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Purpose and motivation
Alzheimer’s disease (AD) is a growing socio-economic problem, due to an in 

increase in population and the longer average lifespan. The changes associated 

with this neurodegenerative disease start years before the clinical diagnosis 

can be made.1 The pathological hallmark of AD is an accumulation of amyloid 

plaques and neurofibrillary tangles, which are associated with neuronal loss.2 

It is believed that neurons have very limited regenerative abilities. As a result 

it is imperative to prevent neuronal loss as early in the disease as possible, 

and future treatments should be given in the earliest possible stages.3 So 

far no single diagnostic modality or biomarker is available with high enough 

sensitivity and specificity to establish an accurate diagnosis in the individual 

patient. Consequently there is a need for biomarkers to detect the disease at 

an earlier stage in the individual.

Magnetic Resonance Imaging (MRI) offers the possibility to visualize structural 

changes associated with neurodegenerative disease in vivo. The use of 

neuroimaging in clinical practice has shifted from excluding other causes 

of cognitive complaints (e.g. hemorrhage, tumors, hydrocephalus), to early 

detection (e.g. AD versus normal ageing) and nosological diagnosis (e.g. 

AD versus FTLD).4 Nevertheless, the diagnostic accuracy leaves room for 

improvement, partly because cross-sectional analysis has the disadvantage 

of confounding influence of inter-individual variability in brain structure and 

ageing. Furthermore, there is need for prognostic factors that can accurately 

track disease progression. Longitudinal imaging might not have these 

restrictions, and can possibly be used to determine brain tissue loss (atrophy) 

in the individual in vivo.5 

This thesis aspires to expand insights in the use of longitudinal whole-brain 

and regional MR imaging in the early detection, diagnosis and prognosis of 

AD. Furthermore, it explores the association of these atrophy markers with 

clinical, genetic and cerebrospinal fluid (CSF) biomarkers, aiming to develop 

a better understanding of the course of the disease, eventually improving the 

effectiveness of patient management.
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General introduction
Alzheimer’s disease and MCI
Alzheimer’s disease is characterised by an insidious onset of progressive 

cognitive decline. The term mild cognitive impairment (MCI) has been 

introduced to describe patients who do not fulfil clinical criteria for dementia, 

but who do have objective evidence of memory deficits.1 MCI patients are at an 

increased risk of developing AD, with about 10-15% progressing to AD per year. 

In these subjects MCI may be considered to be a transitional phase for AD.3 

However, not all patients diagnosed with MCI progress to AD: some develop 

another type of dementia, while others improve or remain clinically stable.6 

The course of AD itself is also variable: not all patients progress at the same 

rate and the factors that influence or predict progression are not well known.7  

Neuropathological studies suggest that Alzheimer’s pathology spreads 

throughout the brain in a relatively predictable fashion, starting well before 

clinical onset of the disease. Accumulation has pathologically been observed 

to start at the medial temporal lobe and to gradually affect other parts of 

the cerebral cortex in later stages.2 However, by definition, neuropathological 

studies are post hoc and cross-sectional in design, and clearly cannot track 

disease progression in the individual. Hence, clinical, biologic, and imaging 

markers are needed to detect the earliest stage of underlying pathology in 

vivo. Most commonly, diagnosis requires impaired cognition, and progression 

of the disease is measured by change in cognition over time.8 Nonetheless, 

clinical and neuropsychological measures may lack sensitivity to change, are 

subject to day-to-day variability, and are influenced by behavioral fluctuations, 

intercurrent illness, and medication.

Magnetic Resonance Imaging
Structural MR imaging allows atrophy to be assessed in vivo. Neuroimaging 

markers provide an alternative and objective assessment of diagnosis and 

progression.4 Many studies in AD focussed on the medial temporal lobe, known 

to be affected early in the disease, but tissue loss is not limited to this region. 

Neocortical loss and enlargement of the ventricles have also been reported at 

an early stage.7,9,10 
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Most of the previous MR imaging studies were cross-sectional by design, which 

has the disadvantage of confounding influence of inter-individual variability. 

It has been suggested that longitudinal atrophy rates are more sensitive to 

the earliest disease changes than brain volume measurement at a single time 

point.7,11 Therefore, longitudinal MR imaging might provide more sensitive and 

specific diagnostic measures, and be able to track the brain changes over time. 

Computational Neuroanatomy
A standard feature of modern MRI scanners is the acquisition of three-

dimensional images (3D volume). Faster computers and parallel computer 

networks allow for the implementation of algorithms developed for powerful 

analysis and comprehensive comparison of these 3D volumes. Using the 

following unbiased neurocomputational analyses, we calculated whole-brain 

as well as regional atrophy measures: 

VBM (voxel-based morphometry), is an unbiased method to analyze 3D volumes 

at the voxel level.10 It consists of a registration step to spatially align the 3D 

images -often this is an affine linear registration (12 degrees of freedom)-, 

followed by a segmentation of the image to identify the grey matter, white 

matter and CSF. Then, a statistical analysis is performed, where a voxel-wise 

comparison between or within groups can be made. Outcome measures are 

statistical parametric maps, and when quantified within standard normalized 

brain regions, whole-brain and regional volumes. 

SIENAX (Structural Image Evaluation, using Normalisation, of Atrophy; Cross-

sectional)12 is a cross-sectional measure of whole-brain volume, used to quantify 

global brain atrophy. It automatically segments brain from non-brain tissue; 

subsequently it estimates brain volume and applies a normalization factor to 

correct for head size. The normalization factor is acquired by registering the 

patients scan to the Montreal neurological institute 152 (MNI152) standard 

brain image using the skull to normalize spatially. The corrected brain volume 

is expressed as Normalized Brain Volume (NBV), from now on referred to as 

brain volume (ml).

SIENA (Structural Image Evaluation, using Normalisation, of Atrophy)12 is 

a method to measure the loss of brain volume over time. SIENA aligns the 

baseline and follow-up scan using the skull as scale and skew constraint. Next, 
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the displacement of the brain edge for each point is estimated. Finally, all edge 

points are taken together to calculate the overall Percentage Brain Volume 

Change (PBVC) expressed as a single value, further referred to as whole-brain 

atrophy rate (%/year).

Fluid is a non-linear registration algorithm, which is based on the principles of 

fluid dynamics (Navier-Stokes equations), developed at the Dementia Research 

Centre (University College London).13 Before non-linear registration can take 

place, a number of preprocessing steps have to be executed to spatially align the 

baseline and follow-up 3D volumes of a single individual, and normalize image 

intensity by eliminating scanner related bias-fields artifacts. Subsequently the 

fluid algorithm performs an intensive non-linear registration based on voxel 

intensity. The voxelwise volumetric contraction or expansion, derived from 

the transformations imposed by the Fluid registration, is used as the outcome 

measure. By quantifying the total change in a specific region, whole-brain and 

regional atrophy rates are obtained.

Biomarkers in cerebrospinal fluid
CSF biomarkers are increasingly used to detect and characterise brain changes 

associated with AD in vivo. In CSF, decreased beta-amyloid 1–42 (Aß
1-42

) levels, 

and increased tau, and tau phosphorylated at threonine-181 (P-tau
181

) levels 

are thought to reflect the presence of AD pathology.14 These CSF biomarkers 

have been shown to differentiate patients with AD from control subjects with 

reasonable accuracy.15 Moreover, these changes can be detected in patients 

with MCI who will progress to AD.16 Although both MRI and CSF biomarkers 

have been shown to be valuable markers of disease in MCI and AD, the relation 

between these markers has been less extensively studied. In cross-sectional 

studies, CSF biomarkers have been reported not to be related to MRI measures 

of atrophy, suggesting that these markers reflect different aspects of Alzheimer 

type neuropathology.17 However, longitudinal studies are needed, to clarify the 

relationship between these markers. The few studies that have reported CSF 

biomarkers and MRI measures in a longitudinal design, have used relatively 

small sample sizes, and have shown conflicting results in terms of whether 

or not these markers are associated.17,18 The relation between CSF biomarkers 

and MRI derived atrophy measures remains unclear.
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Cohort
The studies described in this thesis are based on a cohort of 147 patients 

who underwent repeated MRI. Between 2004 and 2006, patients visiting the 

memory outpatient clinic of the Alzheimercentre (VU University Medical Center) 

were approached to participate. At baseline patients underwent a standardized 

clinical assessment including medical history, physical and neurological 

examination, psychometric evaluation, and brain MR examination. Diagnoses 

were established during a multidisciplinary consensus meeting according to 

the Petersen criteria for MCI,19 the NINCDS-ADRDA criteria (National Institute 

of Neurological and Communicative Diseases and Stroke/Alzheimer’s Disease 

and Related Disorders Association) for probable AD,8 and according to 

published consensus criteria for frontal-temporal lobar degeneration (FTLD),20 

vascular dementia (VaD),21 and dementia with Lewy bodies (DLB).22 When all 

clinical investigations were normal (i.e. MCI criteria were not fulfilled), patients 

were considered to have subjective complaints. Additionally, we included 

normal controls without cognitive complaints, recruited from caregivers, who 

were willing to undergo the same diagnostic procedure as patients attending 

our memory clinic. At follow-up patients were re-examined, and underwent a 

second MR examination. If they were willing, patients also underwent a second 

lumbar puncture. Non-demented subjects (patients with MCI and patients 

with subjective complaints) visited the memory clinic annually; diagnostic 

classification was re-evaluated at follow-up. Patients were included only if 

they had two MR examinations of adequate quality, performed on the same 

scanner using the same imaging protocol. MR examinations were reviewed by 

a radiologist to exclude non-neurodegenerative pathology that could explain 

the cognitive impairment. NINDS-AIREN criteria were used to exclude patients 

with vascular dementia.21 

Aims of this thesis
The objective of this thesis was to examine in vivo atrophy patterns using serial 

MRI, calculated with advanced neurocomputational analyses. The application 

of longitudinal whole-brain and regional atrophy rates in research and clinical 

practice was investigated in a cohort that covers the spectrum of cognitive 

decline, from normal ageing to AD. Firstly this thesis focuses on accurate and 

early detection of AD, by prospectively determining atrophy rates in MCI and 
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AD, and its association with cognitive decline. Secondly, it tries to identify the 

prognostic value of atrophy rates within MCI and AD by exploring if whole-brain 

and regional atrophy rates are suitable as markers for disease progression, as 

well as investigate the risk of progression to dementia in initially non-demented 

patients. Finally, the association of the MRI derived atrophy rates with clinical 

parameters, genetic factors, and CSF biomarkers was studied.

Outline per chapter
In chapter 2 we used VBM to find out whether structural differences on MR 

imaging offer insight in the development of clinical AD in patients with 

amnestic MCI at 3-year follow-up.

In chapter 3, we prospectively determined baseline brain volume and whole-

brain atrophy rate in the aforementioned cohort, using SIENAX and SIENA 

respectively. We assessed its association with cognitive decline, as well as 

investigated the risk of progression to dementia in initially non-demented 

patients, based on baseline brain volume and whole-brain atrophy rate. 

In chapter 4, we used Fluid, a robust and accurate non-linear registration 

algorithm, to calculate regional atrophy rates. Our objective was to track 

the regional lobar atrophy pattern in the progression from normal aging to 

Alzheimer’s disease. 

In chapter 5, we looked into the added value of hippocampal atrophy rates over 

whole brain atrophy measurements. We examined the applicability of different 

types of measurements of regional hippocampal and whole-brain atrophy 

by comparing their ability to distinguish between controls, MCI and AD, and 

their ability to predict progression to AD within controls and MCI. Finally, we 

compared cross-sectional and longitudinal measurement of the hippocampus 

and whole brain.

In chapter 6, we evaluated which baseline clinical and MRI measures influence 

rate of progression within AD, using whole-brain atrophy rates measured from 

serial MR imaging, derived with SIENA as outcome measure.

In chapter 7 we investigated associations between cross-sectional and 

longitudinal CSF biomarker levels and MRI-based whole-brain atrophy rate in 

MCI and AD.

Finally, in chapter 8, results are summarized and discussed.
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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 differences 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.
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Introduction
The term mild cognitive impairment was coined to describe individuals not 

yet fulfilling the criteria of Alzheimer’s disease, but who evidently do not have 

a normal cognitive profile compared to their contemporaries.1 The annual 

conversion rate of MCI patients is generally believed to lie around 10-15%, 

meaning that by three years half of the patients with MCI will probably have 

developed clinical AD.2 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).3,4 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.5-8 Some of these brain atrophy locations 

might provide additional independent information about risk of conversion9; 

conversion from MCI to AD has already been associated with hippocampal and 

entorhinal volume loss10 and with hippocampal shape changes.11 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 was 

chosen as the post-processing method in order to avoid a priori hypotheses.
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Patients and Methods
Patient inclusion
Twenty-five amnestic MCI patients were prospectively selected from the 

Alzheimer Center at the VU Medical Center, Amsterdam, The Netherlands. Due 

to image pipeline failure one patient had to be excluded, leaving 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.2 Inclusion of an individual in the study required mini-mental state 

examination (MMSE) score of 24 and higher.12 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.13 All patients received a diagnostic battery 

comprising of mini-mental state examination - MMSE12, clinical dementia rating 

– CDR14 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.
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MRI Data Acquisition
Imaging was carried out on a 1.5 T Sonata scanner (Siemens AG, Erlangen, 

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 scale.15,16 According to the scale, 

MTA scores evaluate the medial temporal lobe structures, 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 averaged. 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 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). 
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SIENAX
Global grey matter volume was estimated with a cross-sectional atrophy 

estimation method called SIENAX. 17 Briefly, scans were affinely (12 parameters) 

registered to standard Montreal Neurological Institute space (average template 

of 152 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
Preprocessing
Localized grey matter differences were assessed with VBM18, implemented 

as described previously.8,19 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 anatomical 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 

automated skull-stropping algorithm brain extraction tool (BET).20  

Subsequently, scans were segmented into grey matter (GM), white matter (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 averaging by projection on 

a manifold.8,21 Finally, grey matter volumes were smoothed with a Gaussian 
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kernel of 12 mm (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).22

Image level Statistics: statistical parametric mapping (SPM)
Initially an SPM two-sample t-test was applied to search for grey matter 

differences 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 further 

refined the statistical model by including age, gender, and NYU and SIENAX 

global grey matter volume in the model (model: “single-subject, 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 

suprathreshold voxels were further filtered to p<0.1 corrected with FDR (false 

discovery rate) for multiple comparisons and cluster height p<0.1 corrected 

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. 
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Table 1. VBM method protocol.

VBM Action Algorithm

Step 1: Affine register to MNI template SPM5

preprocessing Skull strip images BET

Segment grey matter SPM5

Manifold additional affine registration air, define_commonair

Step 2: 

Statistics

1. Simple t-test between converters and 

non-converters

SPM5

2. Model with covariates SPM5

Condition: conversion or not

Nuisance variables: age, sex, global grey 

matter, NYU

MMSE not included due to significant 

interaction with NYU

3. Reporting of results at p<0.1 corrected 

and anatomical percentages

Aal

SPM: Statistical Parametric Mapping (software, versions SPM2 and SPM5), air: automated 
image registration, MNI: Montreal Neurological Institute, BET: brain extraction tool, NYU: 
delayed New York paragraph recall, MMSE: mini-mental state examination, aal: automatic 
anatomic labeling toolbox.

Technical Issues
(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 

0.38.2.23 Calculation of cluster locations was performed with the ‘aal’ toolbox.24 

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 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. 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. 

Table 2. Demographics and clinical findings at baseline.

MCI non-Converters MCI Converters

Sample size 13 11

Sex (women/men) 10/3 8/3 (ns)

Age mean (SD, range) 72.4 (8.6, 54-82) 72.7 (4.8, 66-79)

MMSE score (SD, range) 27.5(1.4, 26-30) 25.9(0.9, 24-28)*

NYU score (SD, range) 4.4(3, 0-10) 0.7(1.3, 0-4)*

CDR (n subjects) 2 with CDR 0

11 with CDR 0.5

5 with CDR 0

4 with CDR 0.5

2 with CDR 1

MCI = mild cognitive impairment, MMSE = mini-mental scale examination, NYU = delayed 
New York paragraph recall, ns= not significant. * p < 0.01
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MTA and cortical atrophy 
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.15,16 The median difference was one step on the MTA 

rating scale, with the non-converters displaying a 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.

