stud-
ies of AD, where it has not only supported previous region-of-interest 
studies but has highlighted new brain areas which may be affected [8,38] 
and thus opened new avenues of research.
• 
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There have been no previous studies of voxel-based morphometry with 
MRI in DLB. The aim of this study was to investigate structural brain 
changes in cortical gray matter in DLB using VBM. To determine 
whether changes seen were specific to DLB, a comparison was made with 
AD. On the basis of the relative preservation of memory in DLB and pre-
vious region of interest studies, we hypothesised that DLB would be asso-
ciated with preserved medial temporal lobe structures such as the 
hippocampus and the parahippocampal gyrus compared to AD.

Materials and Methods

Subjects 

We studied 55 subjects over age 60 years who fulfilled Diagnostic and 
Statistical Manual of Mental Disorders, 4th ed. (DSM-IV) (APA, 1994) 
criteria for dementia and 25 healthy age-matched controls recruited from 
among spouses and friends of the patients. Written informed consent 
was obtained for all subjects and their spouse/friend after the nature of 
the study had been explained. The local research ethics committee 
approved the study. 

Subjects with Dementia 

Diagnoses of DLB and AD were made by consensus of three experi-
enced raters ( JOB, CB, IMK) in accordance with consensus criteria for 
DLB [27] and National Institute of Neurological and Communicative 
Disorders and Stroke (NINCDS/ADRDA) for AD [29]. All dementia 
subjects underwent a neuropsychological test battery. Cognitive func-
tion was measured using the Cambridge Cognitive Examination 
(CAMCOG) [39], which incorporated the Mini-Mental State Exami-
nation (MMSE)[13]. Depression was rated using the Montgomery 
Asberg Depression Rating Scale (MADRS) [31]. Twenty-five patients 
were diagnosed with consensus criteria DLB (18 probable, 7 definite) 
and 30 patients with NINCDS/ ADRDA AD (18 probable, 3 possible, 
9 definite). For the 16 subjects who came to postmortem, the mean time 
between MRI scan and death was 16.1 N 11.7 months (range 1-41 
months). 
• 
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Normal Control Subjects 

Control subjects underwent detailed examination to exclude evidence 
of dementia or memory loss (from history or score < 80 on CAM-
COG), depression (from history or score >10 on MADRS), and other 
neurological, physical, and psychiatric disorders before being recruited 
into the study. 

Data Acquisition 

Magnetic resonance imaging was performed on a 1.0 T Siemens Magne-
tom Impact Expert MRI system (Siemens Medical, Erlangen. Ger-
many). Whole brain T1weighted 3D MPRAGE (magnetization-
prepared rapid-acquisition gradient echo) turbo flash datasets were 
acquired in the sagittal plane (TR = 11.4 ms, TE = 4.4 ms, TI = 400 ms, 256 
S 256 matrix, 1-mm slice thickness, cubic voxels of 1 mm, FOV = 256, 
flip angle 15C). The same radiographer performed all scans and used the 
same standard head positioning throughout. 
• 
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Image Analysis 

Data were analyzed using a SUN SPARC Ultra 30 workstation (Sun 
Microsystems, Mountain View, CA), using statistical parametric map-
ping software (SPM99, Wellcome Department of Cognitive Neurol-
ogy, Institute of Neurology, London, UK, http://www. fil.ion.ucl.ac.uk/ 
spm/) [16] in conjunction with MATLAB version 5.3.1 (The Math-
works, Inc. MA). 

Analysis of Structural MRI Scans 

Prior to image preprocessing one investigator (EB) checked all images 
for artifacts and manually reorientated them using SPM99 so that they 
were centered on the anterior commissure. The image datasets were then 
subjected to the following automated image processing steps before sta-
tistical analysis (Fig. 1). 

FIGURE 1. Image analysis of MRI data sets illustrated for a typical DLB patient. 
Image analysis included spatial normalization to a customized template, segmentation, 
brain extraction, and smoothing. The raw image is in radiological convention and is 
flipped to neurological convention during spatial normalization. All subsequent images 
in the analysis are in neurological convention.
• 
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Template Formation 

Anatomical templates were created for each comparison and included all 
subjects in that comparison. Thus the template for DLB vs control com-
parison was constructed from all DLB and control subjects under analy-
sis and the DLB vs AD template was created in the same way. Figure 2 
illustrates the need for specific templates to avoid bias during spatial nor-
malization. Images were first spatially normalized to the T1 MNI (Mon-
treal Neurological Institute, www.bic.mni.mcgill.ca) template that 
approximates the space defined by Talairach and Tournoux [41]. A mean 
image was then created and smoothed with an 8-mm FWHM isotropic 
Gaussian kernel to create a template image specific to the data under 
investigation. 

Normalization 

For spatial normalization a 12-parameter affine transformation was used 
to match each image volume to the mean template image by minimizing 
the residual sum of squared differences between the image and the tem-
plate [4]. This was followed by nonlinear iterations using 7 S 8 S 7 basis 
functions to account for global nonlinear shape differences [1]. Normal-

FIGURE 2. Standard T1 template image created for young healthy controls (A) and a 
customized template created from 25 DLB patients and 25 controls subjects (B). As 
observed in B the ventricles are larger in the customized template. This takes into 
account brain atrophy and enlargement of the ventricles which is common in patients 
and therefore avoids bias during spatial normalization.
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ized images were then resampled by bilinear interpolation to a voxel size 
of 2 S 2 S 2 mm3 and contained by the template-bounding box (Fig. 
1). 

Segmentation 

Following normalization, images were automatically segmented using a 
cluster analysis technique. This process, based on prior probability maps 
about the relative distribution of tissue types, partitioned the brain into 
gray matter (GM), white matter (WM), cerebrospinal fluid (CSF), and a 
fourth partition comprising skull, fat muscle, and voxels which have a 
high degree of partial voluming and thus can not be included in one of 
the other three classes [2]. Since tissue classification is based on signal 
intensities, MRI variations in tissue intensity as a result of subject head 
position relative to the coil can confound the segmentation process. We 
therefore incorporated a correction for image intensity nonuniformity to 
further improve image segmentation. Inspection of segmented gray mat-
ter images showed areas of nonbrain tissue misclassification of gray mat-
ter (Fig. 3). This has implications in statistical analysis as significant 
clusters ascribed to gray matter can be seen outside the brain. In order to 
reduce this error the brain was then extracted by a fully automated proce-
dure for removing nonbrain tissue and scalp from the segmented gray 

FIGURE 3. Gray matter segmented images before (A) and after (B) brain extraction. 
Nonbrain voxels misclassified as gray matter are observed around the skull and scalp 
(A). These are removed following brain extraction (B).
• 
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matter images (Fig. 3). This procedure (a function of SPM99) involves a 
series of morphological operations involving a series of erosions and con-
ditional dilations. 

Modulation 

During nonlinear normalization the volumes of some regions of the 
brain will expand or contract. As statistical analysis aims to identify 
regional differences in gray matter between patient groups, it is important 
to correct for the effects of volume change. This is achieved by an addi-
tional processing step termed modulation, which multiplies the gray mat-
ter voxel intencorrect for the effects of volume change. This is achieved 
by an additional processing step termed modulation, which multiplies 
the gray matter voxel intensity value by the Jacobian determinants from 
spatial normalization [2]. Modulating the gray matter images results in 
the amount of gray matter originating from each brain region being pre-
served after spatial normalization. 

Smoothing 

The spatially normalized modulated gray matter images were smoothed 
with a 10-mm FWHM isotropic Gaussian kernel both to allow for gyral 
variation between individual subjects and to render the data ready for 
parametric statistical analysis (Fig. 1). 

Statistical Analysis 

Statistical analysis used the General Linear Model [16] based on the ran-
dom Gaussian field theory [16]. The design matrix for statistical analysis 
was represented by two contrasts comparing the smoothed modulated 
gray matter images between groups. In the categorical group compari-
sons (DLB vs controls, AD vs DLB) voxel-by-voxel statistical differences 
were estimated by detecting whether each voxel in the patient group had 
a greater or lesser probability of being gray matter than the same voxel in 
the control group and similarly between dementia groups. Analysis of 
modulated data looks at volumetric changes, whereas analysis of unmod-
ulated data assesses concentration changes [2]. In this study we analyzed 
both modulated and unmodulated gray matter images. To normalize for 
global differences in voxel intensities across scans, gray matter global 
intensities were included as a covariate in the model [16]. Including gray 
• 
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matter global intensities examines regional differences in gray matter 
beyond those occurring as part of global brain atrophy. Global gray mat-
ter atrophy was examined for both modulated and unmodulated data. 
Total intracranial volume (TIV) was included as a confounding covariate 
in the analysis of (SPM{z}) and thresholded at P I 0.001 uncorrected for 
multiple comparisons. Regions were reported as significant if they con-
tained voxels with P I 0.05 corrected for multiple comparisons at the 
voxel level [16]. Comparisons between dementia  groups (DLB vs AD) 
have previously shown volumetric differences in the location of the hip-
pocampus [7,19]. We therefore report statistically significant voxels at P 
I 0.001 uncorrected for multiple comparisons at the voxel level [15]. 
Previous studies have also reported uncorrected P values o test a prior 
hypothesis [40]. Such levels provide protection against false positives 
when a prior  hypothesis is made. Direct correlations between gray matter 
volume in the DLB group and selected  neuropsychological measures 
(MMSE and CAMCOG) were investigated. 

Display of Results

Areas of significant change were displayed in three orthogonal planes 
using a maximum intensity projection "glass brain." Significant clusters 
were also displayed on selected planes of structural MRI images. All sta-
tistical maps are displayed at P I 0.001 uncorrected Coordinates of brain 
regions refer to stereotactic space as defined by Talairach and Tournoux 
[41] and are given in millimeters. The template used in SPM99 is in MNI 
space and does not perfectly match Talairach space, so MNI brain coor-
dinates were converted to standard Talairach coordinates using a nonlin-
ear transform (www.mrc-cbu.cam.ac.uk/imaging/mnispace.html) [9]. 
Talairach coordinates were then entered into the Talairach daemon [22] 
for anatomical localization of results.

Results
The demographic data for patients and control subjects are summarized 
in Table 1. There was no difference in age and duration of illness between 
groups. CAMCOG and MMSE scores were significantly lower in AD 
and DLB patients compared to control subjects (P I 0.001). 
• 
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Differences in Gray Matter Volume between DLB and Controls

Global gray matter.  Global gray matter volume loss involved diffuse corti-
cal gray matter areas including the temporal, frontal, and parietal lobes 
and insular cortex bilaterally. A similar pattern of atrophy was observed 
when total intracranial volume (TIV) was included to remove any vari-
ance due to differences in head size (Fig. 4). Table 2 lists the stereotactic 
coordinates of the most significant voxels together with the Pcorrected 
values. Global gray matter concentration loss was observed in similar cor-
tical areas when unmodulated data were analyzed. 