Table 3. Descriptive MRI results.

MCI non-Converters MCI Converters

Medial Temporal Lobe Atrophy 

score, Left

1 (1.5) 2 (2)*

Medial Temporal Lobe Atrophy 

score, Right

1 (1.5) 2 (1)*

Grey Matter volume in cm3 695 (51, 624-805) 657 (34, 597-709)*

The first two variables are expressed as median with interquartile range (quartile-3 minus 
quartile-1). The last two variables are expressed as mean with standard deviation and 
range. 
* p <0.05

VBM results
The patients who progressed to AD were found to have more atrophic left 

medial and lateral temporal lobe structures, left parietal lobe structures 

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, parahippocampal 

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 structures 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 
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temporal lobe structures 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). 

  

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 (angular gyrus and 

inferior parietal lobule) and lateral temporal lobe atrophy (superior and middle 

temporal gyrus). These results indicate that location of (more) atrophy in those 

regions carries independent predictive value for conversion to AD. 

Table 4. VBM results of contrast between MCI converters and MCI 

non-converters.

MNI Max pCluster K T pFDR Cluster % R/L Location

-58 0 -15 0.0001 5240 5.1 0.04 46.51 Left Superior Temporal Gyrus

(5.2 cm3) 40.88 Left Middle Temporal Gyrus

6.16 Left Superior Temporal Pole

5.23 Left Middle Temporal Pole

-24 -4 -24 0.002 3220 4.7 0.04 57.30 Left Hippocampus

(3.2 cm3) 21.46 Left Parahippocampal Gyrus

10.09 Left Fusiform Gyrus

6.27 Left Amygdala

4.41 Left Middle Temporal Pole

-52 -64 38 0.05 1524 4.7 0.04 67.78 Left Angular Gyrus

(1.5 cm3) 29.27 Left Inferior Parietal Lobule

2.95 Left Supramarginal Gyrus

56 12 -17 0.04 1627 4.5 0.04 47.80 Right Middle Temporal Gyrus

(1.6 cm3) 22.54 Right Superior Temporal Pole

16.40 Right Inferior Temporal Gyrus

6.63 Right Superior Temporal Gyrus

5.12 Right Middle Temporal Pole

Statistics calculated within a brain mask excluding cerebellum. Thresholding was 
performed at p<0.0001 (uncorrected) and subsequently only the cluster surviving 
corrected thresholds reported (p cluster corrected (pCluster) = 0.1, p false discovery rate 
(pFDR) voxel corrected=0.1, cluster extent = 70 = 0.7 cm3
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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.

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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Table 5. VBM results of the comparison between MCI converters and MCI 

non-converters adjusting for gender, age, global grey matter volume and 

delayed NYU paragraph recall.

MNI Max pCluster K T pFDR Cluster % R/L Location

-34 -57 51 0.07 931 5 0.06 70.03 Left Angular Gyrus

(0.9 cm3) 29.22 Left Inferior Parietal Lobule

-54 -42 10 0.06 941 4.4 0.06 81.08 Left Superior Temporal Gyrus

(0.9 cm3) 18.92 Left Middle Temporal Gyrus

Statistics calculated within a brain mask comprising only of temporal and parietal lobes. 
Thresholding was performed at p<0.0001 (uncorrected) and subsequently only the 
cluster surviving corrected thresholds reported (p cluster corrected = 0.1 (pCluster), p 
false discovery rate (pFDR) voxel-level corrected=0.1, cluster extent = 70 = 0.7 cm3).

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.
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Discussion
Our goal in this study was to test whether prediction of conversion by utilization 

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 previous studies on the conversion 

rate in MCI.2  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 independent predictive value to distinguish converters 

from non-converters (figures 2 and 3). Of note, hippocampal atrophy was not 

significant after correction for the above variables. The importance of lateral 

parietal cortex 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 

scoring 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.15,16

The finding of medial and lateral temporal lobe atrophy in the patients who 

progressed to AD is in agreement with previous MRI studies. 4, 16, 25-28 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.29 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 converters25. 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.26 We did not notice frontal lobe atrophy 

to the extent described in the other two VBM studies. A possible explanation 

might be that frontal lobe atrophy did not survive the statistical threshold: it is 

visible on the unthresholded VBM maps (figure 1).

Moving further away from the temporal lobe, we also noted parietal atrophy. 

Especially after correcting our data for a measure of disease severity it was only 

left-sided parietal atrophy and lateral temporal atrophy which distinguished 
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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.29 It seems that functional changes in 

the parietal cortex might even precede tissue loss.30 The first data of parietal 

cortex involvement in MCI developing AD came from studies utilizing PET 

and SPECT.6, 31-34 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 status.

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 correcting for the predictive ability of clinical scales. As our sample 

size was relatively small a larger study is needed to confirm the findings and 

usefulness of lateral temporal and parietal atrophy. Moreover, VBM has caused 

controversy35,36, and additional studies utilizing a different post-processing 

approach are needed to corroborate our findings. Unfortunately a region of 

interest approach (considered the gold standard for the hippocampus) might 

be problematic for the parietal region due to high sulcal variability in that 

region.37 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 disease. A more elegant approach would have been 

to implement survival analysis in VBM and utilize time to conversion and not 
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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 independently predict conversion.
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Abstract 
Purpose: To prospectively determine the whole-brain atrophy rate in mild 

cognitive impairment (MCI) and Alzheimer’s disease (AD) and its association 

with cognitive decline, as well as investigate the risk of progression to dementia 

in initially non-demented patients based on baseline brain volume and whole-

brain atrophy rate. 

Materials & Methods: Our study had institutional ethical committee approval; 

written informed consent was obtained from all participants.We included 65 

patients with AD (age-range, sex(f/m): 52-81y, 38/27), 45 patients with MCI 

(56-80y, 22/23), 27 patients with subjective complaints (50-87y, 12/15) and 

10 normal controls (53-80y, 6/4). Two MR scans were acquired, with an average 

interval of 1.8±0.7 years. Baseline brain volume and whole-brain atrophy rates 

were measured from 3D T1-weighted MR imaging (1.0T; single slab, 168 

slices; matrix size 256x256; FOV 250mm; voxel size 1x1x1.5 mm; TR=15ms; 

TE=7ms; TI=300ms; flip angle 15°). Associations were assessed using partial 

correlations. Cox proportional hazards models were used to estimate risk of 

developing dementia.

Results: Baseline brain volume was lowest in AD, but did not differ significantly 

between the MCI, subjective complaints and control groups (p>0.38). Whole-

brain atrophy rates were higher in AD (mean±SD -1.9±0.9%/y) than MCI 

(-1.2±0.9%/y; p=0.003), who in turn had higher whole-brain atrophy rates 

than patients with subjective complaints (-0.7±0.7%/y; p=0.03) and controls 

(-0.5±0.5%/y; p=0.05). Whole-brain atrophy rate correlated with annualized 

mini-mental state examination (MMSE) change (r=0.48, p<0.001), while baseline 

volume did not (r=0.11, p=0.22). Cox proportional hazard models showed that 

-after correction for age, sex, and baseline MMSE- a higher whole-brain atrophy 

rate was associated with an increased risk of progression to dementia (highest 

vs lowest tertile (hazard ratio 3.6, 95% confidence interval 1.2-11.4)). 

Conclusions: Whole-brain atrophy rate was strongly associated with cognitive 

decline. In non-demented participants a high whole-brain atrophy rate was 

associated with an increased risk of progression to dementia.
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Introduction
Alzheimer’s disease is characterised by an insidious onset of progressive 

cognitive decline. The term mild cognitive impairment is used to describe 

patients who do not fulfil clinical criteria for dementia, but who do have 

objective evidence of memory deficits. MCI patients are at an increased risk 

of developing AD 1; however, not all patients diagnosed with MCI progress to 

AD, some develop another type of dementia, while others improve or remain 

clinically stable.2,3 

Structural MR imaging allows tissue loss (atrophy) to be assessed in vivo.4 Many 

studies in AD focussed on the medial temporal lobe, known to be affected 

early in the disease.5,8 However, development of atrophy is not limited to this 

region. Neocortical loss and enlargement of the ventricles have been reported 

at an early stage.9,10 It has been suggested that whole-brain atrophy rate is 

more sensitive to the earliest disease changes than brain volume measurement 

at a single time point.11,14 Reported whole-brain atrophy rates in AD range from 

1% to 4% per year,15,18 while healthy elderly have (age-related) atrophy rates 

ranging from 0.2 % to 0.7 % per year.19,20 Relatively few studies have addressed 

the issue of whole-brain atrophy rates across the cognitive spectrum of normal 

cognition, MCI and AD.21,23

Thus, the purpose of this study was to prospectively determine the whole-

brain atrophy rate in mild cognitive impairment and Alzheimer’s disease and 

its association with cognitive decline, as well as to investigate the risk of 

progression to dementia in initially non-demented patients based on baseline 

brain volume and whole-brain atrophy rate.
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Material and methods
Patients
Baseline clinical assessment 

The study was approved by the institutional ethical review board. All participants 

(or caregivers) gave written informed consent. We included 65 patients with AD 

(age-range, sex (f/m): 52-81y, 38/27), 45 patients with MCI (56-80y, 22/23), 

and 27 patients with subjective complaints (50-87y, 12/15). Patients underwent 

a standardized clinical assessment including medical history, physical and 

neurological examination, psychometric evaluation, and brain MRI. The mini-

mental state examination (MMSE) was used as a measure of general cognitive 

function24). Diagnoses were established during a multidisciplinary consensus 

meeting according to the Petersen criteria for MCI25 and the NINCDS-ADRDA 

(National Institute of Neurological and Communicative Diseases and Stroke/

Alzheimer’s Disease and Related Disorders Association) criteria for probable 

AD26. When all clinical investigations were normal (i.e. MCI criteria were not 

fulfilled), patients were considered to have subjective complaints. Additionally, 

we included 10 normal individuals without cognitive complaints (controls (53-

80y, 6/4)), recruited from caregivers, who were willing to undergo the same 

diagnostic procedure as patients attending our memory clinic. 

Clinical assessment at follow-up

Non-demented participants (MCI and subjective complaints) visited the 

memory clinic annually. Diagnostic classification was re-evaluated at follow-

up. The clinical diagnosis of dementia was determined according to published 

consensus criteria25,29. Within the MCI group, 17 patients had remained stable, 

23 progressed to AD, two to fronto-temporal lobar degeneration (FTLD)27, two 

to vascular dementia (VaD)28 and one to dementia with Lewy bodies (DLB)29. 

Within the group of patients with subjective complaints, three patients 

progressed to MCI, three to AD and one to FTLD while 20 patients remained 

stable. All normal controls without complaints remained stable.
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MRI and Evaluation
Between 2004 and 2006 all patients attending our memory clinic were invited 

for a repeat MR scan. Follow-up time is defined as time between the two MRI 

scans (mean interval 1.8 years, standard deviation 0.7; range 11m-4y2m). MR 

imaging was performed on a 1.0-T Siemens Magnetom Impact Expert System 

(Siemens AG, Erlangen, Germany) and included coronal T1-weighted 3D MPRAGE 

volumes (magnetization prepared rapid acquisition gradient echo; single slab, 

168 slices; matrix size 256x256; FOV 250x250mm; voxel size 1x1x1.5 mm; 

TR=15ms; TE=7ms; TI=300ms; flip angle 15°). A total of 159 patients agreed 

to undergo 2 MR scans (71 AD, 49 MCI, 29 subjective complaints, 10 controls). 

Participants were included only: 1. if they had two scans of adequate quality, 

performed on the same scanner using the same imaging protocol. 2. if non-

neurodegenerative pathology that could explain the cognitive impairment was 

present, as judged by one radiologist with 15 years experience in dementia 

field (FB). 3. if fully-automated SIENA(X) (Structural Image Evaluation, using 

Normalisation, of Atrophy, (X-sectional)) processing output did not yield errors, 

as checked for errors by a rater who was blinded to the diagnosis (JS, 4 years 

experience in dementia field, MR imaging and image analysis). Consequently 

we excluded 12 patients; two because of movement artefacts in the original 

MRI data, seven participants had non-neurodegenerative pathology associated 

with cognitive impairment (one hydrocephalus, one tumor, one hemorrhage, 

and four patients fullfilled NINDS-AIREN criteria for vascular dementia). Finally, 

three scans were excluded from analysis, because of remaining non-brain 

tissue after processing. A total of 147 participants were included (65 AD, 45 

MCI, 27 subjective complaints, 10 controls)

Normalized baseline brain volume (NBV) and percentage brain volume change 

(PBVC) between two time-points were measured from the MPRAGE images using 

SIENAX, and SIENA, two fully automated techniques that are part of FSL (for a 

detailed explanation see:www.fmrib.ox.ac.uk/analysis/research/siena).30,31 

Whole-brain atrophy rate was measured with SIENA. Briefly, the brain was 

extracted using the brain extraction tool.31 Compared to standard SIENAX and 

SIENA, the procedure to remove non-brain tissue was slightly modified, because 

the brain extraction tool often leaves substantial amounts of non-brain tissue 
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when using a single slab 3D MPRAGE sequence, while also removing cortex 

in some areas.32 To remove all non-brain tissue without losing cortex, we 

incorporated registration of a template mask to the individual scan. After brain 

extraction the two brain images were aligned to each other, using the skull 

images to constrain the registration scaling. Both brain images were resampled 

into the space halfway between the two. Next, tissue-type segmentation was 

performed in order to find brain / non-brain edge points, and for each edge 

point perpendicular edge displacement between baseline and repeat scan was 

measured. The mean edge displacement was automatically converted into a 

global estimate of PBVC between the two time points

Baseline brain volume, normalized for subject head size, was measured with 

a cross-sectional modification of SIENA called SIENAX. Briefly, after brain 

extraction, tissue-type segmentation with partial volume estimation was 

carried out in order to calculate total volume of brain tissue. In addition, to 

correct for interindividual differences in head size, a volumetric scaling factor 

was obtained by registering the brain image to MNI152 space, using an affine 

transformation (i.e., a linear transformation with 12 degrees of freedom), and 

using the skull to constrain the registration scaling. Baseline brain volume, 

normalized for subject head size, was then obtained by multiplying the 

volume of brain tissue by the volumetric scaling factor. We used the baseline 

normalized brain volume as a cross-sectional measure, and whole-brain 

atrophy rate (PBVC) as a longitudinal measure of atrophy. 

Statistical Analysis
Statistical analysis was performed with SPSS 12.0 (2003, Chicago, Illinois). 

PBVC and change in MMSE were annualized by dividing by the intermediate 

time interval between observations in years. Diagnostic groups were compared 

with chi-squared tests for sex. For continuous variables (age, MMSE, MMSE 

change, MR scan interval, normalized baseline brain volume, whole-brain 

atrophy rate) we used analysis of variance (ANOVA), with age and sex as 

covariates. Post-hoc comparisons were performed using Bonferroni tests. Box-

and-whisker plots of baseline brain volume and whole-brain atrophy rate, by 

diagnostic group were constructed. Associations of baseline brain volume and 

whole-brain atrophy rate with MMSE and MMSE change were assessed using 
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partial correlations, corrected for age and sex. Scatter plots of baseline brain 

volume and whole-brain atrophy rate versus annual change in MMSE were 

created. Within the group of initially non-demented participants we assessed 

the predictive value of baseline brain volume and whole-brain atrophy rate, by 

using Cox proportional hazards models, which account for variability in length 

of follow-up. Among those initially non-demented, baseline brain volume 

and whole-brain atrophy rate were categorized into tertiles and entered as 

categorical variables in the model. Hazard ratios (HRs) with 95% confidence 

interval (CI) are presented. First (model 1), unadjusted HRs are presented. In 

model 2, sex and age were corrected for, and in model 3 baseline MMSE was 

added as an additional covariate. Main outcome was progression to dementia, 

second outcome was progression to AD, which excludes six cases who 

developed a different kind of dementia. Time-to-event curves were constructed 

with the Kaplan-Meier method. Statistical analysis was performed by JS and WF. 

Statistical significance was set at p<0.05. 

Results
Brain volume, Whole-brain atrophy rate
There were group differences for both baseline brain volume and whole-brain 

atrophy rate (Table 1, Figure 1). Post-hoc Bonferroni-corrected tests illustrated 

that brain volume at baseline was lowest for the AD group (vs MCI p=0.09; vs 

subjective complaints p<0.001; vs controls p<0.01), but the MCI group did 

not differ from either the subjective complaints (p=0.38) or control groups 

(p=0.48). No difference between patients with subjective complaints and 

controls was found (p=1.00).

By contrast, annualized whole-brain atrophy rates (PBVC) did not only 

differentiate the AD group from all other groups, but also showed differences 

between the other groups. AD patients had higher whole-brain atrophy rates 

compared to MCI (p=0.003), who in turn had higher whole-brain atrophy 

rates compared to subjective complaints (p=0.025) and controls (p=0.05). No 

difference was found between subjective complaints and controls (p=1.00) 

(Figure 2).
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Table 1. Demographics and clinical variables

Controls
Subjective 

complaints
MCI AD F

df,df
  (p-value)

Number of 

participants
10 27 45 65

Number converted 10 stable 20 stable

3 MCI

3 AD

1 other

17 stable

23 AD

5 other

-

Age-at-diagnosis (y) 69 (7) 66 (9) 71 (6) 67 (8) c 3.0 
3,143

  (0.03)

Sex (f/m) 6 / 4 12 / 15 22 / 23 38 / 27 2.1 
3,3 

 (0.56)

MMSE baseline* 28 (2) 28 (1) 26 (3) b 22 (4) f,g,h 27.0 
3,141

 (<0.001)

MMSE annual 

decline*+

0.3 (0.9) -0.2 (1.4) -1.5 (2.5) a,b -2.1 (2.1) d,g 7.9 
3,128

  (<0.001)

MR scan interval 

(y) *
2.3 (0.5) 1.7 (0.9) 1.9 (0.7) 1.7 (0.6) 2.5 

3,141 
 (0.06)

Normalized baseline 

brain volume (ml) *

1541 (99) 1536 (91) 1483 (78) 1453 (88) d,g 8.0 
3,141

 (<0.001)

Annualized whole-

brain atrophy rate 

(%/y) *

-0.5 (0.5) -0.7 (0.7) -1.2 (0.9) a,b -1.9 (0.9) f,g,e 18.0 
3,141

  (<0.001)

Table 1. Group difference for sex (f/m) was calculated with Pearson Chi-Square. Other 
data in this table is displayed as mean (sd). F-value is displayed with degrees of freedom 
for contrast and error, respectively. Differences between groups were assessed using 
ANOVA (*age and sex as covariates, post-hoc Bonferroni correction p<0.05). + available 
for n=134; a  p<0.05 compared to controls; b  p<0.05 compared to subjective complaints; 
c  p<0.05 compared to MCI; d  p<0.01 compared to controls; e  p<0.01 compared to 
MCI; f  p<0.001 compared to controls; g  p<0.001 compared to subjective complaints; 
h  p<0.001 compared to MCI; MCI=mild cognitive impairment; AD=Alzheimer’s disease; 
MMSE=mini-mental state examination
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Figure 1. Box-and-whisker plot of (left) baseline brain volume and (right) whole-brain 
atrophy rate, by diagnostic group (C=controls, SC=subjective complaints, MCI = mild 
cognitive impairment, AD = Alzheimer’s disease). Horizontal line inside box is median 
value. Differences between groups were assessed using ANOVA (age and sex as 
covariates, post-hoc Bonferroni correction), and are indicated by asterisks: 

* p<0.05; ** p<0.01; *** p<0.001

Figure 2. Four examples of individual edge-displacement maps, overlaid on baseline 
axial MR images. Dark-blue to light-blue represents mild to severe local contraction 
respectively, which implies atrophy. Red to yellow indicates mild to severe expansion 
of brain tissue. Note that for display purposes, edge motion was truncated at 1 mm 
in this figure. (A) patient with subjective complaints (age, normalised baseline brain 
volume, whole-brain atrophy rate: 74 y, 1471mL, -0.7%/y), (B) a patient with Mild Cognitive 
Impairment, who did not progress to AD (80y, 1607mL, -0.6%/y), (C) a patient with Mild 
Cognitive Impairment, who progressed to AD (67 y, 1548 mL, -1.9 %/y) and (D) a patient 
diagnosed with Alzheimer’s disease at baseline (63 y, 1286mL, -4.2%/y).
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Cognitive decline
To investigate whether baseline brain volume and whole-brain atrophy rate 

reflected cognitive decline, we assessed associations with baseline MMSE and 

annualized MMSE change (Figure 3). Partial correlations corrected for age and 

sex showed that across the whole sample, baseline brain volume correlated 

with baseline MMSE (r=0.32, p<0.001), but not with annualized change 

in MMSE (r=0.11, p=0.22). Whole-brain atrophy rate (PBVC) however, was 

associated with both baseline MMSE (r=0.48, p<0.001) and change in MMSE 

(r=0.48, p<0.001). Further evaluation of correlations within diagnostic groups 

showed that baseline brain volume was not associated with either MMSE or 

MMSE change within any of the groups. By contrast, whole-brain atrophy 

rate was associated both with MMSE and MMSE change within the AD group 

(r=0.37, p<0.01; r=0.34, p<0.01). Within the MCI group whole-brain atrophy 

rate was associated with MMSE change (r=0.33, p<0.05) but not with baseline 

MMSE (r=0.09, p=0.61). No such associations were found among patients with 

subjective complaints or controls. 
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Figure 3. Scatterplots of (left) baseline brain volume and (right) whole-brain atrophy rate 
by annual change in mini-mental state examination (MMSE). Data for the entire spectrum 
of cognitive decline are presented. No association between baseline brain volume and 
annual MMSE decline was found (Figure 3a; partial correlation, correcting for age and sex: 
r=0.11, p=0.22). By contrast, whole-brain atrophy rate was associated with annualized 
MMSE change (Figure 3b; r=0.48, p<0.001). Subsequent evaluation of correlations within 
diagnostic groups showed that whole-brain atrophy rate was associated with annualized 
MMSE change within the AD group (r=0.34, p<0.01), and within the MCI group (r=0.33, 
p<0.05). No associations were found among normal controls or subjective memory 
complaints.

+ = normal controls; ∆ = subjective memory complaints; □ = MCI; ○ = AD
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Prediction of Progression to Dementia 
Finally, we assessed the predictive value of baseline brain volume and whole-

brain atrophy rate for progression to dementia in initially non-demented 

patients (n=82), using tertiles of MRI measures (Figure 4, Table 2). Baseline 

brain volumes were 1603±40mL in the large, 1512±26mL in the middle, and 

1410±46mL in the small tertile. Whole-brain atrophy rates (%/y) were -0.2±0.2 

in the lowest, -0.8±0.2 in the moderate and -1.8±0.8 in the high tertile. 

Compared with a large baseline brain volume, a small volume was associated 

with a threefold increased risk of progression to dementia in the unadjusted 

model. However, after adjusting for age, sex and baseline MMSE, this effect 

largely disappeared. Patients in the moderate whole-brain atrophy rate tertile 

had a twofold - though not significantly - increased risk of progression to 

dementia, in comparison with patients with a low whole-brain atrophy rate. A 

high whole-brain atrophy rate (highest tertile) was associated with a more than 

fourfold increased risk of progression to dementia. These results remained 

significant after correction for age, sex and baseline MMSE. When the analysis 

was restricted to progression to AD (i.e. excluding the six patients who 

progressed to another type of dementia), all results were essentially unchanged: 

corrected for age, sex and baseline MMSE (model 3), smaller baseline brain 

volumes were associated with a modest - although not significantly - increased 

risk (middle: HR(95%CI)= 1.8(0.5-6.6); small: HR(95%CI)= 1.9(0.5-7.3)), while 

whole-brain atrophy rate was associated with a more strongly increased risk 

of progression to AD (moderate: HR(95%CI)= 1.3(0.4-4.8); high: HR(95%CI)= 

3.5(1.1-11.2)).
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Figure 4. Kaplan-Meier curve of time-to-conversion in initially non-demented patients 
(n=82) depends on (left) baseline brain volume and (right) whole-brain atrophy rate. 
Baseline brain volume and whole-brain atrophy rate were divided into tertiles. Numbers 
at risk are displayed below graph. Participants reaching end of follow-up period without 
progression to dementia were censored. + = censored

Table 2. Hazard ratios (HR) and 95 % confidence interval (CI) of 

progression to dementia

HR (CI)
Model 1:

univariate

Model 2:

age, sex

Model 3:

age, sex, baseline MMSE

Baseline brain volume (mL)

Large 1 (-) 1 (-) 1 (-)

Middle 1.7 (0.6 - 5) 1.7 (0.5 - 5.2) 1.2 (0.4 - 3.9)

Small 3 (1.1 - 8.4) 2.9 (0.9 - 9) 1.6 (0.5 - 5.1)

Whole-brain atrophy rate 

(%/y)

Low 1 (-) 1 (-) 1 (-)

Moderate 2.2 (0.7 - 7.2) 2 (0.6 - 7) 1.8 (0.5 - 6.1)

High 4.6 (1.5 - 13.6) 4.3 (1.4 - 13.5) 3.6 (1.2 - 11.4)

Table 2. Baseline brain volume and whole-brain atrophy rate were categorized into 
tertiles. Data are shown as Hazard ratios (HRs) with 95% confidence interval (CI). In model 
1 unadjusted HRs are presented. In model 2 sex and age were corrected for, and in model 
3 baseline MMSE was added as an additional covariate. 
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Discussion
Our study results show that while baseline brain volume was significantly 

lower in AD than in patients with subjective complaints and controls, it did 

not distinguish AD from MCI, nor could MCI  be distinguished from subjective 

complaints and controls using baseline brain volume. By contrast, whole-brain 

atrophy rates were able to separate AD from MCI and MCI from subjective 

memory complaints and controls, illustrating that whole-brain atrophy rate 

is more sensitive than cross-sectional brain volume. The clinical relevance 

of this marker was demonstrated by the association of whole-brain atrophy 

rate with baseline cognition and rate of cognitive decline. Finally, for initially 

non-demented patients a high whole-brain atrophy rate was associated with 

increased risk of progression to dementia. 

Our results confirm previous studies showing an increased whole-brain atrophy 

rate in AD versus controls. Our control group had a whole-brain atrophy rate 

of 0.5 % per year, which is in the middle of the previously reported range 

of rates of 0.2 % to 0.7 % per year.19,33 The AD patients had an annualized 

whole-brain atrophy rate of 1.9 %, almost four fold higher than controls. 

This is similar to previously reported rates in AD which are most typically 

around 2 % per year15,34, although reported whole-brain atrophy rates in AD 

range from 1 % to 4 %, probably depending on the characteristics of the AD 

population, and method of atrophy rate calculation.17,35-37 We extend those 

earlier findings showing that while there was no difference in baseline brain 

volume, the whole-brain atrophy rate for the MCI group with 1.2 % per year 

was twice higher than among controls. This value is somewhat higher than the 

0.7 % per year observed in a previous study.21 That study used BSI (boundary 

shift integral) to assess whole-brain atrophy, and is the only other study that 

assessed the risk of progression to dementia in the non-demented. They 

report a slightly increased risk of progression to dementia. Two other studies 

used brain segmentation to measure whole-brain atrophy rates.22,23 One of 

these studies assessed association of whole-brain atrophy rates with age, but 

not with cognitive decline.22 Both studies did not assess risk of progression 

to dementia. Our study adds to these previous observations by investigating 

a large cohort, recruited in a clinical setting, that covers the entire cognitive 

spectrum. We have used a well defined, easily accessible, fully automated 
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atrophy measurement technique. Furthermore, we used the MMSE, the 

most commonly used clinical cognition test, to check for associations with 

whole-brain atrophy rates. Finally, we assessed the risk of progression to 

dementia, and found a more than three-fold risk of progression to dementia 

for participants with a higher rate of atrophy.

Whole-brain atrophy rate was more sensitive than baseline brain volume in 

distinguishing the diagnostic groups. Whole-brain atrophy rate showed a 

clear distinction between groups, while baseline brain volume could only 

distinguish AD. A higher sensitivity of longitudinal atrophy in the detection 

of subtle differences in whole-brain and localized atrophy rates has been 

reported previously in AD and other neurodegenerative disease.38,40 The higher 

sensitivity of whole-brain atrophy rate can in part be attributed to the fact that 

when a subject is compared with him/herself instead of with a standard brain 

template, the confounding influence of inter-individual variability is reduced, 

reducing the measurement error. 

Among non-demented patients, a higher whole-brain atrophy rate was 

associated with a greater risk of progression to dementia. A small brain volume 

was associated with a threefold increased risk of progression to dementia, 

although this effect largely disappeared when correcting for age, sex, and 

baseline MMSE. By contrast, a high whole-brain atrophy rate was associated 

with a more than fourfold increased risk of progression to dementia, which 

remained significant after correcting for age, sex and baseline MMSE.

Our study included the entire cognitive spectrum: patients with AD and MCI, 

patients with subjective complaints (who in fact can be considered normal at 

baseline, since all baseline clinical investigations were normal) and individuals 

without complaints. No differences were found between patients with subjective 

complaints and controls. Pooling these two groups would not have altered the 

results of this study. Furthermore we included a relatively large number of 

participants from one center. All participants have been carefully defined using 

a standardized diagnostic battery. As a consequence, they are characterized 

in a uniform manner and the diagnosis was determined by a multidisciplinary 

team. MR imaging was always performed on the same scanner using the same 

protocol. 
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A limitation of our study is that MR imaging of our participants was available 

for only two time points. In future studies, more than two MR scans per patient 

could be obtained to increase power and sensitivity, and to monitor the course 

of the disease. Furthermore, since no post mortem verification of diagnosis 

was available –which is considered the gold standard for diagnosing AD- we 

cannot exclude the possibility that some of our AD patients were misdiagnosed. 

However, all patients fulfilled NINDS-ADRDA clinical criteria for probable AD, 

which was confirmed both at baseline and at follow-up in multidisciplinary 

consensus meetings. 

Our study confirms that whole-brain atrophy rate discriminates between 

diagnostic groups, better than cross-sectional brain volume. The clinical 

relevance of whole-brain atrophy rate is demonstrated by the association with 

cognition and cognitive decline. Since individuals with higher whole-brain 

atrophy rate had greater risks of progression to dementia, repeat MRI scans 

may be helpful in the diagnostic work-up of patients suspected of dementia.
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Abstract
We investigated progression of atrophy in vivo, in Alzheimer’s disease (AD), 

and Mild Cognitive Impairment (MCI).

We included 64 patients with AD, 44 with MCI, and 34 controls with serial MRI 

examinations (interval 1.8±0.7y). A non-linear registration algorithm (fluid) 

calculated atrophy rates in six regions: frontal, medial temporal, temporal 

(extra-medial), parietal, occipital lobes, and insular cortex.

In MCI, the highest atrophy rate was observed in the medial temporal lobe, 

comparable to AD. AD patients showed even higher atrophy rates in the 

extra-medial temporal lobe. Additionally, atrophy rates in frontal, parietal and 

occipital lobes were increased. Cox proportional hazard models showed that 

all regional atrophy rates predicted conversion to AD. Hazard ratios varied 

between 2.6 (95% confidence interval=(1.1 – 6.2)) for occipital atrophy, and 

15.8 (95%CI=(3.5 - 71.8)) for medial temporal lobe atrophy. 