Regional gray matter.  As illustrated in Figs. 5 and 6, significant clusters of 
reduced gray matter volume were observed in DLB patients relative to 
control subjects (modulated data). Regions of significant difference 
(Pcorrected I 0.05) were seen bilaterally around the sylvian fissure 
involving the insula, superior, middle, and inferior temporal gyri and 
superior and inferior frontal gyrus on the right and middle frontal gyrus 
on the left. Analysis of unmodulated data (i.e., relative loss of gray matter 
concentration) yielded more diffuse patterns of gray matter atrophy sim-
ilar to the global changes observed in Fig. 4. Therefore there is a greater 
proportion of overall gray matter loss in DLB relative to controls, while 
volumetric differences are more localized. The peak statistical signifi-
cance, anatomical location, and Pcorrected values for gray matter analyses 
are given in Table 3. Correlations between neuropsychological measures 
and both global and regional gray matter volume in the DLB patients 
failed to show any significant associations. 
• 
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FIGURE 4. (upper) Display showing areas of global gray matter volume loss in 
DLB compared to control subjects (i.e. without normalizing for a gray matter global 
intensities). SPM glass brain projections (PuncorrectedI0.001) illustrate significant 
global gray matter loss including temporal, frontal, and parietal lobes and insular 
cortex. Images are displayed in (A) sagittal, (B) coronal, and (C) axial orientation.

FIGURE 5. (lower) Display showing voxels of reduced gray matter volume in 25 
patients with DLB relative to 25 control subjects. Standard SPM glass brain 
projections (Puncorrected  0.001) illustrate significant gray matter loss bilaterally in 
the frontal, temporal, and insular cortices. Images are orientated in neurological 
convention (the right side of the head is on the right and are shown in (A) sagittal, 
(B) coronal, and (C) axial orientation).

4

5
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Differences in Gray Matter Volume between AD and DLB

Global gray matter.  Figure 7 illustrates atrophy of the medial temporal 
lobe and thalamus bilaterally in patients with AD compared to DLB. 
Again, inclusion of TIV as a confounding covariate for modulated data 
yielded a similar pattern of atrophy. Anatomical location and Pcorrected 
values are listed in Table 4. Similar patterns were also seen when global 
gray matter concentration (unmodulated data) was investigated. 

Regional gray matter.  VBM analyses showing significantly reduced gray 
matter volume in patients with AD compared to patients with DLB are 
displayed in Fig. 8 (modulated data). Several clusters were seen in the 
medial temporal lobe region. Voxels of peak statistical significance are 
located bilaterally in the parahippocampal gyrus, hippocampus, and 
amgydala (P I 0.001 uncorrected). Analysis of unmodulated data which 
measures differences in the proportion of gray matter in each region after 
spatial normalization yielded similar hippocampal change to that after 
correction for the effects of volume change during normalization. 
Although several clusters are observed in the thalamus bilaterally these 
findings did not survive the exploratory P I 0.05 corrected voxel-level 
cutoff when looking at regional difference over and above global changes. 
Table 5 lists the stereotactic coordinates of the most significant voxels 
together with Puncorrected values for gray matter analyses. The reverse 
contrast (i.e., reduction in gray matter volume in DLB relative to AD) 
yielded no significant clusters. 
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FIGURE 6. Display showing areas of significantly reduced gray matter volume in 
25 DLB patients compared to 25 age-matched control subjects. The significant 
voxels are projected onto a mean normalized structural image in sagittal (a), coronal 
(b), and axial (c) planes. Images are orientated in neurological convention. The 
colored bar represents the T score of significant voxels.
• 
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Chapter 6:  Dementia with Lewy Bodies
FIGURE 7. Glass brain representation of global regions of significant atrophy in DLB 
compared to AD without normalizing for global gray matter differences (PI0.001 
uncorrected). Images are displayed in (A) sagittal, (B) coronal, and (C) axial 
orientation.

FIGURE 8. Statistical parametric maps of comparison between 25 patients with DLB 
and 30 patients with AD (PuncorrectedI0.001). Images are orientated in neurological 
convention and displayed in (A) sagittal, (B) coronal, and (C) axial planes. Significant 
decreases in gray matter volume were observed in the parahippocampal gyrus, 
hippocampus, amygdala, and thalamus in patients with AD compared to DLB.
• 
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Discussion
This is the first study to use unbiased voxel-based methods of analysis to 
determine patterns of cerebral atrophy in DLB. Compared to controls, 
DLB was associated with reduction in regional gray matter in Brodmann 
areas 6, 20-22, and 47 as well as the left and right insular cortex. The rela-
tively widespread reduction in frontal and temporal cortices fits with the 
global cognitive impairment which, as with AD, characterizes this disor-
der. Of interest, changes were not seen in medial temporal lobe structures 
including hippocampus and amygdala, in keeping with the relative pres-
ervation of memonic function in DLB cases, at least until the later stages 
of the disorder [6,27]. Similarly, when compared to AD, DLB patients 
had relative gray matter preservation in hippocampus, amygdala, parahip-
pocampal gyrus, and thalamus. This again supports one of the main find-
ings from previous ROI studies, that of relative preservation the of 
hippocampus and medial temporal lobe in DLB compared to AD 
[7,18,19]. It has been suggested that such preservation of the temporal 
lobe may be associated with the reduced tangle pathology seen in DLB 
compared to AD [18]. Although more detailed analysis of imaging-path-
ological correlates in a larger series would be needed to assess this issue, it 
is interesting to note that the 7 DLB cases who came to postmortem in 
this study had only mild tangle pathology (Braak stages of 3 or less). 

Our finding of bilateral atrophy of the insular cortex in DLB has to our 
knowledge not previously been reported. However, atrophy of the insu-
lar cortex has recently been reported in AD using VBM [8,38] and dila-
tion of the sylvian fissure is known to develop over time in AD. Little is 
known about the contribution of the insular cortex to cognitive func-
tion, though it has multiple and complex connections with key areas 
including the hippocampus and parietal association cortex. The insula 
has been postulated to have a role in memory, attention, and sensory inte-
gration. As such, atrophy of the insular cortex may contribute to cogni-
tive and behavioral deficits which characterize DLB and AD including 
mnemonic and attentional impairments and visuospatial problems. Fur-
ther studies are needed to determine the clinical relevance of insular atro-
phy in dementia. 
• 
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FIGURE 9. Segmentation was tested using customized priors and default priors. (a) Demonstrates segmente
images from two patients (1 and 2) using customized disease-specific priors (3a). (b) Demonstrates segmente
images from the same two patients using the default priors (3b). As illustrated the customized priors (3a) accou
for widening of the ventricles in diseased patients and thus displacement of the caudate when compared to th
default priors (3b). Very subtle differences in segmentation are observed between the two methods (indicated b
arrows). The segmented images are illustrated prior to brain extraction and are representative of 
segmentations.
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As well as preservation of memory, DLB is associated with profound 
impairments in attentional and visuospatial tasks [32]. Neurobiological 
substrates underlying such impairments are not known. One possibility, 
supported by an early CT study, was of frontal lobe atrophy in DLB [14]. 
While frontal reductions in the superior frontal gyrus were found in 
DLB compared to controls, no differences in frontal gray matter volume 
between DLB and AD were observed in this study. These results support 
two previous region of interest studies which assessed whole frontal lobe 
and found no differences between AD and DLB [7,18]. As such, we con-
clude that structural changes in frontal lobe are unlikely to play a promi-
nent role in the attentional and visuospatial impairments in DLB. 
Neurotransmitter correlates of attentional dysfunction include the cho-
linergic system, the system showing the most profound changes in DLB 
[35]. Treatment in AD has been shown to improve attentional perfor-
mance and we suggest that attentional dysfunction in DLB is primarily 
due to loss of the prefrontal cholinergic system. However, due to the 
small size of cholinergic nuclei and their wide and diffuse projections, the 
cholinergic system cannot be visualized using structural MRI. The cause 
of visuospatial impairments is less clear, though profound parieto-occipi-
tal hypoperfusion occurs on SPECT in DLB, as with AD [23], and so 
such impairments may have a parietal, rather than a frontal, basis. 

DLB is associated with spontaneous, recurrent, and vivid visual hallucina-
tions [5]. Occurrence of hallucinations has been associated with imbal-
ance of cholinergic function in visual areas (BA20) [36]. However, the 
anatomical areas associated with hallucinations in DLB have not been 
defined. Occipital hypometabolism on PET and hypoperfusion on 
SPECT has been described in areas containing primary and association 
visual cortical areas [12,21,23] and such hypofunction may result, in part 
or whole, from structural brain changes. Importantly, we found no evi-
dence of gray matter changes in the occipital lobe in keeping with a pre-
vious ROI study [30]. Our results would strongly support the view that 
functional imaging changes in DLB in occipital areas are not the result of 
underlying changes in regional gray matter. 

Our findings suggest preservation of the thalamus in DLB compared to 
AD. This has not been previously reported in ROI-based studies. Thal-
amic volume loss and atrophy have recently been reported in AD using 
VBM [8]. Marked atrophy of the thalamus has not been reported to be a 
• 
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feature of DLB. It is possible that differences in the way the thalamus is 
affected by disease underlie some of the clinical and psychological differ-
ences between DLB and AD. 

Strengths of this study include the large number of subjects with stan-
dardized and rigorous clinical assessment from a center with a proven 
track record in diagnostic accuracy as assessed by autopsy confirmation 
of diagnosis [26]. This permits the examination of relatively subtle effects 
in the patient population. We used an unbiased, fully automated image 
analysis technique and made use of appropriate anatomical templates for 
each subject comparison to avoid bias during spatial normalization. We 
included a modulation step that preserves the actual amount of gray mat-
ter within each structure and permits the comparison of gray matter vol-
ume differences rather than relative gray matter concentration changes 
[2]. 

Potential limitations include the lack of autopsy confirmation in all cases, 
although 16 (29%) of our cases (DLB =  7, AD = 9) did have autopsy con-
firmation. VBM is not without limitations and problems [2]. Image seg-
mentation is a fully automated procedure based on prior probability 
maps of gray matter, white matter, and CSF. The segmentation process is 
a crucial step in VBM and is subject to error particularly at the interface 
between tissue types where gray and white matter differentiation is poor. 
In addition partial volume effects may obscure clear tissue boundaries. 
The potential misclassification of voxels can lead to overestimation of 
gray matter volume, which is of particular importance in the patient pop-
ulation where segmentation may be less accurate as a result of reduced 
gray/white matter contrast. Similar studies have implemented segmenta-
tion prior to full spatial normalization in an attempt to minimize misclas-
sification of nonbrain voxels as gray matter [8,17]. In the present study 
spatial normalization was carried out prior to segmentation. Inspection 
of the gray matter segments revealed areas particularly around the skull, 
scalp, and sagittal sinus being ascribed gray matter. However, by incorpo-
rating an automated brain extraction step we have effectively reduced the 
inclusion of nonbrain tissue in statistical analysis. A further consideration 
to improve segmentation is the use of subject- specific maps. Although 
subject specific T1 templates were used for spatial normalization, stan-
dard probability templates (as supplied with SPM99) were used for seg-
mentation. The default prior probability maps are based on MR images 
• 
• 
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from young healthy control subjects which differ from diseased patients. 
To assess whether the error in segmentation influenced our findings we 
tested the SPM segmentation model using both default priors and cus-
tomized disease-matched priors (Fig. 9). As demonstrated both methods 
yielded comparable segmentation. Although the use of the customised 
priors produced subtle differences in accuracy of tissue classification 
compared to default priors, these differences are unlikely to have been 
responsible for the results obtained in this study. 