In conclusion, atrophy spreads through the brain with development of AD. MCI 

is marked by temporal lobe atrophy. In AD, atrophy rate in the extra-medial 

temporal lobe was even higher. Moreover, atrophy rates also accelerated in 

parietal, frontal, insular and occipital lobes. Finally, in non-demented elderly, 

medial temporal lobe atrophy was most predictive of progression to AD, 

demonstrating the involvement of this region in the development of AD. 
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Introduction
Alzheimer’s disease is a neurodegenerative disease, characterised by 

progressive cognitive decline and cerebral atrophy. Patients with mild cognitive 

impairment have measurable cognitive deficits, but do not fulfil criteria for 

dementia.1 Subjects with MCI are at an increased risk of developing AD with 

about 10-15% progressing to AD per year: in these subjects MCI may be 

considered to be a transitional phase for AD.2 

Neuropathological studies suggest that Alzheimer’s pathology spreads 

throughout the brain in a relatively predictable fashion and starts well before 

clinical onset of disease.3 However, by definition, neuropathological studies 

are post hoc and cross-sectional in design, and clearly cannot track disease 

progression in the individual. Magnetic resonance imaging (MRI) of the brain 

shows atrophy in vivo, particularly involving the medial temporal lobe, early 

in the disease.4 In contrast to neuropathological studies, serial MRI is feasible 

and enables in vivo study of progression of the disease throughout the brain. 
4,5 Serial measures allow each subject to act as their own control and thereby 

avoid the wide variability in brain morphology between subjects. In particular 

hippocampal atrophy rates have shown to be sensitive markers of AD, and 

predict progression of cognitive decline more accurately than cross-sectional 

volumes.6-8 However, whole-brain atrophy rates also distinguish patients with 

AD and MCI from controls, suggesting the additional early involvement of 

brain regions other than the hippocampus.5,9,10

We studied progression of atrophy in six lobar brain regions AD, MCI and 

control subjects. We hypothesised that atrophy rates of MCI patients would be 

highest in the medial temporal lobes, consistent both with this region’s early 

pathological involvement and its association with memory function – often 

the presenting symptom.3 With advancing disease, we expected atrophy rates 

of AD patients to increase in other brain regions as well. This study aimed 

to compare the pattern of regional atrophy rates in AD, MCI and controls. 

In addition, we investigated associations between regional atrophy rates and 

clinical progression to AD in initially non-demented patients.
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Material and methods
Patients
Baseline clinical assessment 

We included 64 patients with probable AD, 44 patients with MCI, and 34 

controls. All patients underwent a standardised clinical assessment including 

medical history, physical and neurological examination, and psychometric 

evaluation. All subjects had serial volumetric MR imaging. The mini-mental state 

examination (MMSE) was used as a measure of general cognitive function.11 

Diagnoses were established during a multidisciplinary consensus meeting 

according to the Petersen criteria for MCI12 and the NINCDS-ADRDA (National 

Institute of Neurological and Communicative Diseases and Stroke/Alzheimer’s 

Disease and Related Disorders Association) criteria for probable AD.13 The 

control group consisted of 26 patients who presented at our memory clinic 

with subjective complaints, but who had normal clinical investigations and 

did not have significant cognitive deficits (i.e. MCI criteria were not fulfilled). 

Additionally, we included eight volunteers without cognitive complaints, who 

were willing to undergo the same diagnostic procedure as patients attending 

our memory clinic. The study was approved by the institutional ethical review 

board. All participants (or caregivers) gave written informed consent.

Clinical assessment at follow-up

Diagnostic classification of non-demented participants (MCI and controls) was 

re-evaluated at follow-up. The clinical diagnosis of dementia was determined 

according to published consensus criteria.12-16 Within the MCI group, 16 patients 

had remained stable, 23 progressed to AD, two to frontal-temporal lobar 

degeneration (FTLD)14, two to vascular dementia (VaD)15, and one to dementia 

with Lewy bodies (DLB)16.  Within the group of controls, three progressed to 

MCI, three to AD and one to FTLD whilst 27 controls remained stable. 

MRI 
MR imaging was performed on a 1.0-T Siemens Magnetom Impact Expert 

System (Siemens AG, Erlangen, Germany) and included coronal T1-weighted 

3D MPRAGE volumes (magnetization prepared rapid acquisition gradient echo; 

single slab, 168 slices; matrix size 256x256; FOV 250mm; voxel size 1x1x1.5 

mm; TR=15ms; TE=7ms; TI=300ms; flip angle 15°). For inclusion subjects 
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had to have had two MR examinations without artefacts, performed on the 

same MR system using the same imaging protocol. Images were reviewed by 

a neuro-radiologist to exclude non-neurodegenerative pathology that could 

explain the cognitive impairment. Patients with baseline MR examinations that 

fulfilled radiological criteria of the NINDS-AIREN for vascular dementia were 

excluded.15

Regional atrophy rates between two time-points were measured from the 3D-T1 

MPRAGE images using fluid registration, a non-linear matching algorithm.17,18 

This algorithm requires the baseline and repeat image to be aligned, and 

intensity to be normalised within and between volumes. We used the following 

pre-processing steps: 

• All images were bias-corrected using N3 software (http://www.bic.mni.

mcgill.ca/software/N3/).19 

• Images from the two time-points of each subject were linearly co-registered to 

a halfway position, using the skull-based scaling constraint as implemented 

in the SIENA software (structural brain change analysis, for estimating brain 

atrophy), part of the FSL suite (http://www.fmrib.ox.ac.uk/fsl/).20 

• Residual bias field differences between the two time-points were then 

removed using differential bias collection (DBC) as described by Lewis and 

Fox.21 

• A brain mask was extracted from the resulting images using BET (Brain 

Extraction Tool) combined with registration of a standard mask using FLIRT 

(FMRIB’s Linear Image Registration Tool). 22 

• The brain mask was expanded to induce a Gaussian signal drop-off in space 

around the brain tissue. 

After pre-processing, non-linear registration between the registered baseline 

and repeat images was performed, using a non-linear voxel-compression 

technique (fluid).17 This technique uses a viscous fluid model to compute 

the transformation required to bring one image in register with the other, 

using cross correlation as a similarity function. The data analysis for the whole 

data set required around 1,200 computing hours, and was performed in the 

GRID infrastructure provided by the Virtual Laboratory for e-Sciences project 

(www.vl-e.nl). By using trivially parallel computing the entire dataset could 

be processed in a single weekend. Visual inspection of the results confirmed 

that in all cases the registration had succeeded (i.e. all image pairs were 
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well matched and the algorithm had succeeded in deforming the latter MR 

examinations compared with the baseline – effectively removing the effects 

of atrophy). From the transformation field created by each registration, we 

generated a map of Jacobian determinants; these are a measure of the volume 

change (compression or expansion) at each voxel required to match the 

examinations precisely. Examples of these voxel-compression (Jacobian) maps 

are shown in Figure 1.

We then defined six lobar regions as follows: first brain tissue was separated 

from non-brain using FAST (FMRIB’s Automated Segmentation Tool)22; secondly, 

the AAL mask (Automated Anatomical Labeling)23 was co-registered to the 

individual data. We used the subdivisions of the AAL mask of six 6 pre-defined 

lobar regions: frontal, medial temporal (hippocampus, parahippocampal gyrus, 

and amygdala), temporal (excluding medial temporal), parietal, occipital lobes, 

and insular cortex. For every patient, we averaged the relative volume change 

over all voxels in each region, and divided by the follow-up time in years 

between MR examinations to obtain annualized regional atrophy rates. 

Statistical Analysis
Statistical analysis was performed with SPSS 12.0 (2003, Chicago, Illinois). 

Follow-up time was defined as the interval in years between baseline and 

repeat MR examinations. Diagnostic groups were compared with chi-squared 

tests for sex. For continuous variables we used analysis of variance (ANOVA), 

with age and sex as covariates. Post-hoc comparisons were performed using 

Bonferroni tests. Differences in regional atrophy rates between groups were 

assessed using ANOVA for repeated measures with region as within-subjects 

factor, diagnosis as between-subjects factor, and age and sex as covariates. In 

addition, within the group of initially non-demented participants we assessed 

the predictive value of regional atrophy rates, by using Cox proportional 

hazards models, which account for variability in length of follow-up. Results 

are presented as Hazard ratios (HRs) with 95% confidence interval (CI). The 

main outcome was progression to dementia, while the secondary outcome was 

progression to AD, which excludes six cases who developed a different type 

of dementia. Regional atrophy rates (dichotomized into high and low rates of 

atrophy, based on the median) were used as independent variables in separate 

models, adjusted for age and sex. Time-to-event curves were constructed with 

the Kaplan-Meier method. Statistical significance was set at p<0.05. 
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Results
Demographics and clinical data are presented by patient group in Table 1. No 

between-group difference in sex or follow-up time was found. MCI patients 

were older than AD patients and controls. Frontal, medial temporal, temporal 

(excluding medial temporal), parietal, occipital, and insular atrophy rates are 

given in Table 1. 

Table 1. Demographic and clinical variables by diagnostic group

Controls MCI AD
Overall 

p-value

Number of participants 34 44 64

Outcome – numbers remaining 

stable or converting

30 stable

3 AD

1 other

16 stable

23 AD

5 other

-

Sex, w/m 16 / 18 21 / 23 38 / 26 p=0.37

Age, y 67 (9) b 71 (6) 67 (8) b p<0.001

MMSE baseline 28 (2) 26 (3) a 22 (5) c,d p<0.001

MR examination interval, y 1.9 (0.9) 1.9 (0.7) 1.7 (0.6) p=0.39

Regional atrophy rates, %/ y 

Frontal -0.6 (0.7) -0.9 (0.7) -1.3 (0.8) c p<0.001

Medial temporal -0.6 (0.7) -1.5 (0.7) c -1.5 (0.7) c p<0.001

Temporal (extra-medial) -0.6 (0.5) -1.4 (0.8) c -2.2 (1.0) c,d p<0.001

Parietal -0.5 (0.5) -0.9 (0.7) a -1.7 (0.9) c,d p<0.001

Occipital -0.4 (0.4) -0.8 (0.6) c -1.4 (1.0) c,d p<0.001

Insular cortex -0.3 (0.7) -0.7 (0.6) -0.8 (0.8) c p<0.001

Table 1. Data are displayed as mean (sd). Differences between groups were assessed 
using ANOVA (age & sex as covariates where appropriate) with post-hoc Bonferroni tests. 
Group difference for sex (w/m) was calculated with Pearson Chi-Square. Medial temporal 
lobe is defined as hippocampus, parahippocampal gyrus, and amygdala. Temporal 
lobe is defined as temporal lobe excluding medial temporal lobe. a  p<0.05 compared 
to controls; b  p<0.05 compared to MCI; c p<0.001 compared to controls; d  p<0.001 
compared to MCI; MCI=mild cognitive impairment; AD=Alzheimer’s disease; MMSE=mini-
mental state examination
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Figure 2. Regional atrophy rate in six pre-defined lobar regions are presented by 
diagnostic group: Frontal, medial temporal (hippocampus, amygdala, parahippocampal 
gyrus), temporal (extra-medial), parietal, occipital and insular lobe. In controls, atrophy 
rates are around 0.5%/y for each region. In MCI patients, atrophy rates start to accelerate 
mainly in the medial temporal, and remaining temporal lobe (extra-medial), and to a 
lesser extent in the other regions. AD is characterised by a further increase in atrophy 
rate in the remainder of the temporal lobe, parietal, frontal, occipital and insular lobe. 
Medial temporal lobe atrophy rates appear to be at a maximum, in the preclinical stage, 
since the rate is comparable to that of MCI patients.
∆ = controls (light gray line); □ = MCI (dark gray line); o = AD (black line)

Figure 1 (previous page).  Examples: baseline MR examination (left), repeat MR 
examination (middle) and colour overlay overlaid on the baseline examination (right) 
of four individual patients. Baseline and repeat examinations were affine-registered. 
The result of the non-linear registration is presented as a colour overlay applied to the 
baseline examination (representing the local Jacobian of the calculated deformation field), 
in order to highlight regions of structural expansion and contraction. Green and blue 
represent moderate to severe contraction (atrophy), yellow and red moderate to severe 
expansion. The overlay image was masked with a dilated mask to also show expansion 
of peripheral CSF spaces. [A] A 50 year old control subject, who presented at the memory 
clinic with subjective memory complaints [B] A 72 year old MCI patient who remained 
stable during follow-up; [C] A 69 year old MCI patient who progressed to AD during 
follow-up; [D] A 64 year old, moderately demented AD patient.
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ANOVA for repeated measures with region as within-subjects factor, group 

as between-subjects factor, and age and sex as covariates showed main 

effects of diagnostic group (p<0.001) and region (p<0.001), and an interaction 

between diagnosis and region (p<0.001), indicating different patterns of 

regional atrophy rates according to diagnostic group. Figure 2 shows that for 

MCI patients, the highest annualized atrophy rates were observed not only in 

the medial temporal lobe, but also in the remaining (extra-medial) part of the 

temporal lobe. With progression of the disease, the atrophy appears to spread 

more widely through the brain, with patients with clinically established AD 

showing higher atrophy rates in temporal, frontal, parietal and occipital lobes. 

The atrophy rate in the medial temporal lobe appears to already have reached 

its maximum at a stage prior to clinical diagnosis, as this rate did not increase 

further in patients with AD when compared with MCI patients. 

Subsequently, we assessed the predictive value of regional atrophy rates for the 

prediction of dementia in initially non-demented patients (controls and MCI, 

n=78). Thirty-two patients progressed to dementia, while 46 patients remained 

stable. No differences were found between patients progressing to dementia 

and patients who remained stable during follow-up, for sex (w/m 17/15 

versus 20/26; p=0.57), age (mean±sd 71±6 versus 68±9; p=0.14) or duration 

of follow-up (1.8±0.7y versus 1.9±0.8y; p=0.53). There was a difference in 

baseline MMSE score between progressing and stable patients (26±3 versus 

28±2; p<0.001). Age and sex adjusted Cox proportional hazard models 

showed that atrophy rates in all regions were associated with an increased risk 

of progression to dementia (Table 2). Risk estimates varied between 2.0 (95% 

confidence interval, CI=(0.9 – 4.4)) for occipital lobe atrophy rate and 6.4 (95% 

CI=(2.4 -17.3) for medial temporal lobe atrophy rate. As an example, Figure 

3 shows the Kaplan Meier survival curve for the medial temporal lobe. When 

the analysis was repeated and restricted to progression to AD (excluding six 

patients who developed other types of dementia) the risk estimates were even 

higher. Atrophy rates in the medial temporal lobe remained the best predictor 

in model, HR 15.8 (95% CI = 3.5 - 71.8). In addition, the temporal lobe (non-

medial) and parietal lobe were good predictors of progression to AD. When we 

repeated the analysis with additional adjustment for baseline MMSE, results 

remained largely unaltered (data not shown). 
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Table 2. Risk of progression to dementia associated with regional atrophy 

measures

Median

Atrophy Rate

%/year 

(IQ range)

Outcome = 

dementia

(n=78)

HR (CI)

Outcome = 

AD

(n=72)

HR (CI)

Frontal lobe - 0.8 (-1.2 – -0.4) 2.2 (1.0 – 4.9) 2.8 (1.1 - 6.8)

Medial Temporal lobe -0.9 (-1.5 – -0.3) 6.4 (2.4 - 17.3) 15.8 (3.5 - 71.8)

Temporal lobe -0.9 (-1.4 – -0.4) 3.9 (1.7 – 9.2) 6.3 (2.2 - 18.7)

Parietal lobe -0.6 (-1.0 – -0.2) 3.4 (1.4 – 8.3) 5.1 (1.8 - 14.8)

Occipital lobe -0.5 (-0.9 – -0.2) 2.0 (0.9 – 4.4) 2.6 (1.1 – 6.2)

Insular cortex -0.4 (-0.9 – 0) 2.5 (1.1 – 5.9) 2.9 (1.2 – 7.3)

Median atrophy rate is displayed as median (interquartile range). Other data are 
presented as age and sex adjusted hazard ratios (HR) and 95 % confidence interval 
(CI). In the third column, six patients who progressed to another type of dementia were 
excluded.
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Numbers at risk (n=78):

Low atrophy rate (n=39)      25         7

High atrophy rate (n=39)      19         5

Figure 3. Kaplan-Meier curve of time-to-conversion in initially non-demented patients (n=78) 
dependent on medial temporal lobe atrophy rate. Non-demented patients were dichotomised 
into either the high or the low category, based on median medial temporal lobe atrophy rate 
(-0.9 %/y). Numbers at risk are displayed below graph. Participants reaching end of follow-up 
period without progression to dementia were censored.

--- = low atrophy rate (gray line); — = high atrophy rate of the medial temporal lobe (black line)

+ = censored
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Discussion
The main finding of our study is that the pattern of regional atrophy rates 

differs in patients with MCI and AD when compared to controls. These data 

suggest how atrophy rates accelerate through the brain with the progression 

of cognitive decline. In MCI, the temporal lobe shows the greatest atrophy rate, 

but atrophy already extends beyond the medial temporal lobe, with atrophy 

rates in the extra-medial part of the temporal lobe even at this stage appear 

equally high. Atrophy rates in the medial temporal lobe were  no higher in the 

AD patients than in the MCI patients, implying that rate of neurodegeneration 

in this region is already maximal prior to clinical diagnosis. The progression 

to AD is characterised by increasing atrophy rates in the rest of the temporal 

lobe, and atrophy also accelerating in parietal, frontal and occipital lobes. 

Nonetheless, medial temporal lobe atrophy was most predictive of progression 

to dementia in initially non-demented patients. Mainly subjects with a higher 

than median atrophy rate were associated with a 15-fold higher risk of 

developing AD, when compared to those with a lower than median atrophy 

rate during follow-up.

Previous studies report increased cerebral atrophy rates and ventricular 

enlargement in AD versus controls.9,24 Most cross-sectional MRI studies have 

focussed on atrophy of medial temporal lobe structures, commonly using 

volumetric measures. These studies have shown that hippocampal volumes at 

the time of clinical diagnosis are on average 18 percent lower when compared 

to controls.6,25 Whole-brain volumes are decreased in AD also, and tend to 

be around 5 percent lower – this volume loss cannot be accounted for by 

medial temporal lobe damage and implies widespread atrophy beyond this 

region.10 Voxel-based morphometry studies have shown using cross-sectional 

comparisons that in addition to atrophy of medial temporal lobe structures, 

temporal-parietal atrophy is prominent in AD.26-28 In MCI patients progressing 

to AD versus stable MCI patients atrophy of the temporal lobe, and to a lesser 

extent of the parietal and frontal lobe was shown.29-31 Longitudinal measures 

of atrophy, which allow changes within the individual to be assessed, have 

been shown to be more sensitive at detecting group differences than cross-

sectional volumes, in part because they are less susceptible to inter-subject 

variability.4,32,33 A number of studies described the pattern of longitudinal 
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atrophy in relatively small groups of sporadic and familial AD patients. They 

found increased atrophy in the medial temporal lobe over time, but also 

more widespread throughout the brain, in the parietal and frontal lobe.17,34 

Longitudinal studies report that hippocampal atrophy rates increase in MCI.6-8  

We extend these findings, by providing rates of atrophy, in six brain regions. 

Our study confirms that the medial temporal lobe is affected at an early stage 

of the disease. Additionally, we found the mean atrophy rate in the remainder 

of the temporal lobe to be increased at an early stage as well, before a clinical 

diagnosis could be made with certainty. Regional atrophy rates in the remainder 

of the cortex further accelerated in AD.

Among the limitations of our study is the fact that the control group included 

individuals with subjective complaints. At baseline, we found no differences 

between healthy volunteers and patients with subjective complaints, and 

we therefore pooled these subjects in one control group. However, patients 

presenting at a memory clinic with subjective complaints are known to have a 

higher risk of developing AD.35,36 In fact, three patients converted to AD and 

one to FTLD. One could argue that these patients should have been excluded, 

as they did not remain control-like throughout the study. However, we feel 

that, since they fulfilled initial inclusion criteria, excluding these patients 

would bias the results. Looking back at the regional atrophy rates, the patients 

who progressed to AD showed high atrophy rates, congruent with their clinical 

progression. Regional (including frontal) atrophy rates of the patient who 

progressed to FTLD were not remarkable. A second limitation was that no 

post mortem verification of diagnosis -which is considered the gold standard 

for diagnosing AD- was available. We therefore cannot exclude the possibility 

that some of our patients were misdiagnosed. Even though our MCI patients 

fulfilled the Petersen criteria, generally regarded as predictive of AD, five 

patients progressed to another type of dementia. When we visually inspected 

the individual data, the FTLD progressors showed relatively high frontal 

atrophy rates, while the pattern was more generalized for the two patients with 

VaD and the patient who progressed to DLB. Remarkably, none of these five 

patients showed predominant medial temporal lobe atrophy, as was generally 

observed in MCI patients progressing to AD.
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Among the strengths of our study was the relatively large sample, in which 

we studied regional atrophy rates, using a robust method. We used fluid 

registration, a non-linear registration algorithm to match two MR examinations 

of each individual. This fully-automated voxel-compression technique has 

the advantage that changes at a lobar level can be assessed without time-

consuming manual measurement of regional volumes. Furthermore, the non-

linear registration matches examinations with shape change as well as volume 

loss. This means that the structural readjustments, that are an inevitable 

consequence of neurodegeneration, do not confound assessment of the 

distribution of loss. 

The results of our study are in agreement with what has been published about 

the progression of atrophy through the brain in neuropathological studies 

regarding AD.3,37-40 Neuropathological studies report that AD pathology 

spreads through the brain in a relatively predictable fashio3. For neurofibrillary 

tangles the progression can be separated into six stages: Stages I-II show 

alterations in the transentorhinal regions, stages III-IV are known as the limbic 

stage, while stage V-VI are marked by widespread isocortical involvement. 

The accumulation of amyloid deposits can be divided in three stages: Stage 

A shows initial deposits in the basal portions of the isocortex, stage B shows 

amyloid in virtually all isocortical association areas, but the hippocampal 

formation is only mildly involved, while in  stage C end-stage deposits can 

be observed throughout the isocortex. This study demonstrated that the 

pattern of atrophy, observed in vivo using serial MRI, more closely resembles 

the pattern of accumulating neurofibrillary tangles. Furthermore, the early 

involvement of the medial temporal lobe, as observed in neuropathological 

studies, has shown to be of clinical importance in the detection of incipient 

AD in this study.
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Abstract
Objective: To investigate the added value of hippocampal atrophy rates over 

whole brain volume measurements on MRI in patients with AD, mild cognitive 

impairment (MCI) and controls. 

Methods: We included 64 AD patients (67±9 yrs.; f/m 38/26), 44 MCI patients 

(71±6 yrs; 21/23) and 34 controls (67±9 yrs.; 16/18). Two MR-scans were 

performed (scan interval: 1.8±0.7 yrs., 1.0T), using a coronal 3D T1-weighted 

gradient echo sequence. At follow-up, three controls and 23 MCI patients 

had progressed to AD. Hippocampi were manually delineated at baseline. 

Hippocampal atrophy rates were calculated using regional, non-linear ‘fluid’ 

registration. Whole brain baseline volumes and atrophy rates were determined 

using automated segmentation and registration tools. 

Results: All MRI measures differed between groups (p<0.005). For the 

distinction of MCI from controls, larger effect sizes of hippocampal measures 

were found compared to whole brain measures. Between MCI and AD, only whole 

brain atrophy rate differed significantly. Cox proportional hazards models 

(variables dichotomized by median) showed that within all non-demented 

patients, hippocampal baseline volume (hazard ratio [HR]: 5.7[95%CI:1.5-

22.2]), hippocampal atrophy rate (5.2[1.9-14.3]) and whole brain atrophy rate 

(2.8[1.1-7.2]) independently predicted progression to AD; the combination of 

low hippocampal volume and high atrophy rate yielded a HR of 61.1 (6.1-

606.8). Within MCI patients, only hippocampal baseline volume and atrophy 

rate predicted progression.

Conclusion: Hippocampal measures, especially hippocampal atrophy rate, 

best discriminate MCI from controls. Whole brain atrophy rate discriminates 

AD from MCI. Regional measures of hippocampal atrophy are the strongest 

predictors of progression to AD.
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Introduction
Underlying clinical progression in Alzheimer’s disease are neuropathological 

changes that follow a pattern of regional spread throughout the brain, starting 

at the medial temporal lobe and gradually effecting other parts of the cerebral 

cortex in later stages.1 Especially with the prospect of disease-modifying 

therapies, early detection and monitoring of progression are important 

research goals in AD. Two frequently studied in vivo markers for diagnosis 

and disease progression in AD are whole brain atrophy and hippocampal 

atrophy on MRI. Both whole brain atrophy2-4 and hippocampal atrophy4 

distinguish AD patients from controls and correlate with cognitive decline.5,6 

Within MCI patients, hippocampal atrophy predicts future progression to AD,7,8 

and in a recent study, we showed that whole brain atrophy rate distinguished 

groups and predicted progression to dementia in a cohort of AD, MCI and 

controls.9 Former studies mostly focused on either hippocampal or whole brain 

measurements in isolation. There are few studies that directly compared the 

predictive value of hippocampal and whole brain measures, and they yield 

inconsistent results.3,10 The discrepancy between studies may in part reflect 

technical difficulties in measuring change, especially for the hippocampal 

region, which is often determined using manual outlining. In the present 

study, we applied a novel, semi-automated regional registration method to 

measure hippocampal atrophy rate, that was shown to be superior to manual 

segmentation.11 We directly compare the hippocampal atrophy rates with 

whole brain volume measurements and hippocampal baseline volume in the 

same sample. 
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Methods
Patients and clinical assessment
We studied a cohort of 154 subjects attending our memory clinic, with a 

diagnosis of probable AD, MCI as well as controls, of whom we had obtained 

serial MRI scans. Patients with evidence of other (concomitant) disease on 

MRI (n= 7), or with insufficient scan quality (n=5) were excluded. In total, 142 

patients were available for the present study: 64 patients with AD, 44 patients 

with MCI and 34 controls; this control group consisted of 26 patients with 

subjective complaints and 8 healthy volunteers. The study was approved by 

the institutional ethical committee and all subjects or their caregivers gave 

written informed consent for their clinical and MRI data to be used for research 

purposes. 

All patients underwent a standardized clinical assessment, including medical 

history taking, neurological examination, neuropsychological examination, 

and MRI. Diagnoses were made in a multidisciplinary consensus meeting. The 

NINCDS-ADRDA criteria12  were used for the diagnosis of AD. MCI subjects met 

the Petersen criteria,13 based on subjective and objective cognitive impairment, 

predominantly affecting memory, in the absence of dementia or significant 

functional loss, with a Clinical Dementia Rating14 of 0.5. Visual association 

test (VAT)15 was used to assess memory. Language and executive functioning 

were tested using the category fluency test, where patients had to produce 

the name of as many animals as possible within one minute. Activities of daily 

living were assessed by an interview, structured by the instrumental activities 

of daily living scale.16 The group of controls contained patients presenting with 

cognitive complaints in the absence of cognitive deficits on neuropsychological 

examination. We additionally included volunteers without memory complaints, 

mostly caregivers of patients visiting our memory clinic. Because there were no 

differences in age, sex, baseline MMSE or scan interval between patients with 

subjective complaints and volunteers, these two groups were pooled into one 

group (controls). Baseline demographic and clinical data by diagnostic group 

are shown in Table 1. Patients with MCI were slightly older than patients with 

AD and controls. There were no differences between groups in the distribution 

of sex or the length of the scan interval. 
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Non-demented participants (MCI and controls) visited the memory clinic 

annually. At follow-up visit, diagnostic classification was re-evaluated 

according to published consensus criteria. Within the group of MCI patients,23 

patients progressed to AD during follow-up, and five patients were diagnosed 

with another type of dementia; two with vascular dementia (VaD)17, two with 

fronto-temporal lobar degeneration (FTLD)18 and one with dementia with Lewy 

bodies19. Of the controls, three subjects progressed to AD during follow-up 

and one progressed to FTLD. 

MRI scan acquisition and image processing
MRI scans were acquired at 1.0Tesla (Siemens Magnetom Impact Expert System, 

Siemens AG, Erlangen, Germany). All patients were actively invited for a follow-

up MRI scan, using the same scanner and exactly the same scan protocol. Mean 

±SD scan interval was 1.8 ±0.7 years. Scan protocol included a coronal, 3D, 

heavily T1-weighted single slab volume sequence (magnetization-prepared, 

rapid acquisition gradient echo sequence [MP-RAGE]); rectangular 250mm FOV 

with a 256x256 matrix; 1.5mm slice thickness; 168 slices; 1x1mm in plane 

resolution; TR=15ms; TE=7ms;TI=300ms; flip angle 15o. 

Baseline 3DT1-weighted volume scans were reformatted in 2mm slices (in plane 

resolution 1x1mm) perpendicular to the long axis of the left hippocampus. 

Hippocampi on both sides were manually delineated using the software 

package Show_Images 3.7.0 (in-house developed at VU University Medical 

Center, 2003), by three trained technicians (coefficients of variation: Inter-

rater<8%, intra-rater<5%). The technicians were blinded to diagnosis. Previously 

described criteria were used for the segmentation of the hippocampus.20,21 

The region of interest (ROI) includes the dentate gyrus, cornu ammonis, 

subiculum, fimbriae and alveus. Baseline hippocampal volume was calculated 

by multiplying the total area of all ROIs of each hippocampus by slice thickness. 

Baseline hippocampal volumes were adjusted for intracranial volume, using 

the scaling factor derived from SIENAX (see below). 

For the measurement of hippocampal atrophy rate, regional non-linear ‘fluid’ 

registration was used.22-24  First, a global, linear brain to brain registration 

(six degrees of freedom [dof]) was performed using the in-house developed 
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registration tool ‘visual register’. Subsequently, the software package MIDAS25 

was used to perform two consecutive regional registration steps. A local six 

dof registration was performed, to further align the hippocampal region on 

baseline and repeat scans. Subsequently, a cuboid extending 16 voxels in 

all three perpendicular directions from the extreme margins of the baseline 

hippocampal ROI was applied to the baseline and locally registered follow-

up scan. A linear intensity drop-off was created in the outer eight voxels of 

this cuboid to facilitate the non-linear registration. Finally, non-linear ‘fluid’ 

registration was performed within the same region, as described previously.11 

The volume change was calculated by quantification of the Jacobian values, 

derived from the deformation matrix. This quantification was restricted to 

voxels within the baseline hippocampal region that showed contraction at 

follow-up.11 Atrophy rate was expressed as percentage change from baseline 

volume.

Normalized brain volume (NBV) and percentage brain volume change (PBVC) 

over time were calculated from the 3DT1 weighted images, as previously 

described,9 using SIENAX (structural image evaluation, using normalization, 

of atrophy, cross-sectional) and SIENA (structural image evaluation, using 

normalization, of atrophy), both part of FMRIB’s Software Library (FSL www.

fmrib.ox.ac.uk/analysis/research/siena).26 In short, brain extraction tool (BET) 

was used to create brain and skull masks for the baseline and follow-up images. 

A scaling factor was derived from an affine (12dof) registration of the baseline 

brain to a reference image (MNI-152)27, using the skull to constrain the scaling 

and skew. NBV was derived from a tissue-type segmentation of brain tissue, 

using the scaling factor to normalize the baseline brain volume. For PBVC, 

baseline and follow-up images were registered half-way to each other. Tissue-

type segmentation was performed, and the brain surface was estimated on 

both scans based on the border between brain and CSF. The displacement of 

follow-up brain surface compared with baseline was calculated as the edge-

point displacement perpendicular to the surface. Subsequently, the mean 

edge-point displacement was converted into a global estimate of PBVC.
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Statistical analyses
Statistical analyses were performed using SPSS 15.0 for Windows. Atrophy 

rates were divided by scan interval to obtain annualized atrophy rates. For 

hippocampal measures, we used the mean of left and right values. Differences 

between groups for categorical variables were assessed using Chi-squared 

tests. Analysis of variance (ANOVA), corrected for age and sex, was used to 

assess differences between groups for continuous variables. Post-hoc analysis 

of between-group differences was performed using t-tests with Bonferroni 

correction. To compare sensitivity to the contrasts between controls and MCI 

and between MCI and AD, effect sizes were calculated using the difference 

of the means, divided by root of the mean square error of the difference 

(adapted from Cohen’s d, to adjust for group differences in variance). Partial 

correlations, controlling for age and sex, were performed between MRI 

measures and baseline scores on cognitive tests. Subsequently, we estimated 

the risk of progression, related to the four measures, using Cox proportional 

hazards models. The MRI measures were dichotomized, based on their median 

value (hippocampal baseline volume 3652mm3, atrophy rate -3.3%/yr; whole 

brain baseline volume 1487ml, atrophy rate -0.3%/yr). Primary outcome was 

progression to AD, excluding six patients who progressed to another type 

of dementia. Each MRI measure was entered separately, unadjusted for 

covariates (model 1), adjusted for age, sex and MMSE (model 2), and together 

with age, sex, MMSE and the other MRI variables (model 3). We repeated the 

Cox-regression analysis with progression to dementia as outcome, including 

all patients. Finally, to explore the combined effect of baseline volume and 

atrophy rates within the non-demented subjects, we constructed 4 groups by 

median values of each variable: (1) high baseline volume and low atrophy rate, 

(2) high baseline volume and high atrophy rate, (3) low baseline volume and 

low atrophy rate and (4) low baseline volume and high atrophy rate. These were 

entered as categorical variables into the analysis, together with the covariates 

age, sex and MMSE. All Cox-regression analyses were performed within all 

non-demented patients and within MCI patients separately. 