It is widely assumed that the variability within and between brain regions 
is removed by spatial normalization. However, by spatially normalizing 
the data you can induce errors which can show regional specificity. This 
has implications for the sensitivity of VBM to detect subtle changes 
where variability is high. For example, the hippocampus has a complex 
structure and demonstrates variability in diseased subjects. Techniques 
such as tensor and deformation based morphometry and nonlinear sur-
face-based methods address this problem [3,10,11]. However, such tech-
niques require high dimensional warping which is computer intensive 
and time consuming. As advances are made to such techniques they will 
provide a means to resolve some of the problems. 

While we have mentioned potential limitations of VBM the method has 
been extensively validated with ROI-based studies [24,25,33]. More 
recently VBM has provided a comprehensive automated technique for 
the assessment of gray matter change particularly in disease states 
[8,38,43] as well as normal ageing [17]. In addition VBM permits a com-
prehensive user-independent assessment of the entire brain and incorpo-
rates a completely automated voxelwise analysis of specific tissue types 
without the need for prior selection of ROI. Also, the use of whole brain 
scans may provide new insights into the structural changes in dementia, 
which have not been investigated using standard ROI-based methods. 

Serial MRI studies using coregistration and subtraction techniques have 
been shown to be of value in longitudinal studies for observing the time 
course of atrophy and disease progression in patients with dementia [34] 
and VBM may be an alternative technique with which to assess and mon-
itor disease progression. However, important methodological issues 
must be considered for VBM to be valid when used for longitudinal stud-
ies. Since different acquisition sequences and scanners can result in varia-
tion in signal intensity, it is essential that baseline and repeat scans be 
• 
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carried out on the same scanner using identical sequence and perfor-
mance parameters. It may also be of interest to see whether VBM may 
help identify structural changes which underlie clinical and cognitive 
impairment associated with dementia. In addition VBM may also be of 
use to investigate the stage at which specific structural changes occur and 
their relationship to disease progression. This automated method opens 
up new avenues for research into the relationship between structural and 
functional change. 

In conclusion, we have demonstrated widespread gray matter reduction 
in frontal and temporal lobe structures on MRI in DLB compared with 
control subjects. The degree of gray matter loss did not differ between 
DLB and AD, with the exception that, in keeping with our hypothesis, 
DLB was associated with preservation of medial temporal lobe struc-
tures (hippocampus, amygdala, and parahippocampal gyrus) compared 
to AD. There was no evidence of greater loss of occipital or frontal lobe 
gray matter in DLB compared to AD. These changes have important 
implications with regard to understanding the neurobiological basis of 
key clinical and cognitive features in DLB and also for understanding 
similarities and differences between DLB and other common causes of 
late-life dementia such as AD and VaD.
• 
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    Discussion

The purpose of this thesis has been to identify brain atrophy patterns in 
dementia in an unbiased way using VBM without the need for a priori 
hypotheses. Structural MRI of the brain was used and advanced neurocom-
putational models were applied to study in vivo neuropathology. The results 
will be discussed below in a broader context.

Chapter 2: AD versus controls
This group of patients consisted of relatively older AD patients (mean 77.3 
years) and controls of comparable age. The AD patients had quite low 
MMSE scores (mean 15.6), classifying them as moderate AD. Average 
disease duration was 43.5 months or roughly 3.5 years, which in combination 
with the MMSE scores would put them at the 'Loss of independent 
functions' part of the graph of figure 3 in the introduction. 

Brain atrophy in these moderately affected patients was devastating: the most 
significant region affected was the medial temporal lobe, but damage had 
already extended to the lateral temporal lobe structures (superior, medial, and 
inferior temporal gyrus), the insular cortex, and parietal and frontal areas 
leaving only the occipital regions and the sensorimotor cortex spared. That 
would correspond to Braak stages IV and V (see introduction for a 
description of the Braak stages)[14,16,56]. Additionally, we found atrophy of 
deep grey matter structures, the thalamus and caudate nucleus. Since 
technical problems of ventricular margin misclassification could confound 
the latter finding, we opted for a morphological open algorithm to rule out 
artifact as a possible cause of simulated atrophy of the caudate nucleus and 
thalamus. Indeed, morphological opening confirmed that this pattern of 
atrophy was not artefactual. Moreover, we also noticed slight asymmetry 
between the left and right hemisphere, with more atrophy of the left 
hemisphere.

Such a pattern of brain atrophy in AD has also been described by other 
studies utilizing VBM [9,33] or other neurocomputational models (sulcal 
elastic matching[71]). Those VBM studies[9,33], however, examined milder 
AD patients and slight differences in the VBM implementation make it 
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difficult to directly compare the findings with the disease stage. For that purpose either 
longitudinal studies with repeated measures or one big cross-sectional study with two 
subgroups are needed. Atrophy of the caudate nucleus has been also found by region-of-
interest measurements in both AD and DLB[7] while the thalamus appeared atrophic in 
another region-of-interest study[19] and has also been confirmed Neuropathologically by 
Braak and Braak [16] (figure 1).

Asymmetry in AD. Interestingly, several MRI-based measurement studies have shown right-
sided asymmetry of hippocampal volume in normal adults [8,53,66] and such anatomically 
right-sided asymmetry was diminished in AD [8,11,37]. Moreover, more left-sided atrophy 
has been described for the whole cortex in AD [70-72]. Recent research from resting-state 
f MRI shows that this asymmetry is also noted in connectivity between the hippocampus 
and other cortical areas [75]. These findings appear to confirm our observation regarding 
asymmetry of medial temporal lobe atrophy. Interestingly, the neuropathological studies 
of Braak and Braak noticed asymmetry of NFT and NT deposition only on an occasional 
basis and without consistency [14,16]. It is still unclear why this paradox between neuro-
pathologic and radiologic data exists; on a speculative basis one might argue that 
hemispheric dominance might have an effect on the expression of atrophy as the final result 
of the disease process.

Hippocampal anatomy, function and pathology. The hippocampus is deep in the basal 
part of the brain in a region termed the medial temporal lobe (figure 2). It forms part of the 
limbic system (Latin limbus 'arc') and is mainly involved in memory and spatial navigation. 
Although there is a lack of consensus relating to terms describing the hippocampus and the 

FIGURE 1. Summary diagram of NF 
changes in both the thalamus and 
hypothalamus. Ad: antero-dorsal nucleus, 
Av: antero-ventral nucleus, Cm: central 
medial nucleus, Cu: cucullar nucleus, M: 
mamillary body, Md: medio-dorsal 
nucleus, Pv: paraventricular nucleus of the 
thalamus, Ru: reuniens nucleus, Sm: stria 
medullaris, Tl: lateral tubral nucleus, Tm: 
tuberomamillary nucleus, asterisks: dense 
network of argyrophilic processes located 
between the antero-ventral nucleaus and 
the ependymal lining of the third ventricle. 
Adapted from Braak et al 1991 [17]
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Chapter 7:  Discussion
adjacent cortex, the term hippocampal formation generally applies to the dentate gyrus, 
the Cornu Ammonis fields CA1-CA3 (and CA4, frequently called the hilus and 
considered part of the dentate gyrus), and the subiculum. The CA1, CA2 and CA3 fields 
make up the hippocampus proper. 

FIGURE 2. Detailed anatomy of the medial and lateral temporal lobe. Adapted from Mai et al 2004[57].
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The hippocampus is important in the formation of new memories about experienced 
events (episodic or autobiographical memory). Some prefer to consider the hippocampus 
as part of a larger medial temporal lobe memory system responsible for general declarative 
memory (semantic and episodic memory). Interestingly, damage to the hippocampus 
does not influence the ability to learn new skills (for example, playing a musical instrument), 
signifying that such skills depend on a different type of memory (procedural memory) and 
different brain regions (such as the cerebellum and basal ganglia)[28].

Hippocampal atrophy is the hallmark in the neuropathological staging by Braak and Braak 
[16], it is the region which is most devastated throughout the successive stages. This pattern 
is also reflected in our in vivo findings, with the hippocampus demonstrating the highest 
statistical significance with respect to atrophy. Albeit not a novel finding, demonstration of 
hippocampal atrophy serves as an internal validation of our method.

Caudate Nucleus. The contribution of the caudate nucleus to cognitive functions and 
especially memory has been revealed by studies examining caudate nucleus 
lesions[43,56,63]. Prominent clinical features include abulia, contralateral motor and 
visuospatial neglect, confusion, dysarthria and aphasia[20]. One third of patients with left 
caudate lesions have verbal amnesia while patients with right caudate lesions show visual 
amnesia, suggesting a role of the caudate nucleus in the integration of visual and verbal 
memories. Verbal comprehension and verbal memory deficits are caused by dysfunction of 
corticocaudate connections[55]. Bilateral caudate lesions may yield global amnesia, while 
unilateral lesions may cause impairment of the frontal lobe functions and decreased free 
recall of episodic and semantic items[48]. It has also been suggested that there could be 
multiple memory systems in the brain[49,54] and that certain aspects of memory function 
may have been duplicated in the different structures during evolution and basal ganglion 
structures make their own contribution to overall brain function [17].

The original neuropathological study of Braak and Braak did not account for caudate 
pathology, but it was a surprising finding in our study. We can propose that amyloid 
deposition and NFT deposition is not the only necessary pathway which eventually leads 
to atrophy. Connection between an already diseased hippocampus and the caudate 
nucleus (making part of Papez network) might spread atrophy earlier; one can compare it 
to calling in about bad weather approaching before the bad weather itself arrives.

Thalamus. Neuropathologic studies have confirmed affection of the thalamus in AD, 
especially the anteroventral nucleus [15]. Memory loss following thalamic damage is 
related to a deficit in the early stages of new learning [76]. It has been suggested that 
individual thalamic nuclei are not essential in the storage and/or retrieval of spatial memory 
but the thalamus may play a role in learning how to navigate and the hippocampus coordi-
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nating the navigational information storage and retrieval [18]. Thalamic infarcts can be 
classified according to their location and it seems that memory disorders are usually a result 
of anterior territory infarction (the area supplied by the tuberothalamic artery) of the 
thalamus while infarction of other areas of the hippocampus might be associated with 
other symptomatology such as personality changes [21,22]. The correspondence of 
anterior infarcts related to memory disturbances strengthens the hypothesis of the role of 
anteroventral nucleus involvement in AD.

Thalamic atrophy was clearly present in our study and received a threefold central role: it 
was highly statistically significant, it was in the middle of the brain and reached the cover of 
the journal in which it was published. Being a central relay station, the thalamus possibly 
reflects involvement of the limbic system. What was earlier described as widening of the 
third ventricle, probably reflects thalamic atrophy. 

Chapter 3: MCI cross-sectional
This group of patients consisted of late-onset AD patients and a group of MCI patients and 
healthy elderly controls, all of comparable age (around 72 years). In contrast to the patient 
group in chapter 1, the whole population was younger and the MMSE scores of the AD 
patients were considerably higher with a mean value of the AD group of 21.1 as compared 
to the AD group of chapter 1 with a mean MMSE of 15.6. These values would classify the 
AD group as mild. In terms of  global grey matter loss(6.5%) the MCI group had an inter-
mediate position compared to controls, with the AD group demonstrating 12.3% loss. 
VBM analysis of both pairs (controls-MCI, MCI-AD) suggested that medial and lateral 
temporal lobe structures were atrophic, the caudate nucleus as well, but the structure which 
stood out in the analysis was the thalamus. Additionally there seemed to be greater atrophy 
on the right side. The results of the AD group compared to the MCI showed the 
predictable pattern of medial and lateral temporal lobe atrophy, together with atrophy of 
the caudate nucleus, and thalamus. Asymmetry in this case was inverted compared to 
chapter 2 with either more left-sided atrophy of the medial temporal lobe, or balanced 
atrophy of the caudate and thalamus. Atrophy of the superior temporal cortex had inverted 
from left to right-sided. The biggest changes though were for the parietal association 
cortex and the retrosplenial cingulate, which showed the highest degree of atrophy in the 
transition of MCI to AD.

Inverted lateralization. The finding of inverted lateralization is intriguing. As explained 
above in the asymmetry section, AD is characterized by predominant left-sided atrophy. In 
the stage of MCI however, right-sided atrophy appears to dominate, which later reverses to 
left-sided atrophy when full AD develops. There have been attempts to analyze this 
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inverted lateralization pattern with the use of neural networks [25]. Their proposition was 
that left-sided hippocampal atrophy can only occur when right-sided hippocampal atrophy 
is present, while the inverse applies to thalamic atrophy: only when the left thalamus has 
become atrophic will right thalamus exhibit considerable atrophy (figure 3). Both left 
hippocampal and right thalamic atrophy were necessary for development of MCI in that 
study [25]. It remains unclear at which point in MCI the transition from right- to left-sided 
takes place. That may be an interesting topic for future research. 

Chapter 4: MCI longitudinal (converters)
In this paper we adopted a longitudinal approach to examine patients who were initially 
diagnosed with mild cognitive impairment and later developed AD. In accordance with 
the literature, we estimated that roughly half of the MCI patients would develop AD after 
three years. Therefore we followed the cohort for 3 years. Indeed, after this period 46% of 
the patients had progressive cognitive problems to be formally diagnosed as AD. When 
analyzing the baseline findings, the converters had an average age of 72.7 (SD 4.8) while the 
non-converters had an average age of 72.4 (SD 8.6). Interestingly, there was already a 
difference in the cognitive status between converters and non-converters at baseline, as 
reflected by MMSE and NYU score differences. An initial VBM analysis between 
converters and non-converters revealed differences in global grey matter volume, medial 
temporal lobe atrophy and parietal atrophy bilaterally. It was clear though, that differences 
in cognitive status might already have been reflected on imaging findings, so we decided to 

FIGURE 3. An attempt to explain 
the inverted lateralization process 

in the transition from controls to 
MCI to AD. We notice that the 
left hippocampus can only 
atrophy if the right hippocampus 
has already atrophied and that 

the patient will become MCI only when the 
right thalamus has atrophied (after the left 
thalamus has already atrophied). Adapted from 
Chen et al 2006 [26].
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Chapter 7:  Discussion
correct for cognitive status (NYU) and rerun the VBM analysis. The reason for not 
correcting for MMSE was that variability in MMSE was lower compared to NYU. The 
results of the second analysis revealed elimination of hippocampal atrophy and survival of 
left parietal cortex and left lateral temporal lobe atrophy.

In accordance with the cross-sectional MCI study there was left-sided atrophy asymmetry 
in the MCI patients who developed AD after three years. Although lateralization inversion 
has thus far only been linked to medial temporal lobe structures and the thalamus, we 
found that MCI converters already exhibited leftward atrophy asymmetry at baseline not 
only in the medial temporal lobe and thalamus but also in the left lateral temporal lobe and 
left parietal association areas, when corrected for cognitive status severity. Additionally we 
performed a search of the literature to identify which studies with comparable conversion 
rate had similar findings to our own. The results of this search are presented in table 1. As 
expected there is considerable overlap between our findings and the various studies'; we 
could demonstrate though that parietal atrophy remains independent after correction of 
clinical severity variables.

Localizing areas which might signal conversion to AD might have important implications. 
With the introduction of pharmaceutical compounds which might delay the progression 
of disease and which best act at the early stages of AD, early identification of risk to fast 
MCI progression might offer the opportunity to intervene in a timely and most effective 
manner.

SnPM: permutations (figure 4). One of the basic assumptions of voxel-based 
morphometry is that the voxel values in the groups to be compared are normally 
distributed. That is also the reason for smoothing datasets with a Gaussian kernel. But even 
then, there remains uncertainty whether the data are indeed normally distributed, so that 
the resulting statistics can be viewed as valid. To validate our results we included an extra 
analysis in this paper by incorporating non-parametric methods of statistical inference. The 
method we chose was statistical non-parametric mapping (SnPM). SnPM randomly 
reassigns patients to groups and then makes the comparisons (in our case of 24 patients, 
combinatorial theory tells us that it would mean roughly two million possible combina-
tions of relabeling). This process is called permutation, is not dependent on normality and 
is believed to be more robust than conventional parametric statistics [38-40,51]. In conven-
tional parametric statistics the value of a single voxel is compared to the T-distribution. In 
permutation statistics one does not use the T-distribution but creates a sample-specific 
distribution from scratch by the permutation process. The voxel in question is then 
compared to the permutation distribution. To find a balance between computational time, 
computer memory availability and an adequate permutation distribution we run the 
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algorithm with 5000 permutations (current literature uses between 200 and 3000 permuta-
tions). The results were virtually identical to the parametric statistics, in essence validating 
our findings.

Chapter 5: Early-onset AD
In this paper we took an alternative approach in analyzing dementia scans. The goal was to 
separate early from late-onset AD patients without setting an arbitrary cut-off point. The 
group consisted of 55 patients diagnosed with AD and no controls (the reason for no 
controls will be explained below). There was a broad age range from 51 to 82 years, with an 
average of 69 years (SD 8.5), balanced gender distribution and an MMSE ranging from 4 
to 28 with an average of 20, hence a mild AD group. In order to avoid a dichotomous 
comparison, for example patients above and below 65 years of age, we analyzed only the 
correlation of age and local grey matter volume. Negative correlation is simple to under-
stand: increasing age is correlated with decreasing volume (in this case hippocampus and 
temporal lobe structures). Positive correlation is conceptually more difficult: decreasing 

FIGURE 4. If one does not wish to use parametric statistics, for example if there is suspicion that the data do 
not follow a normal distribution, one can use permutations (random rearrangements of the data) in order to 
infer the distribution from the actual data. This figure shows the distribution of the maximum statistic after 
5000 random permutations. We notice that the distribution resembles a log-normal distribution with our 
observed statistic at the right tail of the permutation distribution.
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Chapter 7:  Discussion
age (as we examine younger patients) is correlated with decreasing volume (certain struc-
tures get smaller). The younger group has brain locations which are more atrophic than the 
older group.

Precuneus Structure and Function (figure 5). Although the precuneus and retrosplenial 
cortex have been known to be involved in AD since the early nineties through the works of 
Braak and Braak [15], only recently has the precuneus received the appropriate attention as 
a key structure in AD. The precuneus, as its name suggests, is located ventral to the cuneus 
and posterior to the paracentral lobule. Current research divides the precuneus into an 
anterior part which is related to self-centered mental imagery strategies and a posterior part 
which serves as a region of episodic memory retrieval [23,42,46]. Additionally, precuneus 
lesion studies and f MRI research suggest that the precuneus makes part of the 'default 
mode' network in the brain [58] and that it might be involved in visuospatial processing 
[32,52]. The importance of precuneus atrophy in AD has been demonstrated in studies 
where a clear dissociation of hippocampal and precuneus atrophy was present in AD [64], 
hinting towards the possibility of different subtypes of AD. From a radiological 
perspective, precuneus atrophy is best appreciated on the sagittal plane, where the width of 
the sulcus cingularis and sulcus parieto-occipitalis can be appreciated (figure 4 in chapter 5). 

FIGURE 5. : Summary of the cortical (left) and subcortical (right) connections of the precuneus 
(Brodmann area 7). Bidirectional arrows indicate reciprocal projections; unidirectional arrows indicate 
afferent/efferent projections. Adapted from Cavanna et al, 2006 [25].
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Chapter 6: DLB
In this paper 25 patients with DLB were compared to 30 patients with AD and 25 healthy 
elderly controls. The groups were of considerable older age than the groups in the other 
papers in this thesis. DLB patients had an average of 75.4 (SD 6.8), AD patients had an 
average of 78.1 (SD 5.3) and the elderly controls had comparable ages with an average of 
76.2 (SD 4.7). Dementia severity as measured by the MMSE score was lowest among the 
DLB patients with an average of 13.3 (SD 7.6), while the AD patients were also moderately 
impaired with an average of 16.4 (SD 4.3), while the controls remained in the realm of 
normality with an MMSE average of 28.1 (SD 1.5).

In this study we noticed that the main difference between of AD and DLB was relative 
absence of hippocampal atrophy in DLB compared to AD. This finding has been 
confirmed by numerous studies but unfortunately great overlap with AD limits the 
potential of its practical use in the differential diagnosis of DLB based on the presence/
absence of hippocampal atrophy compared to AD [5,6]. 

VBM discussion: technique, limitations and pitfalls

The first step in VBM is registration of a group of scans to a common target, which can 
either be a 'real' common target such as the MNI template or a mathematical common 
target such as manifold averaging (see chapter 3). This crucial step has sparkled debate in 
the scientific community [4,13,27,34]. The main argument is that since one can choose 
among various methods of registration, where registration success may be variable, one can 
never be sure that the results are valid. This makes it especially difficult to compare different 
studies of the same disease. In order to successfully analyze this issue one needs break it into 
its theoretical component (what physical and mathematical modeling tells us) and into its 
practical component (whether studies are as different as theory expects them to be). 

The theoretical model of VBM criticism can be subdivided into five factors which 
introduce uncertainty when trying to compare neuroanatomy between groups:

1. Talairach coordinates have a resolution not better than 15mm [67].

2. There is great gyral/sulcal variability between individuals making exact topological 
mapping error-prone (also here included imperfect registration and sensitivity only near 
steep intensity gradients).
• 
• 
• 
•
•
•
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3. Total brain volume might scale all structural measurements.