92 

Chapter 5

Results
Baseline volumes and atrophy rates for each diagnostic group are presented 

in Table 1. Figure 1 represents box plots of the four MRI markers per 

diagnostic group and atrophy rates in MCI patients that remained stable and 

had progressed to AD at follow-up. Adjusted for age and sex, all four MRI 

markers differed between groups (p<0.005). Post-hoc analyses with Bonferroni 

correction (adjusted for age and sex) showed that all four MRI markers differed 

between controls and patients with AD (p<0.005). MCI patients had lower 

hippocampal baseline volumes and higher hippocampal atrophy rates than 

controls (p<0.005), but hippocampal baseline volumes and atrophy rates did 

not distinguish AD from MCI patients. 

Table 1: Population descriptors and MRI measures per diagnostic group

Controls MCI AD Total

Number of subjects (n) 34 44 64 142 

Progression to AD (n) 3 23 - 26

Progression to dementia (n) 4 28 - 32

Age 67 (9) 71 (6) † 67 (9) * 68 (8)

Sex (n [%] male) 18 (53%) 23 (52%) 26 (41%) 67 (47%)

scan interval 1.9 (0.9) 1.9 (0.7) 1.7 (0.6) 1.8 (0.7)

MMSE on baseline 28 (2) 26 (3) † 22 (5) *, † 25 (4)

Visual association test 11 (1) 8 (3) † 5 (3) *,† 7 (4)

Category fluency 21 (7)  17 (5) † 13 (5) *,† 16 (6)

Hippocampus 

Baseline volume  4065 (357) 3633 (489) † 3537 (634) † 3693 (572)

Atrophy rate -2.2 (1.4) -3.8 (1.2) † -4.0 (1.2) † -3.5 (1.4)

Whole brain 

Baseline volume  1534 (93) 1480 (77) 1453 (89) † 1480 (92)

Atrophy rate -0.6 (0.6) -1.3 (0.9) † -1.9 (0.9) *, † -1.4 (1.0)

Data represent mean ±SD, unless indicated otherwise. Baseline hippocampal volume is 
represented in mm3, baseline brain volume in ml., hippocampal and brain atrophy rate 
in %/year volume change. For visual association test and category fluency, data was 
available for 103 subjects. MCI: mild cognitive impairment; MMSE: Mini-mental status 
examination 
* p<0.05 compared with MCI 
† p<0.05 compared with controls
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The two outliers with the highest hippocampal atrophy rate in controls (Figure 

1B) represent two subjects that had progressed to AD at follow-up. Baseline 

whole brain volume did not differ between controls and MCI, nor between 

patients with MCI and AD. In contrast, whole brain atrophy rates were higher 

in MCI than in controls (p<0.005), and were again higher in AD (p<0.005). The 

four outliers with highest whole brain atrophy rate within MCI (Figure 1D) had 

progressed to either AD (n=3) or FTLD (n=1) at follow-up. MCI patients that had 

progressed to AD at follow-up showed higher hippocampal atrophy rates than 

MCI patients that remained stable (Figure 1E), and there was no difference for 

whole brain atrophy rate (Figure 1F). 

For the difference between controls and MCI, effect size (95% CI) of baseline 

hippocampal volume (0.73 [0.17-1.30]) was higher than that of baseline whole 

brain volume (0.49 [0.17-1.30]). Likewise, the effect size of hippocampal 

atrophy rate (1.17 [0.60-1.73]) was higher than that of whole brain atrophy 

rate (0.86 [0.30-1.43]). These results suggest a greater value of regional 

hippocampal measures, especially atrophy rates, in discriminating MCI from 

controls. In contrast, when looking at the difference between MCI and AD, 

effect sizes for both whole brain measures (baseline volume: 0.47 [-0.02-0.96]; 

atrophy rate: 0.67 [0.17-0.1.16]) were larger than for hippocampal measures 

(baseline volume: 0.33 [-0.16-0.82]; atrophy rate 0.25 [-0.24-0.74]), implying 

that whole brain measures provide more discriminatory value when comparing 

patients with AD and MCI. 

Within the total population, we found correlations of hippocampal volume with 

baseline scores on VAT (r: 0.35; p<0.05), of hippocampal atrophy rate with 

baseline MMSE, VAT and category fluency (r: 0.25, 0.38 and 0.26; p<0.05), of 

baseline whole brain volume with baseline MMSE and VAT (r: 0.26 and 0.29; 

p<0.05) and of whole brain atrophy rate with baseline MMSE, VAT and category 

fluency (r: 0.41, 0.32 and 0.36; p<0.05).
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Figure 1. Mean volumes and atrophy rates. Box plots per diagnostic groups of (A) 
baseline hippocampal volume, (B) hippocampal atrophy rate, (C) baseline whole brain 
volume and (D) whole brain atrophy rate per diagnostic group (controls, MCI and AD), 
and box plots of MCI patients that remained stable and those who progressed to AD for 
(E) hippocampal atrophy rate and (F) whole brain atrophy rate. Lines represent median, 
boxes interquartile range and whiskers range; o: outliers * p<0.005 
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Figure 2. Individual examples of color overlay, representing contraction (green and blue) 
and expansion (yellow and red) within the right hippocampal ROI’s of (A) a control that 
remained stable, (B) a control that had progressed to AD at follow-up (C) a MCI patient 
that remained stable and (D) a MCI patient that progressed to AD during follow-up.
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Numbers at risk Numbers at risk

Follow-up (years): 0 1 2 3 Follow-up (years): 0 1 2 3

Highest volume 36 34 19 5 Lowest atrophy rate 36 33 21 6

Lowest volume 36 33 20 5 Highest atrophy rate 36 34 18 4

Numbers at risk Numbers at risk

Follow-up (years): 0 1 2 3 Follow-up (years): 0 1 2 3

Highest volume 36 35 22 7 Lowest atrophy rate 36 36 28 5

Lowest volume 36 32 17 3 Highest atrophy rate 36 31 11 5

Figure 3. Kaplan-Meier curves of time to conversion within all non-demented subjects 
at baseline. MRI markers were dichotomised based on the median value: (A) baseline 
hippocampal volume, (B) hippocampal atrophy rate, (C) baseline whole brain volume 
and (D) whole brain atrophy rate. On the X-axis: follow-up duration (years); on the Y-axis: 
proportion of subjects that remained stable. Filled line: highest baseline volume (A; C) or 
lowest atrophy rate (B; D). Dotted line: lowest baseline volume (A; C) or highest atrophy 
rate (B; D). Tables represent the number of patients exposed to risk at the intervals of 0; 
1; 2 and 3 years
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Cox proportional hazard models (Table 2) show that within non-demented 

patients (MCI and controls), lower baseline hippocampal volume and higher 

hippocampal atrophy rate, as well as higher whole brain atrophy rate, 

independently predicted progression to AD. Baseline brain volume did not 

predict clinical progression. Hippocampal markers seemed to be stronger 

predictors than whole brain markers, with a roughly twofold higher risk. 

Kaplan-Meier curves for the MRI markers are shown in Figure 3. When the 

analysis was resctricted to MCI patients, hippocampal baseline volume had 

the highest predictive value. Hippocampal atrophy rate was an independent, 

additional predictor. However, neither whole brain volume measure predicted 

progression to AD. Using progression to dementia as an outcome instead of 

progression to AD, hippocampal baseline volume (HR [95% CI]: 2.3 [1.1-6.2]), 

hippocampal atrophy rate (3.8 [1.7-8.6]) and whole brain atrophy rate (2.4 

[1.1-5.3]) predicted progression to dementia in model 2, and only hippocampal 

atrophy rate (3.0 [1.3-7.0]) was an independent predictor of progression in 

model 3. Within MCI patients, hippocampal baseline volume (model 2: 5.0 

[2.0-12.6], model 3: 4.9 [1.8-13.2]) and hippocampal atrophy rate (model 2: 

2.7 [1.2-6.3], model 3: 2.1 [0.9-5.0]) predicted progression to dementia. 

Table 2: Risk of progression to AD 

Model 1 Model 2 Model 1

A. all non-demented patients (n=72)

Hippocampus Baseline volume 6.7 (2.5-18.1) * 5.0 (1.5-16.1) * 5.7 (1.5-22.2) *

Atrophy rate 8.6 (3.4-21.9) * 6.2 (2.4-16.2) * 5.2 (1.9-14.3) *

Whole brain Baseline volume 2.2 (1.0-5.0) 1.4 (0.6-3.6) 1.4 (0.5-4.2)

Atrophy rate 3.3 (1.5-7.3) * 3.5 (1.5-8.2) * 2.8 (1.1-7.2) *

B. MCI patients (n=39)

Hippocampus Baseline volume 7.4 (2.4-23.0) * 10.4 (3.1-34.8) * 9.0 (2.5-32.3) *

Atrophy rate 3.9 (1.6-9.9) * 4.5 (1.7-11.9) * 3.6 (1.2-10.7) *

Whole brain Baseline volume 1.1 (0.5-2.5) 1.1 (0.5-2.7) 1.0 (0.4-2.5)

Atrophy rate 1.3 (0.6-3.1) 1.2 (0.5-3.1) 1.0 (0.4-2.7)

Data represent hazard ratio (95% confidence interval) of each MRI measure for the 
progression to Alzheimer’s disease in (A) all non-demented subjects (n=72; 26 progressed 
to AD) and in (B) MCI patients,  (n=39; 23 progressed to AD).Model 1: unadjusted; Model 
2: individual MRI measure, adjusted for age, sex and baseline MMSE; Model 3: includes all 
MRI measures, adjusted for age, sex and baseline MMSE. 
* p<0.05
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Finally, we addressed the combined effect of baseline volume and atrophy 

rate on the prediction of progression to AD. Within all non-demented subjects, 

patients with a combination of both low baseline hippocampal volume and 

high hippocampal atrophy rate (median split) had a far more increased risk of 

progression to AD (HR 61.1[95% CI: 6.1-606.8]), compared with patients with 

either a low baseline volume (11.2[1.1-111.1]) or a high atrophy rate (12.8[1.4-

112.9]). Within MCI patients, we observed a comparable, yet less pronounced 

effect; HR (95%CI) 20.4 (3.9-107.2) for the combination of low hippocampal 

baseline volume and high atrophy rate versus 11.3 (2.0-62.8; only low baseline 

volume) and 5.6 (1.0-30.9; only high atrophy rate). For whole brain measures, 

we did not observe this increased risk for the combination of low baseline 

volume and high atrophy rate. 
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Discussion
Hippocampal baseline volume, in particular hippocampal atrophy rate, were 

better able to discriminate MCI patients from controls than whole brain 

measures. Whole brain volume measures better discriminated AD from MCI. 

Within non-demented subjects, regional hippocampal measures were the 

strongest predictors of progression to AD, but whole brain atrophy rate had 

an additional independent predictive effect. Within MCI patients, baseline 

hippocampal atrophy was the strongest predictor of progression to AD.

The atrophy rates we report are consistent with atrophy rates reported by 

other studies.2, 28-30 One previous study that directly compared the sensitivity 

of hippocampal and whole brain atrophy rates reported that both hippocampal 

and whole brain measures discriminated AD from controls and cognitively 

impaired subjects, but neither measure distinguished controls from the 

cognitively impaired.10 The apparent difference with our findings can be 

explained by the fact that their group of cognitively impaired did not meet MCI 

criteria13, and contained no subjects that progressed to dementia at follow-

up. We found stronger correlations with baseline scores on cognitive tests for 

whole brain measures than for hippocampal measures, which is congruent 

with findings by other studies.31 

Where hippocampal measurements are more sensitive markers early in 

the disease, we observe a shift towards an advantage of the use of whole 

brain volume measurements at a later stage. Moreover, we show that both 

hippocampal baseline volume and atrophy rate can be used to distinguish 

controls from MCI and predict progression, whereas of the whole brain 

measurements, only atrophy rate is able to do this. This finding seems to 

reflect that at the stage of MCI, considerable hippocampal atrophy has already 

taken place. Within MCI patients, baseline hippocampal volume was an even 

stronger predictor than hippocamal atrophy rate, and whole brain volume 

did not predict progression at all in this group. We showed that combining 

hippocampal baseline volume and atrophy rate leads to a much higher risk 

on progression than when either one is present. The predictive value of whole 

brain and hippocampal atrophy rates was lower in MCI patients than in the 

group of all non-demented subjects. This implies that the predictive effects of 
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these longitudinal measures are strongly driven by those patients that were 

at a very early stage (controls) at baseline, and showed fast progression from 

control to AD at follow-up, with concomitant high atrophy rates.

The fact that our controls included patients with subjective cognitive 

complaints might be seen as a limitation of our study. Indeed, with three 

of the 34 controls progressing to AD, our group contained a relatively high 

number of patients with pre-symptomatic pathology. Although the proportion 

of subjects that progress to AD or dementia in our MCI and control groups 

are higher than reported in community-based studies,32 they are comparable 

with other studies within memory clinic populations.33 Furthermore, we think 

it is a strength that our groups represent a typical memory clinic population, 

covering the complete cognitive continuum of AD and its preceding stages. 

Our findings extend on previous studies focussing on the progressive 

regional distribution of atrophy in AD and its preceding stages. Between MCI 

patients and controls, differences in atrophy (rates) have been described in 

medial temporal lobe structures.4,34,35 Increased hippocampal atrophy rates 

have even been found in patients with familial AD before clinical symptoms 

occur.34,36 In patients with AD, more widespread atrophy in other cortical areas 

occurs.4,34,35 This pattern of widespread atrophy is already evident in MCI 

patients later progressing to AD.37 We show that hippocampal atrophy (rate) 

does not differentiate AD patients from MCI, as has also been reported by 

others.8 This supports earlier findings that AD-like hippocampal atrophy rate 

is already established in a transitional stage (MCI).8,34 After this stage, because 

whole brain atrophy rates still increase with progressing disease severity,38,39 

whole brain atrophy rate becomes a better marker of disease progression than 

hippocampal volume measurements.    
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Abstract
Objective: To assess which baseline clinical and MRI measures influence 

whole-brain atrophy rates, measured from serial MR imaging. 

Patients & Methods: We recruited 65 AD patients (age mean±sd 70±8y, 58% 

women, MMSE 22±5), scanned with an average interval of 1.7±0.6 years. Whole-

brain atrophy rates were used as outcome measure. Baseline normalized brain 

volume, hippocampal volume and whole-brain atrophy rates were measured 

using 3D T1-weighted imaging. The influence of age, sex, apolipoprotein E 

genotype (APOE), baseline Mini-Mental State Examination (MMSE), baseline 

hippocampal volume, and baseline normalized brain volume on whole-brain 

atrophy rates was assessed using linear regression. 

Results: The mean whole-brain atrophy rate was -1.9±0.9% per year. In the 

multivariate model, younger age (ß(SE)=0.03(0.01); p=0.04), absence of APOE  

(ß(SE)=0.61(0.28); p=0.03), and a low MMSE (ß(SE)=0.11(0.03); p<0.001) were 

associated with a higher whole-brain atrophy rate. Furthermore, a relatively 

spared hippocampus predicted faster decline for patients with a smaller 

baseline brain volume (p=0.09), and with a lower MMSE (p=0.07). Finally, a 

smaller brain volume was associated with a higher rate of atrophy in younger 

patients (p=0.03). 