4. There are age related effects, which may confound or mask disease effects.

Stereotactic atlases. Stereotactic atlases based on pathologic specimens suffer from 
shrinkage. The fresh brain is fixed in formalin and subsequent histological sections are 
embedded in paraffin. Although the shrinkage factor between formalin fixation and 
paraffin embedment is corrected for during the creation of the atlas (a factor of about 2.2) 
[47], little is known about the factor correction between in vivo MRI scan and formalin 
fixed brains while tissue manipulation during extraction from the skull is almost impossible 
to control [45]. Nevertheless, in the absence of a more rigorous approach, postmortem 
remains the gold standard in anatomical localization and neuropathological changes. It has 
been recently suggested though, that the banks of sulci tend to correspond to borderzones 
between cytoarchitectonical areas and an in vivo atlas based on sulci might be a plausible 
alternative to postmortem atlases [73]. The center of the coordinate system of the Talairach 
atlas is the anterior commissure (AC) in the midline. It is true that the resolution of the 
Talairach atlas (15 mm) is lower than of a structural MRI scan (1 mm). Nevertheless, 10-15 
mm might not be such a bad resolution for anatomical localization taken into account that 
even the hippocampus, one of the smallest anatomical structures we are interested in when 
analyzing dementia scans, has a cross-sectional diameter of roughly 10-15 mm and the 
distances to the center of the immediate neighbors (for example the entorhinal cortex) are 
at least 10 mm further away. Additionally, a statistical cluster can encompass contiguous 
regions. The clearest example of this is pathology of AD spreading from the entorhinal 
cortex to the hippocampus. One has to subdivide this cluster per anatomical region and 
give a percentage (for example 80% of the entorhinal cortex and 40% of the hippocampus 
belong to the cluster).

Gyral/sulcal variability. No two brains are identical, not even from monozygotic twins. 
Each brain has its unique gyration pattern, but there seems to be variable genetic control of 
the anatomic variability. Studies in twins (fraternal and genetically identically twins) have 
shown that fraternal twins have perisylvian language and spatial association cortices homol-
ogous regions, while genetically identical twins share more homology encompassing the 
frontal cortex and lateral temporal cortex, sensorimotor and Wernicke's language cortex 
[69]. Parietal and occipital sulcal variability does not seem to be under genetic control, 
implying influence from environmental factors. The same situation is reflected within the 
general population, where sulcal variability is at its highest in the parieto-occipital regions 
(on the order of magnitude of 10 mm), while the inverse is true for frontal and temporal 
regions, which appear quite stable in the general population (variability below 5 mm) [71]. 
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One would thus expect VBM to perform better in low variability regions due to better 
sulcal/gyral/anatomical matching. Unfortunately for the critics this does not seem to be 
the case. Numerous studies, including the findings presented in this thesis, demonstrate 
atrophy of the parietal cortices in AD and between converters and non-converters in MCI. 
This view of experimental results negating theoretical concerns can be explained by 
focusing on the basis of VBM: one attempts to bring homologous regions close to each 
other but not aim at a perfect match; smoothing takes care of the remaining variability, with 
a smoothing lower bound of 4mm [60].

Total brain volume. Total brain volume might be a confounding variable in a VBM analysis. 
While that can be true in extreme cases of atrophy, affine registration can be pretty effective 
in removing scaling errors in practice. Incorporating volume as covariate into the 'globals' 
option of SPM does not change the location of the significant clusters but does reduce 
statistical significance, which is not unexpected since we sacrifice one more degree of 
freedom and add more variables to the model.

Aging. Another point of criticism is aging effects and how to distinguish between them and 
disease effects. As a starting idea it might be good to consider that disease and aging effects 
both act on the same brain, i.e. what we see is the result of them both. Bearing this idea, we 
attempt to model aging effects out by various means. The most straight forward way of 
doing this is by comparing to controls of comparable age. The difference between them 
would then be disease effect. Atrophy as a function of age has a striking 'inverse' pattern 
compared to AD pathology, with sparing of the temporal lobe and precuneus areas [59]. 
But what if disease and aging interact, for example AD causing accelerating aging or that 
they both have a multiplicative effect. The comparison would then remove the corre-
sponding aging effect at the particular age of the controls, but would leave disease effect 
and residual aging effect. Although this drawback is worrisome from a neuropathologic 
viewpoint, it might not matter that much when attempting to classify groups of patients 
according to their MRI findings. Whether pure AD related changes or an additional accel-
erated form of aging is the key role, the end result would still be a powerful classification 
variable.

Spatial Statistics of VBM

Multiple comparisons problem . A typical volumetric MRI dataset has dimensions of 256 
x 256 x 168 voxels. This means a total of 11,010,048 or 11 million voxels. If we choose to set 
the threshold of our statistics to 5% (p<0.05), then 5% of these 11 million voxels will be 
falsely positive, i.e. half a million voxels. With a size of 1mm3 per voxel this implies a total 
• 
• 
• 
•
•
•



Chapter 7:  Discussion
false positive volume of 550ml, almost half a liter of false positives in a total scanning 
volume of 11 liters! Of course, not all the scan is filled by brain, there is a lot of air scanned 
inside the coil and outside the head, but the magnitude of the problem remains. Assuming 
that each voxel value is independent of the others the most straightforward way to correct 
for this multiple comparison problem would be to divide the significance threshold (our 
p=0.05) by the number of observations and derive a new corrected p threshold. This type 
of correction also known as a Bonferroni correction or family-wise error correction 
(FWE) and would yield a p value of p=4.5*10-9 or p=0.00000000045. It is obvious that this 
correction is over-conservative and would cause a great number of false negatives. 
Moreover, the basic assumption of a Bonferroni correction is violated: the data points are 
not independent. For various reasons signal at a single point of an MRI VBM processed 
voxel is correlated to its neighbors: via scanner gradients and field inhomogeneities, 
regional architecture of the grey matter with partial volume effects, the smoothing 
function of VBM and last but not least diffuse disease effects themselves which cause 
atrophy of continuous brain regions. To address this issue various theories and their imple-
mentations have been tried upon MRI data.

The concept of stationarity. Before we begin to explain the statistics behind VBM certain 
definitions must be stated. In the mathematics of probability, a stochastic process is a 
random function. In the most common applications, the domain over which the function 
is defined is a time interval (a stochastic process of this kind is called a time series, such as the 
stock market) or a region of space (a stochastic process being called a random field). At its 
most basic a random field is a list of random numbers whose values are mapped onto a space 
(of n dimensions, in our case three dimensions of an MRI scan). Values in a random field are 
usually spatially correlated in one way or another; in its most basic form this might mean 
that adjacent values do not differ as much as values that are further apart. This is an example 
of a covariance structure, many different types of which may be modeled in a random field. 
In the mathematical sciences, a stationary process is a stochastic process whose probability 
distribution at a fixed time or position is the same for all times or positions. As a result, 
parameters such as the mean and variance, if they exist, also do not change over time or 
position.

Gaussian field theory. The basic principle of the statistics behind VBM relies on Gaussian 
field theory [29,35]. Gaussian field theory models the distributions of features in statistical 
parametric maps that would be found by accident (a map of the null hypothesis in space). 
Structural differences are compared with these maps. The features whose distributions are 
modeled include (1) the maximum value (or peak height of the statistic that would be 
found in the map, and (2) the size of the largest connected cluster of voxels above a given 
threshold. Null distributions for more complex features can also be derived mathemati-
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cally, such as the number of clusters exceeding a given height and spatial extent, or the total 
spatial extent of these clusters. These features are thought of as measurements of "rising 
swells or waves in a choppy (noisy) sea" [44], where the roughness of the sea is estimated 
from the data.

When Gaussian field theory might not hold. The assumption of the above parametric 
approach is the presence of a stationary Gaussian field, i.e., its statistical characteristics, 
including its roughness parameter (or its reciprocal, the smoothness), are the same at each 
point in the image. Smoothness can be defined as the degree of spatial correlation in an 
image. These assumptions are likely to be locally violated for structural imaging data, where 
steep intensity gradients occur. The distribution of cluster sizes that occur by accident 
might be considerably skewed towards larger cluster sizes in smooth regions of the image 
(areas of low anatomical variability), resulting in more false positives (and false negatives in 
rough regions - areas of high anatomical variability) than predicted by formulae for 
stationary fields. To address this, various methods have been suggested, such as statistical 
flattening in which the data are warped into a new space, which may have higher dimension 
than the data, so that in the new space the smoothness of the normalized residuals of the 
statistical model is stationary. The p value for cluster sizes above a threshold can then be 
applied using size measurements in the new space, or by estimating the effective resolution 
of the field directly from the normalized residuals. Another approach is application of the 
false discovery rate (FDR), in which the basic assumption is that the further away two 
voxels are the less likely they are to be correlated. Instead of controlling the chance of any 
false positives (as Bonferroni or random field methods do), FDR controls the expected 
proportion of false positives among suprathreshold voxels [50]. A FDR threshold is deter-
mined from the observed p-value distribution, and hence is adaptive to the amount of 
signal in the data [36]. Another approach is to completely discount parametric statistics 
(which are based on a normal distribution) and use the data itself to generate the underlying 
distribution. Such a process is called permutation and discounts issues such as autocorre-
lation or partial correlation [38-40,51]. Subjects are randomly assigned to groups and the 
distribution of accidental clusters is tabulated empirically.

Statistics versus percentage loss. A distinction should be made between statistical signifi-
cance, magnitude of an effect and diagnostic relevance. Not all three have to be present at 
the same time. High statistical significance means that the effect was not observed by 
chance. An example will clarify this case. If the hippocampus of a group of 20 healthy 
individuals has a mean value of 3 ml with a standard deviation of 0.3 ml, while the 
hippocampal volume of a group of 20 patients with Alzheimer's has a volume of 2.7 ml with 
a standard deviation of 0.2, then statistical significance from a simple t-test would be t = 3.7 
(p=6.4*10-4)[1]. Now imagine we compare the same group of healthy controls with 20 
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Alzheimer's patients but with a larger spread of hippocampal volumes, say a mean of 2.5 and 
a standard deviation of 0.5. That would produce a t test with a value of t = 3.8 (p=4.5*10-4). 
If the t values were points on a VBM map, they would lie pretty close to each other and 
would not show any appreciable effect difference, while the first comparison yielded a mean 
decrease of hippocampal volume of 10% and the second comparison of 16%. A similar 
situation arises when generating hypotheses derived from VBM statistical parametric 
maps. One is tempted to automatically accept the regions with the highest statistical signif-
icance as the regions with the most grey matter loss, while that may not be the case. Accord-
ingly, areas which might just survive the statistical significance threshold might be the ones 
which are among the most obvious in a clinical setting. Implementation of confidence 
limits might be a plausible alternative to reporting statistical maps, but is difficult to display 
three values for each voxel in a single brain and. As a basic remedy we applied percentage 
change analysis in addition to VBM analysis in chapter 3 and found that the transition from 
normal to MCI is characterized by disproportional parietal cortex and thalamic atrophy, a 
finding which was slightly emerging from the statistical significance analysis but became a 
lot clearer when we employed percentage change analysis. A similar approach has been 
adopted by other groups, who find that the parietal cortex is indeed characterized by high 
anatomical variability, essentially masking quite severe grey matter loss when applying 
conventional statistics [71,72]. Conclusively, before any VBM findings can be correctly 
interpreted one has to ensure that variability does not mask important regions. This may be 
accomplished by using confidence intervals, magnitude-based inferences or baysian 
statistics [10,12].

Beyond mass-univariate approaches. VBM essentially remains a mass-univariate 
approach, meaning that VBM performs best with group differences localized in space [27]. 
Although the aforementioned statistical models attempt to correct for the multiple 
comparisons problem, interactions among brain regions are not accounted for. Conse-
quently, one can not draw conclusions about inter-regional dependencies or sequential 
atrophy patterns such as left-sided hippocampal atrophy being present only when right-
sided atrophy also being present; this drawback of VBM was illustrated in our discourse on 
lateralization inversion in MCI - a multivariate methodology might have revealed this inter-
regional dependency. Such an approach which accounts for interactions between data 
would by definition be multivariate and might explain many of the discrepancies found in 
the literature. A simplistic approach of "multivariate-like" statistics in VBM would be to use 
the VBM results as covariates in a univariate model and see which regions are associated 
with them [34], this approach we employed in chapter 5 in order to confirm precuneus 
atrophy. A further step would be to employ either simple eigenimage analysis or more 
complex nonlinear models to analyze structure. An alternative approach is application of 
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neural networks as multivariate models. A neural network is fundamentally different than 
conventional statistics; in essence a neural network builds prediction rules based only on 
the data. The result is a model with each variable receiving a specific weight in the neural 
network model. For a robust built of a neural network model one needs three datasets: a 
training dataset, a validation dataset and a testing dataset. Application of neural networks in 
AD images have recently revealed interesting results, such as sequential dependence of 
brain atrophy in MCI [25], or the best combination of brain atrophy locations in order to 
predict AD from MCI (Davatzikos et al, in press). Additionally, neural networks seem to 
be able to solve problems in AD prediction of longitudinal data when missing data and 
irregularity of patient visits would cause traditional statistics to fail [68].

Serial versus longitudinal techniques. With the dangers of attempting to predict the 
future lines of research, it might be possible that there will be a contrast between cross-
sectional and longitudinal methods of measuring atrophy, atrophy location and atrophy 
distribution. The longitudinal methods for structural brain analysis involve repeated 
measurements in one subject. In essence, after the baseline and the follow-up MRI scan 
have been brought in the same coordinate system, the brain boundary is delineated on both 
scans. One then computes the boundary shift and expresses it in percent per year. Two 
implementations of this approach are the Boundary Shift Integral algorithm [30] and the 
SIENA algorithm [65] (figure 6). One technical disadvantage of these methods is that 
only the boundary is traced and other structures, for example the lentiform nucleus, deep 
white matter are not directly mapped. A solution to this problem comes from voxel-
compression techniques [31,57]. Such studies have demonstrated the progression of AD 
over time [61], notably ventricular expansion and hippocampal contraction.

Generally, cross-sectional methods (time naïve) have the advantage that they are fast to 
perform (no follow-up observation needed) and subject attrition is not a problem (for 
example subject dropouts due to severe disease or death, especially true for a disease of the 
elderly). Their disadvantage is that there are confounders such as age differences, disease 
duration and severity, and there is limited information about disease evolution. Longitu-
dinal methods have the advantage of modeling out such confounders since each subject is 
serving as its own control and disease evolution and individual differences are examined. 
The disadvantages are that they take long, are expensive and come with an accompanying 
missing data - subject attrition problem [2,24]. The key question which remains to be 
answered is whether cross-sectional methods of brain atrophy can surpass longitudinal 
ones if one added a third variable in the equation, for example beta-amyloid (1-42)cerebro-
spinal fluid levels [62].
• 
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Chapter 7:  Discussion
Computer-aided diagnosis (CAD) systems
The holy grail of computational neuroanatomy has been the development of computer-
aided diagnosis (CAD) systems. VBM has been used to compare a single subject with an 
MRI probabilistic population atlas of AD [41,74] and for the discovery and localization of 
focal cortical dysplasia lesions [3,26]. A Z-score is calculated and if the subject scores under 
two standard deviations compared to the population atlas, then a diagnosis of AD is 
suggested. A crucial difference between this Z-score and a Z-score calculated from a single 
variable, for example a comparison of a neuropsychological test, is that the result is a 3D 
statistical Z-score map. The Z-score map should then approximate the typical atrophy 
pattern of AD. It follows that the Z-score map is highly dependent on the population atlas 
used. Since scanner field inhomogeneities and coil geometry are unique, such a comparison 
might only be valid when the population-based atlas has been constructed with data from 
the same scanner. Another caveat is the issue of sensitivity and specificity. Fitting of a single 
subject to a population atlas might be accompanied by high sensitivity, but this is not true 
for specificity. For example, a subject fitting an AD atlas might also fit a frontotemporal 
dementia atlas due to overlapping hippocampal atrophy. Additionally, VBM remains a 
mass-univariate approach and a fit to an atlas does not say much about the interrelationship 
of anatomic structures within the same brain. A multivariate model incorporating 
anatomical interconnections with population-based atlas matching might provide a more 
accurate description of a subject's fitting to a dementia structural profile (Davatzikos et al, 
in press).  

FIGURE 6. Comparison of a single AD subject with 25 healthy elderly controls (Z-
score). Yellow colour denotes atrophic area more than 2 standard deviations away from 
controls (internal data)
• 
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Future Directions
Although computer-based automated analysis of MRI scans in dementia has revolu-
tionized our perception of brain changes in dementia, it has also generated many questions. 
Further study of these questions might lead to an integration of our knowledge regarding 
dementia:

1.  What is the significance of lateralization inversion in MCI? Can it be used as an imaging 
marker?

2.  What is the predictive value of the precuneus compared to the hippocampus?

3.  How confident can we state that MCI patients with spread of atrophy beyond the 
hippocampus towards the left lateral temporal and left parietal atrophy are simply early 
Alzheimer's patients?

4.  Can multivariate nonlinear tools help us analyze interregional differences within the 
same brain?

5.  Can we integrate multiple markers in one model (MRI, cerebrospinal fluid proteins, 
neuropsychological tests)?

6.  Will follow-up imaging and intra-subject comparison reveal finer detail of the disease 
patterns?

Answers to these questions are not purely of theoretical or academic nature. Early identifi-
cation of the disease is of paramount importance when our society deals and will deal with 
this silent epidemic.
• 
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    English Summary

The goal of this thesis has been the data-mining of structural in vivo brain 
MRI data of patients with dementia in order to identify key neuroanatomical 
locations. The uniqueness of this approach has been the absence of a priori 
hypotheses about these locations. The proposed algorithm (voxel-based 
morphometry - VBM) identified key brain structures which atrophy in 
dementia.

In the introduction a brief background of the dementias, and in more 
detail Alzheimer's disease (AD), is provided. Furthermore, a historical 
account of the role of imaging in dementia is presented: the shift from an 
exclusionary to an inclusionary approach. Additionally, the algorithms used 
in this thesis are introduced and their building blocks explained.

Chapter 2 focuses on a comparison between a group of patients with AD 
and a group of healthy elderly controls (HECs). Known anatomical locations 
involved in dementia are identified, i.e. medial temporal lobe (MTL), but 
atrophy spreading further out is also noticed: atrophy of the thalamus and 
caudate nucleus and cortex with sparing of the sensorimotor strip and the 
occipital cortex.

Chapter 3 deals with the concept of mild cognitive impairment (MCI) and 
in doing so compares three groups: one group of patients with MCI, one 
group with AD and one group of HECs. The striking finding was the 
´inverted lateralization´ concept: MCI patients had right-sided cerebral atro-
phy compared to controls while AD patients had left-sided cerebral atrophy. 
The implications of inverted lateralization are discussed and further 
expanded in the discussion section. Moreover, thalamic atrophy was found to 
have a pivotal role in the continuum HEC - MCI - AD.

Chapter 4 goes deeper into the concept of MCI and examines a group of 
MCI patients for a period of three years. At the end of that period the 
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patients who converted to AD were compared to the patients who did not yet convert to 
AD. It is there found that these two groups already differed at baseline in the sense that 
spread of atrophy beyond the MTL towards the lateral temporal and parietal cortex were 
already present in the converters.

In chapter 5 we attempt to describe patients with the early-onset form of AD. We were 
surprised to find that the structure distinguishing the two groups was not the hippocam-
pus but the precuneus. Precuneus atrophy was associated with biparietal atrophy but not 
with hippocampal atrophy and the patients with precuneus atrophy were characterized by 
visuospatial deficits.

Chapter 6 analyzes the relationship between patients with AD and patients with demen-
tia with Lewy bodies (DLB). We found relative absence of hippocampal atrophy in DLB 
compared to AD, unfortunately not all AD patients are characterized by hippocampal 
atrophy at the early stage, thereby reducing the practical use of such a finding.

In the discussion chapter we examine the isolated findings from the various chapters 
and attempt to bring them in concert. Afterwards we give an account of possible draw-
backs of the algorithms used in this thesis. Computer-aided diagnostic (CAD) systems are 
discussed and eventually we hint towards future directions in the field.
• 
• 
• 
•
•
•



    Nederlandse Samenvatting van “MRI patronen 
van cerebrale atrofie in dementie”

Het doel van dit proefschrift is data-mining van in vivo brein MRI data om de 
betrokken neuroanatomische structuren in patiënten met dementie te iden-
tificeren. De afwezigheid van voorgenomen hypotheses over de locatie van 
deze structuren in het brein maakt deze methode uniek. De gebruikte algo-
ritme (voxel-based morphometry – VBM) heeft de belangrijkste structuren 
die verschrompelen in de hersenen van patiënten met dementie geïdentifi-
ceerd. 

In de introductie wordt achtergrond informatie gegeven over de diverse 
soorten dementie en in het bijzonder over de ziekte van Alzheimer (AD). 
Tevens wordt de betekenis van beeldvorming in dementie van de afgelopen 
jaren weergegeven met name de verschuiving die heeft plaats gevonden van 
een exclusie naar een inclusie aanpak. Verder worden de gebruikte algoritmes 
in dit proefschrift geïntroduceerd en hun diverse bouwstenen uitgelegd.

Hoofdstuk 2 vergelijkt een groep patiënten met de ziekte van Alzheimer 
met een groep gezonde controle ouderen. De bekende neuroanatomische 
locaties betrokken bij dementie worden geïdentificeerd, bijvoorbeeld de 
lobus temporalis medialis (medial termporal lobe - MTL), echter uitgeb-
reidere atrofie wordt opgemerkt: verschrompeling van de thalamus, nucleus 
caudatus en cortex met uitzondering van het sensomotorische gebied en de 
cortex occipitalis.