Conclusions: Our results suggest that is possible to characterise a subgroup 

of AD patients, that are at risk of faster loss of brain volume. Patients with 

more generalized, rather than focal hippocampal atrophy, who often have an 

onset before the age of 65, and are APOEε4 negative, seem to be at risk of 

faster whole-brain atrophy rates than the more commonly seen AD patients, 

who are older, APOE ε4 positive and have pronounced hippocampal atrophy.
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Introduction
Alzheimer’s disease is characterised by progressive cognitive impairment.1 

However, the course of AD is variable: not all patients progress at the same rate 

and the factors that influence or predict progression are not well understood.2,3 

Most commonly, progression of the disease is measured by change in cognition 

over time.2-5 However, clinical and neuropsychological measures may lack 

sensitivity to change, are subject to day-to-day variability, and are influenced by 

behavioral fluctuations and intercurrent illness and medication. Neuroimaging 

markers provide an alternative and objective assessment of progression. The 

use of whole-brain atrophy rates, measured from serial MR imaging, correlates 

well with clinical progression in untreated subjects.6-10 

Rates of whole brain atrophy within AD are most typically reported to amount 

to 2% per year11, with substantial variability among populations studied (1% to 

4%).7,12 Little is known about the determinants of this variability. We wished 

to assess which baseline demographic, clinical, and MRI variables influence 

whole-brain atrophy rates in AD.
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Material and methods
Patients  
We recruited 65 patients with clinically diagnosed AD attending our 

memory clinic. Patients underwent a standardized clinical assessment at 

baseline, including medical history, physical and neurological examination, 

laboratory tests, psychometric evaluation, and brain MRI. The mini-mental 

state examination (MMSE) was used as a measure of general cognitive 

function.13 Diagnoses were established during a multidisciplinary consensus 

meeting according to the NINCDS-ADRDA (National Institute of Neurological 

and Communicative Diseases and Stroke/Alzheimer’s Disease and Related 

Disorders Association) criteria for probable AD.14 Based on age at baseline MRI 

(roughly corresponding to age at diagnosis), patients were dichotomised in 

early onset (≤65 years) and late onset (>65 years) AD. The study was approved 

by the institutional ethical review board and all subjects gave written informed 

consent.

APOE
DNA was isolated from 10 ml EDTA blood. Apolipoprotein E (APOE) genotype 

was determined with the Light Cycler APOE mutation detection method (Roche 

Diagnostics GmbH, Mannheim, Germany). APOE was available from 53 of 65 

patients (82%) and was dichotomized according to APOE ε4 status (one or 

more versus no ε4 alleles present).

MRI
Between 2004 and 2006 all patients were invited for a repeat MR scan, so 

each of the subjects had 2 MR scans. Follow-up time is defined as time 

between the two MRI scans (mean interval 1.7 years, standard deviation 0.6; 

range 11m-4y2m). MR imaging was performed on a 1.0-T Siemens Magnetom 

Impact Expert scanner (Siemens AG, Erlangen, Germany) and included coronal 

T1-weighted 3D MPRAGE volumes (magnetization prepared rapid acquisition 

gradient echo; single slab 168 slices; voxel size 1x1x1.5 mm; repetition 

time=15ms; echo time=7ms; inversion time=300ms; flip angle 15°). Subjects 

were included only if they had two scans of adequate quality, performed on 

the same scanner using the same imaging protocol. Scans were reviewed by a 
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radiologist to exclude non-neurodegenerative pathology that could explain the 

cognitive impairment. NINDS-AIREN criteria15 were used to exclude patients 

with vascular dementia (3 patients).

Whole-brain volume and whole-brain atrophy rates
Normalized baseline brain volume (NBV) and percentage brain volume change 

(PBVC) between two time-points were determined using SIENAX and SIENA 

(Structural Image Evaluation, using Normalisation, of Atrophy), two fully 

automated techniques part of FSL (for a detailed explanation see: www.fmrib.

ox.ac.uk/analysis/research/siena/).16,17 

Whole-brain atrophy rates were measured with SIENA. Briefly, the brain was 

extracted using the brain extraction tool.17 Compared to standard SIENAX 

and SIENA, the procedure to remove non-brain tissue was slightly modified, 

because the brain extraction tool often leaves significant amounts of non-brain 

tissue (e.g. skull, meninges), while also removing cortex in some areas.18 To 

remove all non-brain tissue without losing cortex, we incorporated registration 

of a template mask to the individual scans. After this modified brain extraction 

procedure, the standard SIENA pipeline was continued. Using affine registration, 

the two scans were resampled in a common space to allow the change analysis. 

The skull was used as a scaling constraint in this step, in order to prevent the 

registration from introducing differences in head size between the two time 

points. The change analysis was then performed by applying automated tissue 

type segmentation, identifying edge points between brain tissue and other 

substances, and then estimating the perpendicular motion of the brain edge 

at these edge points. Finally, the average edge motion was converted to a 

percentage brain volume change (PBVC) between the two timepoints 

Baseline brain volume, normalized for subject head size, was measured with 

a cross-sectional modification of SIENA called SIENAX. Briefly, after brain 

extraction tissue-type segmentation with partial volume estimation was 

carried out in order to calculate total volume of brain tissue. In addition, to 

correct for inter individual differences in head size, a volumetric scaling factor 

was obtained by affine-registering the brain image to MNI152 space, using 
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the skull contour to determine the registration scaling. Baseline brain volume, 

normalized for subject head size, was then obtained by multiplying the volume 

of brain tissue by the volumetric scaling factor.

For SIENAX (cross-sectional) a brain volume accuracy of 0.5 to 1% has been 

reported, whereas for SIENA (longitudinal), an error of 0.15 to 0.20% on the 

PBVC scale has been reported.16 All individual scans, registration results, and 

SIENA(X) output were reviewed by a rater who was blinded to the diagnosis. 

Two scans were excluded from analysis, because movement artefacts in the 

original MRI data led to spurious results. 

Baseline hippocampal volume 
The in-house developed software package Show Images 3.7.0 was used for 

manual delineation of the baseline left and right hippocampus. The hippocampus 

was resliced and measured according to previously published criteria.19,20 

Briefly, the slice on which the hippocampal formation is first visible ventral 

to the amygdala was the most anterior slice measured. The ventral border is 

formed by the white matter of the parahippocampal gyrus. The dorsal border 

is formed by the amygdala in the anterior slices, more posterior cerebrospinal 

fluid (CSF) and the choroid plexus. The slice in which the crux of the fornix is 

visible in its total length was the most posterior slice measured. The dentate 

gyrus, cornu ammonis, subiculum, fimbria and alveus were measured (referred 

to as hippocampus). Measurements were performed by two operators, blinded 

to all clinical data. Reliability was assessed by measuring 10 brains twice: the 

mean intra-rater variability was below 5%, and mean inter-rater variability was 

below 8%. Hippocampal volume was computed by summing the delineated area 

of the region of interest on each slice and multiplying by the slice thickness. 

Left and right hippocampal volumes were averaged.
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Table 1. Baseline demographics, clinical and MRI characteristics

Total
Early onset AD 

(age≤65y)

Late onset AD 

(age>65)

N patients 65 26 39

Sex (women / men) 38 / 27 16 / 10 22 / 17

Age, years 70 (8) 58 (3) 73 (4)

Disease duration, years 3 (2) 3 (2) 3 (2)

No. apolipoprotein E genotype (ε4- / ε4+) a 13 / 40 7 / 16 5 / 23

Baseline MMSE score 22 (5) 22 (5) 22 (4)

Average hippocampal volume, mL 2.7 (0.4) 2.8 (0.4) 2.6 (0.4) *

Normalized brain volume, mL 1453 (88) 1452 (81) 1454 (94)

Follow-up time, years 1.7 (0.6) 1.7 (0.8) 1.7 (0.5)

MMSE change (points/year) b -2.1 (2) -2.4 (1.6) -1.9 (2.1)

Whole-brain atrophy rate, %/year -1.9 (0.9) -2.2 (1.1) -1.7 (0.8) *

Data are displayed as mean (sd), unless indicated otherwise. To test for differences 
between dichotomised age-groups (young: ≤ 65 and old: > 65) chi-squared test and 
ANOVA were used where appropriate. a = available for n=53; b= available for n=60;  
* p<0.05 versus early onset AD; MMSE = Mini-Mental State Examination

Statistics
Statistical analysis was performed with SPSS 12.0. Whole-brain atrophy rates 

(PBVC) were annualized by dividing by the time interval in years. A more 

negative whole-brain atrophy rate represents a larger relative brain volume loss 

per year. To test for differences between dichotomised age-groups (young: ≤ 

65 and old: > 65) chi-squared test and t-test were used. Associations between 

MMSE change and whole-brain atrophy rates were assessed using bivariate 

correlation. We used linear regression analysis to assess the effects of age, 

sex, APOE, baseline MMSE, hippocampal volume and normalized brain volume 

(independent variables) on whole-brain atrophy rate (dependent variable). In 

model 1, influence for each variable was assessed separately, univariate analyses 

are presented. In model 2 each variable is corrected for age and sex, which 

are known to influence many of the predictor variables (these two variables 

are tested in model containing only age and sex). Model 3 is the full model, 
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where the influence of all variables was tested simultaneously. Subsequently, 

interactions between baseline predictors were assessed, by entering bivariate 

interaction terms into a model containing all variables, except for APOE, as APOE 

data were not available for all patients. Interactions with APOE were calculated 

separately in the full model. When assessing interactions, dichotomised age 

was used (young: ≤ 65 and old: > 65). In general, statistical significance was 

set at p<0.05. Interactions were considered significant if p-values were lower 

than 0.10. 

Results
Baseline demographic, clinical and MRI characteristics are presented in Table 

1. AD patients in this study on average were 70±8 years old, 39 patients were 

above the age of 65 years, and 26 were 65 years or younger. Mean baseline 

MMSE was 22±5, indicating mild to moderate AD. The mean whole-brain 

atrophy rate for the AD group was -1.9±0.9% per year. Older AD patients had 

smaller baseline hippocampi (p<0.05), and a lower whole-brain atrophy rate 

(p<0.05) compared to young AD patients. Whole-brain atrophy rate correlated 

with annualized change in MMSE score (r=0.38; p<0.01).  

The effects of baseline demographic, clinical and MRI characteristics on whole-

brain atrophy rate were evaluated using linear regression analyses (Table 

2). In the univariate model, age, APOE, MMSE and hippocampal volume were 

associated with whole-brain atrophy rate. These effects remained comparable 

after correction for age and sex, and showed that earlier onset AD patients 

had a higher whole-brain atrophy rate, with an increase in whole-brain atrophy 

rate of 0.3% per year for every decade AD patients were younger. Compared 

with APOE ε4 positive patients, APOE ε4 negative patients had a 0.7% per 

year higher whole-brain atrophy rate. For every point lower on baseline MMSE, 

patients subsequently lost 0.1% more brain per year. There was an inverse 

relation between baseline hippocampal volume and whole-brain atrophy rate, 

with larger hippocampal volume being associated with a higher whole-brain 

atrophy rate. In model 3 (full model) the effects of age, APOE and MMSE 

remained significant. 
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Subsequently, bivariate interaction terms were entered into the model. First, 

we observed an interaction between hippocampal volume and normalized 

brain volume (p=0.09), indicating that in patients with a relatively spared 

hippocampal volume, a lower normalized brain volume was associated with a 

higher whole-brain atrophy rate, while this effect was not seen in patients with 

hippocampal atrophy at baseline (Figure 1). Secondly, there was an interaction 

between hippocampal volume and MMSE (p=0.07): a lower baseline MMSE was 

associated with a higher whole-brain atrophy rate in patients with a relatively 

large hippocampal volume, while this effect was not seen in patients with 

a smaller hippocampal volume (Figure 2). Finally, there was an interaction 

between age and normalized brain volume (p=0.03), indicating that among 

patients with a younger age a lower baseline normalized brain volume was 

associated with a higher whole-brain atrophy rate, while in patients with a 

higher age, normalized brain volume was not associated with whole-brain 

atrophy rate (Figure 3).

Table 2. Influence of baseline demographics, clinical and MRI characteristics 

on whole-brain atrophy rate

Model 1:

univariate

Model 2:

age, sex

Model 3:

full model

Age, per 1-year increment 0.03 (0.01) * 0.03 (0.01) * 0.03 (0.01) *

Sex, women 0.12 (0.24) 0.04 (0.23) -0.01 (0.24)

Apolipoprotein E genotype, ε4 present a 0.77 (0.30) * 0.71 (0.31) * 0.61 (0.28) *

Mini-Mental State Examination, 

per 1-point increment

0.09 (0.02) * 0.10 (0.02) * 0.11 (0.03) *

Hippocampal volume, 

per 1-mL increment

-0.60 (0.26) * -0.46 (0.28) + -0.03 (0.28)

Normalized brain volume, 

per 1-mL increment

0.002 (0.001) 0.002 (0.001) + 0.002 (0.001)

Data are presented as ß (SE) per unit. Model 1 represents the univariate analysis. In model 
2 the analysis is corrected for age and sex.  Model 3 is the full model (n=53). Negative 
estimates imply a higher whole-brain atrophy rate; positive estimates imply a lower 
whole-brain atrophy rate.

* p<0.05; + p<0.10;  a= available for n=53
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Figure 1. Scatter plot of whole-brain atrophy rate (%/y) by normalized brain volume (mL). 
For display purposes only, hippocampal volume has been dichotomized into small and 
large volume, based on median split. The intersecting regression lines of large (line) and 
small (dotted line) hippocampal volume indicate that the association between normalized 
brain volume and whole-brain atrophy rate is modified by the extent of hippocampal 
atrophy. While a low baseline brain volume is associated with a higher whole-brain 
atrophy rate for patients with a relatively spared hippocampus, this effect is not observed 

in the patient group with hippocampal atrophy.

Scatter:    ○ = small hippocampus;   ■ = large hippocampus

Regression line: — = small hippocampus; --- = large hippocampus
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Figure 2. Scatter plot of whole-brain atrophy rate (%/y) by baseline MMSE.  
For display purposes only, hippocampal volume has been dichotomized into large and 
small volume, based on median split. The intersecting regression lines of large (line) 
and small (dotted line) hippocampal volume indicate that whole-brain atrophy rate is 
differently affected by a low MMSE for patients with or without hippocampal atrophy. 
While a low MMSE is associated with a higher whole-brain atrophy rate for patients with a 
relatively spared hippocampus, this effect is not observed in patients with hippocampal 
atrophy.

Scatter:    ▲ = small hippocampus;   □  = large hippocampus 

Regression line: — = small hippocampus; --- = large hippocampus
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Figure 3. Scatter plot of whole-brain atrophy rate (%/y) by normalized brain volume 
(mL). Age has been dichotomized into young (≤65 y) versus old (>65 y) Alzheimer’s 
disease (AD) patients. The intersecting regression lines of young (line) versus old (dotted 
line) indicate that whole-brain atrophy rate is differently affected by the normalized brain 
volume in both age groups. While a low baseline brain volume for younger patients is 
associated with a higher whole-brain atrophy rate, indicating a faster decline, this effect 
is not observed in the older patient group.

Scatter:     ▲ = young AD;   □  = old AD

Regression line: — = young AD; --- = old AD
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Discussion
In this study we assessed which MRI and demographic factors influence whole-

brain atrophy rate in a sample of patients with a clinical diagnosis of AD. 

The main findings are that an earlier age, absence of APOE ε4 and a low 

MMSE at baseline were associated with higher whole-brain atrophy rate, as 

measured using serial MR imaging. Furthermore, a relatively spared baseline 

hippocampus predicted faster decline for AD patients with a smaller baseline 

brain volume and a lower MMSE score. Finally, a smaller brain volume was 

associated with a higher rate of whole brain atrophy in patients with a 

relatively younger age. Most studies focus on the early diagnosis of AD trying 

to identify diagnostic markers. Few studies have aimed at the identification of 

prognostic markers that influence the variation in rate of decline after patients 

have received the diagnosis of AD. In the majority of available studies that 

assess the progression of AD, change in cognitive function is used as a marker 

for disease progression.2-5 These studies report that there is substantial 

heterogeneity in the progression of AD. The severity of cognitive impairment 

at diagnosis is suggested to be an important predictor of progression.2,3 

Furthermore, patients with a slow rate of cognitive decline in the early stage of 

AD were unlikely to show a subsequent fast progression rate.2,5

We found younger age, absent APOE ε4 and low MMSE to be associated with 

a higher whole-brain atrophy rate. It has been suggested that the course of 

presenile dementia is more rapid.21 Papers that address familial AD (mostly 

early onset) report that patients progress more rapidly compared to sporadic 

AD (mostly late onset).22 We extend these findings by showing in a group of 

sporadic AD with a large variation in age, that an earlier age by itself predicts 

a faster whole-brain atrophy rate.