Hoofdstuk 3 gaat over het concept van milde cognitieve stoornis (mild 
cognitive impairment - MCI) waarbij drie groepen zijn vergeleken: een 
groep van patiënten met MCI, een groep met AD en een groep van gezonde 
controle ouderen. De opmerkelijke bevinding is het ‘inverted lateralization’ 
concept: MCI patiënten hebben rechts-zijdige cerebrale atrofie vergeleken 
met de controles terwijl AD patiënten een links-zijdige cerebrale atrofie ver-
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tonen. De implicaties van inverted lateralization  worden besproken en verder uitgediept 
in de algemene discussie. Bovendien blijkt dat thalamus atrofie een cruciale rol speelt in 
het continuüm van gezonde controle ouderen – MCI – AD.

Hoofdstuk 4 gaat dieper in op het concept van MCI en volgt een groep van MCI 
patiënten voor een periode van 3 jaar. Aan het einde van deze periode worden de patienten 
die converteren naar AD vergeleken met die patiënten die niet overgaan naar AD. Gevon-
den wordt dat de twee groepen vanaf het allereerste begin al verschillen in die zin dat de 
spreiding van atrofie buiten de MTL naar de laterale temporale en parietale cortex al aan-
wezig is in de converteerders.

In Hoofdstuk 5 proberen we patiënten te beschrijven met de vroege vorm van AD. We 
zijn verbaasd gevonden te hebben dat de structuur die de twee groepen onderscheidt niet 
de hippocampus maar de precuneus blijkt te zijn. Precuneus atrofie wordt geassocieerd 
met biparietale atrofie maar niet met hippocampus atrofie en de patiënten met precuneus 
atrofie worden gekenmerkt door visuospatiële problemen.

Hoofdstuk 6 analyseert de relatie tussen patiënten met AD en patiënten met dementie 
en Lewy bodies (DLB). Er is relatief weinig hippocampus atrofie in DLB vergeleken met 
AD. Helaas hebben niet alle AD patiënten hippocampus atrofie in het vroege begin waar-
door het praktisch gebruik van zo ’n bevinding minder handig is.

In de discussie worden de diverse bevindingen van de voorafgaande hoofdstukken 
onder de loep genomen en tot een geheel gebracht. Tevens bespreken we de mogelijke 
afwijkingen van de gebruikte algoritmes in dit proefschrift. Computer-aided diagnostic 
(CAD) systemen worden behandeld en we beschouwen dit specifieke onderzoeksveld in 
de nabije toekomst. 
• 
• 
• 
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    Περίληψη διδακτορικής διατριβής με τίτλο “Μοτίβα 
εγκεφαλικής ατροφίας στην άνοια με τη βοήθεια της 
μαγνητικής τομογραφίας εγκεφάλου”.

Ο στόχος αυτής της διατριβής ήταν η “εξόρυξη δεδομένων” (data-mining)  από 
δομικές μαγνητικές τομογραφίες εγκεφάλου ασθενών με άνοια ούτως ώστε να 
προσδιορισθούν οι εμπλεκόμενοι νευροανατομικοί σχηματισμοί. Η μοναδικότητα 
αυτής της μεθόδου ήταν η απουσία  ‘a priori’ υποθέσης για την τοποθεσία της 
νευροανατομικής βλάβης. Ο αλγόριθμος που χρησιμοποιήθηκε καλείται 
κυβιδιακή μορφομετρία (voxel-based morphometry) και βοήθησε να 
εντοπισθούν οι περιοχές του εγκεφάλου που ατροφούν στις διάφορες μορφές 
άνοιας.

Στο κεφάλαιο της εισαγωγής, παρουσιάζεται μία σύντομη ανασκόπηση της 
άνοιας, και ειδικά της άνοιας τύπου Alzheimer. Στη συνέχεια παρουσιάζεται μία 
ιστορική αναδρομή του ρόλου της απεικόνισης στην άνοια: η απομάκρυνση από 
ένα καθαρό ρόλο απόκλεισης (π.χ. όγκου) και η προσέγγιση ενός ρόλου ειδικών 
ευρημάτων. Ακόμα, στην εισαγωγή περιγράφονται οι αλγόριθμοι που 
χρησιμοποιήθηκαν σε αυτή τη διατριβή  και αναλύονται οι δομικοί τους λίθοι.

Το κεφάλαιο 2 εστιάζεται στη σύγκριση μεταξύ μίας ομάδας ασθενών με τη νόσο 
Alzheimer  και μίας ομάδας υγιών ηληκιωμένων. Οι ήδη γνωστοί 
νευροανατομικοί σχηματισμοί που εμπλέκονται στην άνοια και ατροφούν 
εντοπίζονται από τον αλγόριθμο στην περιοχή του έσω κροταφικού λοβού, αλλά  ο 
αλγόριθμος βρίσκει και άλλους σχηματισμούς που παρουσιάζουν ατροφία, 
ειδικότερα το θάλαμο και τον κερκοφόρο πυρήνα, αλλά και τον εγκεφαλικό φλοιό 
με εξαίρεση του κιναισθητικού φλοιού και του ινιακού λοβού.

Το κεφάλαιο 3 εισάγει την ένοια της ήπιας νοητικής διαταραχής (mild cognitive 
impairment) και αναλύει τρεις ομάδες: μία ομάδα ασθενών με ήπια νοητική 
διαταραχή, μία ομάδα με άνοια τύπου Alzheimer, και μία ομάδα υγιών 
ηληκιωμένων (φυσιολογικοί). Μας εξέπληξε το έυρημα ανάστροφης 
πλαγιοποίησης (inverted lateralization): οι ασθενείς με ήπια νοητική διαταραχή 
είχαν περισσότερη φλοιική ατροφία στο δεξιό ημισφαίριο σε σχέση με τους 
φυσιολογικούς ενώ οι ασθενείς με Alzheimer είχαν περισσότερη ατροφία στον 
αριστερό φλοιό. Στη συνέχεια του κεφαλαίου αναλύεται η σημασία των ευρημάτων 
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η οποία επεκτείνεται και στο κεφάλαιο της συζήτησης (discussion). Ακόμα, 
ατροφία του θαλάμου βρέθηκε να έχει ιδιαίτερη σημασία στο φάσμα που ξεκινάει 
απο τους φυσιολογικούς, πάει στην ήπια νοητική διαταραχή και καταλήγει στην 
νόσο του Alzheimer.

Το κεφάλαιο 4 εισχωρεί βαθύτερα στην ένοια της ήπιας νοητικής διαταραχής και 
εξετάζει μία ομάδα ασθενών με ήπια νοητική διαταραχή για μία περίοδο τριών 
ετών. Στο τέλος αυτής της περιόδου οι ασθενείς που τελικά επιδεινώθηκαν ώστε 
τελικά να μπορούν με ασφάλεια να διαγνωσθούν με τη νόσο Alzheimer, 
συγκρίθηκαν με αυτούς που δεν επιδεινώθηκαν σε μεγάλο βαθμό. Η σύγκριση έιχε 
ως έυρημα ότι ακόμα και από την έναρξη της μελέτης, δηλαδή τρία χρόνια πριν 
επιδεινωθούν οι ασθενείς, υπήρχε διάχυση της φλοιικής ατροφίας πέρα από τα όρια 
του έσω κροταφικού λοβού, ειδικότερα υπήρχε διάχυση της ατροφίας προς τον έξω 
κροταφικό λοβό και προς το βρεγματικό φλοιό.

Στο κεφάλαιο 5 επιχειρούμε να περιγράψουμε ασθενείς με την πρώιμη μορφή της 
νόσου του Alzheimer (κάτω των 65 ετών). Το έυρημα που μας προξένησε 
εντύπωση ήταν ότι ο ανατομικός σχηματισμός  που χαρακτήριζε την πρώιμη 
μορφή δεν ήταν ο ιππόκαμπος αλλά το έσω βρεγματικό λόβιο (precuneus). Η 
ατροφία του έσω βρεγματικού λοβίου παρουσίαζε συσχετισμό με ατροφία του 
δεξιού και αριστερού βρεγματικού λοβού αλλά δεν συσχετιζόταν (στατιστικά) με 
ατροφία του ιπποκάμπου. Ακόμα, η ατροφία του έσω βρεγματικού λοβίου 
παρουσίαζε συσχετισμό με οπτικοχωρικές διαταραχές

Στο κεφάλαιο 6 αναλύεται η συσχέτιση μεταξύ ασθενών με τη νόσο Alzheimer 
και ασθενών με τη νόσο με σωμάτια του Lewy (dementia with Lewy bodies). Σε 
σχέση με τους ασθενείς με τη νόσο Alzheimer, οι ασθενείς με νόσο με σωμάτια του 
Lewy παρουσίαζαν σχετική απουσία ιπποκαμπικής ατροφίας, αλλά δυστυχώς στα 
αρχικά στάδια της νόσου του Alzheimer η ατροφία του ιπποκάμπου δεν είναι 
τόσο εκτεταμένη ώστε να μπορεί να χρησιμοποιηθεί σαν ασφαλές διαγνωστικό 
εργαλείο.

Στο κεφάλαιο της συζήτησης (discussion) αναλύουμε τα διάφορα ευρήματα 
από τα προηγούμενα κεφάλαια και επιδιώκουμε να τα ενοποιήσουμε. Μετέπειτα 
αναφέρουμε διάφορα πιθανά προβλήματα και αδύνατα σημεία των αλγορίθμων 
που χρησιμοποιήθηκαν. Στη συνέχεια συζητώνται τα υπολογιστικά επικουρικά 
συστήματα διάγνωσης (computer aided diagnosis - CAD) και στο τέλος της 
• 
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Chapter 8:  Samenvatting
συζήτησης αναφέρουμε πιθανές μελλοντικές εξελίξεις στο πεδίο της 
νευροαπεικόνισης στην άνοια.
• 
• 
• 
•
•
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    Dankwoord

Meestal bedanken we de mensen die we kennen en die op een of andere 
manier aan het proefschrift hebben bijgedragen. Maar er zijn veel mensen die, 
zonder dat men dit beseft, direct of indirect hebben geholpen. Zij begrijpen 
soms zelf niet wat hun bijdrage is geweest. Het kan ook zo lang geleden zijn 
dat men de connectie niet meer maakt. Die mensen wil ik als eerste 
bedanken; de onbekende helden van onze maatschappij.

Van de bekende mensen wil ik als eerste mijn promotoren bedanken, prof. dr. 
Frederik Barkhof en prof. dr. Philip Scheltens.

Beste Frederik, wat als een baantje in 2000 is begonnen, heeft tot een 
promotie en een opleiding tot (neuro)radioloog geleid. Ik ben je nog steeds 
dankbaar voor je beslissing een pas afgestudeerde Griekse arts onder je hoede 
te nemen. Je vermogen het relevante van het irrelevante snel te kunnen 
scheiden, je zeer realistische, maar tegelijk, optimistische en vooruitziende 
blik hebben dit proefschrift de juiste richting gegeven. Je no-nonsense 
instelling gepaard met goed gevoel voor humor zorgt voor een efficiënte en 
plezierige werkomgeving. 

Beste Philip, in jou zie ik een duidelijk voorbeeld van echt Nederlands 
ondernemerschap. Het is heel moeilijk te definiëren of te beschrijven maar je 
hebt het helemaal. Dit in combinatie met je wetenschapsgeest is een uniek 
samenspel. Van jou heb ik geleerd dat het belangrijk is niet alleen maar de 
waarheid te vinden maar ook de andere mensen ervan te overtuigen, anders 
weet niemand ervan. Je grenzeloze enthousiasme en openheid hebben een 
enorme bijdrage aan dit proefschrift geleverd.

Dr. Serge Rombouts, beste Serge, al vanaf het begin van mijn 
promotieonderzoek ben je er heel actief bij betrokken. Van jou heb ik de 
eerste stappen van image-processing geleerd. Zelden kom ik iemand tegen 
met zoveel enthousiasme en een positieve kijk op het leven. Zelfs tegenslagen 
neem je goed op. Dat moet ik nog van je leren. Onze gezamenlijke passie 
voor mooie, snelle auto's is onze samenwerking alleen maar ten goede 
gekomen 
• 
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Prof. Nick Fox, dear Nick, your uncompromized search for the real truth 
made me see the projects in this book under a different light. Endless hours 
of computer models and you just break them apart with a piece of paper and 
a pencil. That is genuine science. The collaboration between the Queen's 
Square and Amsterdam group has been very fruitful.

Prof. John O'Brian, from you I have learned how one can negotiate with a 
friendly attitude and still get what one wants. And your predictions come 
true at a scary rate. It has been a fantastic collaboration between our group 
and your group in Newcastle upon Tyne.

Beste prof. dr. Radu Manoliu, ik wil u bedanken voor het vertrouwen in me 
als radioloog in opleiding en als onderzoeker. Prof. dr. Kees van Kuijk wil ik 
bedanken voor de mogelijkheid die ik kreeg om mijn promotie af te kunnen 
maken tijdens de opleidingsjaren en het zorgvuldig lezen van het manuscript.

De overige leden van de promotiecommissie prof. dr. Dick Veldman en dr. 
Hugo Vrenken ben ik dankbaar voor het intensief lezen van het manuscript 
en het waardevolle commentaar dat daar uit voort gevloeid is. 

Ilse van Straaten, beste Ilse, we hebben een paar jaar dezelfde kamer gedeeld. 
Jij hebt alles over Griekse families geleerd en ik alles over cavia's. Een van 
belangrijkste functies van medeonderzoekers is de mogelijkheid om af en toe 
frustraties te kunnen uiten. Ik denk dat we daar goed in geslaagd zijn. Het is 
een geweldige en grappige tijd geweest.

Ronald van Schijndel, beste Ronald, je bent het technische genie achter veel 
van de projecten in onze groep. Jij lost op een zodanig natuurlijke manier de 
meest moeilijke wiskundige problemen op alsof het je komt aanwaaien. Je 
achtergrond als ingenieur komt hier goed van pas en ik heb hier dankbaar 
gebruik van kunnen maken.

Wiesje van der Flier, beste Wiesje, je bent op een later punt bij mijn 
onderzoek betrokken geraakt. Je hebt een frisse impuls gegeven aan het 
onderzoek. Van jou heb ik geleerd, dat het handig is, een kwalitatief goed 
project in een aantrekkelijke vorm te presenteren. Dit is de nodige 
vrouwelijke 'touch' in de laatste artikelen en het boekje.

Emma Burton, dear Emma, thank you for the great collaboration. I wish I 
needed so little sleep as you do, that would make my life so much easier and 
definitely more productive.
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Prof. Michael Mega from UCLA, dear Michael, thank you for sharing your 
ideas and pointing me to the right direction without asking anything for it in 
return. Also thank you for discussing the surprise element, "catch them in 
their sleep" got a whole new meaning after our talks.

Dr. Joost Bot, beste Joost, sinds de eerste dag in de VU heb je mij uitgelegd 
hoe het systeem werkt. Ik kon je altijd benaderen voor vragen, ofschoon ik 
een dementie en geen MS onderzoeker was. Je capaciteit was toen al 
zichtbaar. Geen wonder dat je nu een ontzettend goede neuroradioloog 
bent. 

Rogier Hagenbeek, bedankt dat je paranimf wil zijn. Jij zorgt voor de nodige 
ontspanning en grapjes.

De oude garde onderzoekers wil ik bedanken, in het bijzonder de twee 
radiologen Dr. Marianne van Walderveen en Dr. I Leng Tan. Bedankt voor 
het welkome gevoel en al de goede tips in het begin van mijn promotie 
onderzoek.

Prof. dr. Chris Polman en prof. dr. Bernard Uitdehaag wil ik bedanken voor 
hun bereidheid aspecten van mijn onderzoek te bespreken ondanks dat mijn 
onderzoek niet direct aan MS gerelateerd is. 

Regina Wijhenke - Rakim wil ik ontzettend bedanken voor de secretariële 
ondersteuning sinds mijn eerste dag in de VU. Regina, Frederik heeft heel 
veel geluk jou als secretaresse te hebben.

Jasper Sluimer, mijn opvolger in het onderzoek traject, wil ik bedanken voor 
het helpen met het laatste artikel. Zonder jouw hulp was het nooit op tijd 
klaar geweest. Nu ben jij aan de beurt.

Rutger Goekoop, een van de medeauteurs, wil bedanken voor de goede 
samenwerking en interessante filosofische discussies over kaarten trekken.

Ik wil Michael Jonker, Tineke van IJken, Marlieke de Vos, Ellie Miedema van 
het IAC bedanken voor al hun steun en gezelligheid tijdens de promotie 
jaren. Eric Jansen voor de computer ondersteuning. Laura van de Pol van de 
afdeling neurologie wil ik bedanken voor haar bereidheid snel te helpen 
wanneer nodig. Verder wil ik de andere onderzoekers bedanken voor de 
samenwerking en/of idee uitwisseling: Jeroen Geurts, Esther Pelgrim-Korf, 
Richard Lazeron, Bethany Jones, Niki Schoonenboom, Alie Schuitemaker 
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en de nieuwe leden na mijn vertrek naar de kliniek: Femke Bouwman, Alida 
Gauw, Jeske Damoiseaux, Wouter Henneman, Nelleke Tolboom, Niek 
Verwey, Annelies van der Vlies, Esther Koedam, Salka Staekenborg.

I would also like to thank the anonymous (to me) reviewers of the articles 
presented in this thesis. Their commentary has improved the quality of the 
articles considerably.

Vervolgens wil ik de mensen van de afdeling radiologie van het VUMC 
bedanken. Het zijn er te veel om allemaal op te noemen in dit boekje (meer 
dan 170 medewerkers). Ik wil het secretariaat van de afdeling bedanken, in het 
bijzonder Lydia Peereboom, Letty Dropvat en Sandra Eliazer voor al hun 
steun, vooral aan het einde van dit proefschrift. Verder wil ik de dames in de 
typekamer bedanken, Mariette van den Elzen en Ingrid  Schouten voor het 
moeiteloos corrigeren van mijn brieven en rapporten al deze jaren. 
Ontzettend veel dank aan de stafleden en arts-assistenten van de afdeling 
radiologie, jullie hebben aan mijn onderzoek op indirecte wijze bijgedragen, 
bijvoorbeeld door voor mij waar te nemen wanneer nodig.

I would like to thank my dementia contacts back in Greece and thank them 
for the collaboration: prof. Dr. Magda Tsolaki, Dr. John Papatriantafyllou, , 
Dr. Panagiotis Toulas  and Dr. Giannis Tsitourides.

As the sun reaches its highest point, almost June 21 but for two days, I would 
like to thank some other people: you know who you are! Your contribution 
has been crucial and your company even more so.

I would like to thank my family for making it possible for me to reach where 
I am now. Their unconditional support, in many forms, was a necessary 
prerequisite, especially in this competitive world where not everyone starts 
the rat-race from the same starting line. First a big thank you to my mother 
Katerina, then another big thank you to my sister Marianna and an even 
bigger thank you to my father Vassilis. You had to miss me all these years being 
far away from home, only now do I realize how that must have felt being a 
parent myself. Μαμά, μπαμπά και Μαριάννα, όλα αυτά τα χρόνια μου 
συμπαρασταθήκατε και έτσι τελικά κατάφερα να σπουδάσω και να τελειώσω το 
διδακτορικό και την ειδικότητα. Χωρίς τη βοήθεια σας δε θα είχα φτάσει ποτέ εδώ 
που είμαι τώρα. Τώρα που έχω δικά μου παιδιά καταλαβαίνω πόσο δύσκολη ήταν 
για σας η συνεχής απουσία μου και η τελική μου απόφαση να ξενιτευτώ. Η συνοχή 
της Ελληνικής οικογένειας είναι κάτι που οι άλλοι λαοί δύσκολα το 
καταλαβαίνουν, πόσο μάλλον το υιοθετούν. Σας ευχαριστώ πολύ.
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My partner for life, Zita, I would like to thank for her persistence of keeping 
walking through the hard times we had to face. We are an interesting 
sociological experiment of two full-time working parents, trying to juggle 
work, household and some peace of mind. Sometimes this results in broken 
dishes, completely fitting the Greek stereotype! Thank you for being there 
Zita, you made it all possible and fun. En niet te vergeten mijn dochters Julia 
en Katerina, bedankt dat jullie er zijn, mijn twee lieve prinsessen. 

Τζούλια και Κατερίνα, σας αφιερώνω αυτό το βιβλίο, ελπίζω να σας αρέσουν τα 
χρώματα στο εξώφυλο.
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Georgios Karas was born on 5 January 1974 in Athens, Greece. He 
went to Ionios School private school in Athens, wherefrom he 
graduated in 1991. After a brief intermezzo of contemplation 
between becoming a basketball player, wateski instructor or a 
physiotherapist, he eventually opted for medicine. He studied 
medicine at the Aristotle University of Thessaloniki from 1992 to 
1999, 500 kilometers north of his home town. Even during his studies 
he could not stay still, so he did a big part of his clinical training at the 
Karolinska Hospital in Stockholm Sweden and at the Massachusetts 
General Hospital, Harvard Medical School. After returning back to 
Greece to graduate, he emigrated again and started working on a 
PhD project under supervision of prof. dr. Frederik Barkhof and prof. 
dr. Philip Scheltens at the Vrije University Medical Centre (VUMC), 
Amsterdam, Netherlands, commencing in year 2000. In 2004 he 
started a residency of diagnostic radiology, which he hopes to 
complete by April 2009. Since 1 April 2008 he is a fellow of 
Neuroradiology at the Department of Diagnostic Radiology, VUMC, 
under the supervision of prof. dr. Frederik Barkhof and prof. dr. Jonas 
Castelijns. Giorgos speaks six languages, although the order and 
amount of fluency changes each year that passes according to 
language exposure. His motto in life is that preparing is good and 
necessary but not sufficient; the random events of life often 
determine the outcome.
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