Within our sample of AD patients the presence of APOE ε4 – the most important 

genetic risk for AD – was associated with a lower whole-brain atrophy rate. 

Although in the non-demented elderly population APOE ε4 has shown to be 

associated with a higher rate of decline, this is attributable to APOE ε4 being 

a risk factor for AD and does not necessarily imply an effect on progression in 

established disease.23,24 The few studies that assess the effects of APOE ε4 on 

the rate of progression within AD tend to have comparable findings with our 

study. One study of AD patients reported that APOE ε4 carriers performed 

better on the MMSE.4 In another paper the proportion of APOE ε4 carriers 
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was not different between fast and slow progressing AD patients, though this 

was not formally tested.7 This would imply that APOE ε4 carriers, once they 

reach the AD stage, do not have atrophy rates that are more rapid than AD 

non-carriers. 

Finally, inspection of interactions showed that a smaller brain volume was 

associated with a higher whole-brain atrophy rate in patients with an early age. 

Furthermore a relatively spared hippocampal volume was predictive of a higher 

whole-brain atrophy rate in AD patients with a smaller normalized brain volume 

and a lower MMSE. At first sight, it seems counterintuitive, that patients with a 

large hippocampal volume were predisposed to a higher whole-brain atrophy 

rate. However, this effect was specific for those patients who in addition had a 

small baseline brain volume or low MMSE. These results suggest that patients 

with early brain volume loss due to atrophy in other regions than the medial 

temporal lobe, are at risk of faster decline, especially when they have an earlier 

age. Among the strengths of this study is the number of AD patients, who were 

collected in one center and underwent serial MR imaging on the same scanner. 

Patients were characterized in a uniform manner and the relatively large 

diagnosis was determined by a multidisciplinary team. Limitations of the study 

include that, even though we included a relatively large number of AD patients, 

these were not pathologically proven and not more than one repeated MRI scan 

was obtained per patient to monitor the course of the disease. Furthermore, 

APOE genotyping was missing in a minority of patients. Our AD patient sample 

was relatively young, with a mean age of 70 years. This can be explained by 

the fact that patients were recruited at a tertiary referral center, where many 

patients with early onset dementia are evaluated. The broad age range of our 

patient sample provided us with the unique opportunity to explore the effect 

of age on clinical characteristics of AD. 

Clinically, different phenotypes of AD have been described.25,26 It has been 

suggested that AD patients with an onset before the age of 65, who are APOE 

ε4 negative often have a distinct clinical profile, with prominent parietal 

dysfunction.27,28 It is tempting to think that these patients have early biparietal 

and more generalized atrophy, rather than focal medial temporal lobe atrophy. 

Our data suggest that these patients may be at risk of faster global disease 

progression than the more commonly seen sporadic AD patients, who are 

older, APOE ε4 positive and have pronounced hippocampal atrophy.
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Abstract
Objectives: To assess associations between cerebrospinal fluid (CSF) biomarker 

levels and MRI-based whole-brain atrophy rate in mild cognitive impairment 

(MCI) and Alzheimer’s disease (AD).

Methods: We included 99 patients (47 AD, 29 MCI, 23 controls) who 

underwent lumbar puncture at baseline and repeat MRI. A subgroup of 48 

patients underwent a second lumbar puncture. CSF levels of beta-amyloid1-42  

(Aß
1-42

), tau and tau phosphorylated at threonine-181 (P-tau
181

), and whole-

brain atrophy rate were measured. 

Results: Across groups, baseline Aß
1-42

 and tau were modestly associated with 

whole-brain atrophy rate. Adjusted for age, sex and diagnosis, we found no 

association between Aß
1-42

 or tau, and whole-brain atrophy rate. By contrast, 

high CSF levels of P-tau
181

 showed a mild association with a lower whole-brain 

atrophy rate in AD but not in controls or MCI patients. Finally, whole-brain 

atrophy rate was associated with change in MMSE, but change in CSF biomarker 

levels was not.

Conclusions: Whole-brain atrophy rate and CSF levels of Aß
1-42

, tau or P-tau
181 

provide complementary information in patients with MCI and AD.
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Introduction
Both cerebrospinal fluid biomarkers and magnetic resonance imaging are 

increasingly used to detect and characterise brain changes associated with 

Alzheimer’s disease in vivo. In CSF, decreased Aß
1-42

 levels and increased 

tau, and P-tau
181

 levels are thought to reflect the presence of AD pathology.1 

These CSF biomarkers have been shown to differentiate patients with AD from 

control subjects with reasonable accuracy.37 Moreover, these changes can be 

detected in patients with mild cognitive impairment (MCI) who will progress to 

AD.2;15 Brain tissue loss (atrophy) secondary to the neurodegenerative disease 

process can be visualized and measured using MRI. Whole-brain atrophy rate, 

measured from serial MRI, correlates well with disease and clinical progression 

in patients with MCI and AD.10;11;18

Although both MRI and CSF biomarkers have been shown to be valuable 

markers of disease in MCI and AD36,37, the relation between these markers 

has been less well studied. In cross-sectional studies, CSF biomarkers have 

been reported not to be related to MRI measures of atrophy, suggesting that 

these markers reflect different aspects of Alzheimer type neuropathology.25,26 

However, longitudinal studies are needed, to clarify the relationship between 

these markers. The few studies that have reported CSF biomarkers and MRI 

measures in a longitudinal design, have used relatively small sample sizes, 

and have shown conflicting results in terms of whether or not these markers 

are associated.7,13,35 

The objective of the present investigation was to assess whether MRI measures 

and CSF biomarkers are related or provide independent information. We 

therefore assessed the relationship between baseline levels of CSF Aß
1-42

, 

tau, and P-tau
181

 and whole-brain atrophy rate in patients with AD, MCI, and 

controls. In addition, we studied the association between longitudinal change 

of these CSF biomarker levels, whole-brain atrophy rates, and change in 

cognitive function.
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Material and methods
Patients
We included 47 patients with AD, 29 patients with MCI and 23 controls with 

baseline CSF and repeat MRI scans from our memory clinic. All patients 

underwent lumbar puncture (LP) at baseline and MRI at baseline and follow 

up. At follow-up, 48 patients (20 AD, 17 MCI, 11 controls) agreed to undergo 

a second lumbar puncture. Follow-up time was defined as time between the 

two MRI scans (mean interval 1.7 years, standard deviation 0.7; range 11m-4y). 

Patients underwent a standardized clinical assessment including medical 

history, physical and neurological examination, psychometric evaluation, 

and brain MRI. The Mini-Mental State Examination (MMSE) was used as a 

measure of general cognitive function.9 Diagnoses were established during a 

multidisciplinary consensus meeting according to the Petersen criteria for MCI23 

and the NINCDS-ADRDA (National Institute of Neurological and Communicative 

Diseases and Stroke/Alzheimer’s Disease and Related Disorders Association) 

criteria for probable AD.19 The team involved in the diagnostic work-up was 

not aware of the results of the CSF analyses or the whole-brain atrophy rates. 

The control group consisted of 18 patients who presented to our memory 

clinic with subjective complaints, but who –after careful investigation- were 

considered to be cognitively normal. Additionally, we included 5 volunteers 

without cognitive complaints, who underwent the same diagnostic procedure 

as patients attending our memory clinic. The study was approved by the 

institutional ethical review board and all subjects gave written informed 

consent.

Clinical assessment at follow-up
Non-demented subjects (MCI and controls) visited the memory clinic annually 

(maximum: 4 visits). Diagnostic classification was re-evaluated at follow-up. 

The clinical diagnosis of dementia was determined according to published 

consensus criteria.19,21 Within the MCI group, 12 patients remained stable, and 

17 progressed to AD19, one to fronto-temporal lobar degeneration (FTLD).21 

Within the control group two patients with subjective complaints progressed 

to MCI, two to AD and one to FTLD, while 14 controls remained stable. Among 

the 48 patients with repeated LP, one control progressed to MCI (10 remained 

stable), and 11 patients with MCI progressed to AD, while 6 remained stable. 

The two patients converting to FTLD were excluded from analysis, leaving a 

sample size of 99 patients. 
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MRI
MR imaging was performed on a 1.0-T Siemens Magnetom Impact Expert 

scanner (Siemens AG, Erlangen, Germany) and included coronal T1-weighted 

3D MPRAGE volumes (magnetization prepared rapid acquisition gradient echo; 

single slab 168 slices; matrix 256x256; FOV 250mm; voxel size 1x1x1.5 mm; 

repetition time=15ms; echo time=7ms; inversion time=300ms; flip angle 15°). 

All subjects included had two scans of adequate quality, performed on the 

same scanner using an identical imaging protocol. Scans were reviewed by 

a radiologist to exclude non-neurodegenerative pathology that could explain 

the cognitive impairment. Scans that fulfilled radiological criteria of the NINDS-

AIREN for vascular dementia were excluded.32

Whole-brain atrophy rates were measured with SIENA (Structural Image 

Evaluation, using Normalisation, of Atrophy), a fully automated technique part 

of FSL (for a detailed explanation see: www.fmrib.ox.ac.uk/analysis/research/

siena).31 Briefly, the brain was extracted using the brain extraction tool.30 

Compared to standard SIENA, the procedure to remove non-brain tissue was 

slightly modified, because the brain extraction tool often leaves significant 

amounts of non-brain tissue (e.g. skull, meninges), while also removing 

cortex in some areas.16 To remove all non-brain tissue without losing cortex, 

we incorporated in the procedure the registration of a template mask to the 

individual scans. After this modified brain extraction procedure, the standard 

SIENA pipeline was continued. Using affine registration, the two scans were 

resampled in a common space to allow the change analysis. The skull was used 

as a scaling constraint in this step, in order to prevent the registration from 

introducing differences in head size between the two time points. The change 

analysis was then performed by applying automated tissue type segmentation, 

identifying edge points between brain tissue and other substances, and then 

estimating the perpendicular motion of the brain edge at these edge points. 

Finally, the average edge motion was converted to a percentage brain volume 

change (PBVC) between the two time points. For SIENA, an error of 0.15 to 

0.20% on the PBVC scale has been reported.31 All individual scans, registration 

results, and SIENA output were reviewed by a rater who was blinded to the 

diagnosis. 



128 

Chapter 7

CSF
CSF was obtained by LP between the L3/L4 or L4/L5 intervertebral space, 

using a 25-gauge needle, and collected in 12-mL polypropylene tubes. Within 

two hours, CSF samples were centrifuged at 2100g for 10 minutes at 4˚C. 

A small amount of CSF was used for routine analysis, including total cells 

(leucocytes and erythrocytes), total protein and glucose. CSF was aliquoted in 

polypropylene tubes of 0.5 or 1 ml, and stored at -80˚C until further analysis. 

CSF Aß
1-42

 , tau and P-tau
181

 were measured as described previously.3 The intra-

assay coefficient of variation (CV) was 2.8% for Aß
1-42

, 3.7% for tau and 1.6% 

for P-tau
181

. The inter-assay coefficient of variation (CV) was 13.5% for Aß
1-42

, 

10.2% for tau and 12.8% for P-tau
181

. To circumvent inter-assay variability, 

baseline and follow-up samples were run in the same assay at the time of the 

second spinal tap.4

Statistics
Statistical analysis was performed with SPSS 12.0 (2003, Chicago, IL). Whole-

brain atrophy rate (PBVC), change in CSF biomarker levels, and change in 

MMSE over time were annualized by dividing by the time interval in years. 

A more negative whole-brain atrophy rate represents a larger relative brain 

volume loss per year. CSF biomarker levels were log-transformed. Frequency 

distributions for sex were compared with chi-squared tests. One way Analysis 

of Variance (ANOVA) adjusted for age and sex, with post hoc Bonferroni tests 

was used to compare continuous variables between the diagnostic groups. 

To assess associations between baseline CSF biomarker levels and whole-

brain atrophy rate, we first calculated Pearson’s correlations across the whole 

group. We then used linear regression analyses with baseline CSF biomarkers 

as independent variables, and whole-brain atrophy rate as dependent variable. 

We used three models, one for each CSF biomarker. Age, sex and diagnosis 

(using dummy variables) were entered as covariates. To check if associations 

with CSF biomarker levels differed according to diagnostic group, interaction 

terms (dummy-diagnosis * CSF biomarker) were included in the model. If there 

was a significant interaction between diagnosis and CSF biomarker (p≤0.05), 

ß[SE] are displayed for each diagnostic group separately. When no significant 

interaction was found, the overall ß is reported. Finally, associations between 
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annualized whole-brain atrophy rate, annualized change in CSF biomarker 

levels, and annualized change in MMSE score were assessed using bivariate 

correlations (available for 46 patients).

Results
Demographic and clinical data are presented by patient group in Table 1. MCI 

patients were older when compared to AD patients. We found no difference in 

sex or follow-up time. Annualized whole-brain atrophy rate differed between 

diagnostic groups (p<0.001). We also found group differences for baseline Aß
1-

42
  (p<0.001), tau, and P-tau

181
 (both p<0.01). By contrast, annualized change in 

CSF c, tau, and P-tau
181

 levels over time did not differ between patient groups 

(all p>0.49). 

To investigate associations between baseline CSF levels of Aß
1-42

 , tau, and 

P-tau
181

 and whole-brain atrophy rate, we first performed bivariate correlations 

across the whole sample, as shown in Figure 1. Lower baseline CSF levels 

of Aß
1-42

  (r=0.36, p<0.001) and higher tau levels (r=-0.27, p<0.01) were 

associated with a higher whole-brain atrophy rate, while CSF P-tau
181

 levels 

were not (r=-0.16, p=0.10). After adjustment for age, sex, and diagnosis in 

linear regression analyses we found no association between Aß
1-42

  and whole-

brain atrophy rate (ß[SE] 0.34[0.26], p=0.19). The interaction terms for CSF 

biomarker and diagnosis were significant for tau (p=0.02) and P-tau
181

(p=0.02), 

implying that associations of these CSF biomarkers and whole-brain atrophy 

rate were different for the diagnostic groups. In the control group there was 

a trend for increased tau to be associated with a higher whole-brain atrophy 

rate (ß[SE] -0.62 [0.32], p=0.06), however after exclusion of the two patients 

who progressed to AD the effect disappeared. Furthermore, this effect was not 

observed in MCI (ß[SE] -0.39 [0.33], p=0.24), or AD (ß[SE] 0.43 [0.27], p=0.11). 

By contrast, increased P-tau
181

 levels were associated with a lower whole-brain 

atrophy rate (ß[SE] 0.78 [0.35], p=0.03) in the AD group. The effects in the 

control group (ß[SE] -0.54[0.40], p=0.18) and MCI group (ß[SE] -0.52 [0.40], 

p=0.19), though not significant, were in the opposite direction of that in the 

AD group.
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Finally, we studied associations between change in CSF biomarker levels over 

time, and whole-brain atrophy rate. Across groups, change in Aß
1-42

  (r=0.02, 

p=0.90), tau (r=0.08, p=0.59), and P-tau
181

 (r=0.06, p=0.68) levels were not 

associated with whole-brain atrophy rate. In addition, we assessed longitudinal 

associations of change in CSF biomarker levels, whole-brain atrophy rate, and 

change in MMSE score over time. While whole-brain atrophy rate was associated 

with change in MMSE score (r=0.43, p<0.01), change in CSF levels of Aß
1-42

 , 

(r=0.18, p=0.23), tau (r=-0.03, p=0.83), and P-tau
18

 (r=-0.07, p=0.96) were not.

Table 1 Demographic and clinical variables by diagnostic group

Control MCI AD

N 23 29 47

Age-at-diagnosis (y) 66 (9) 71 (6) 65 (8) b

Sex (w/m) 11 / 12 15 / 14 25 / 22

Baseline MMSE score 29 (2) 26 (3) a 22 (5) d,e

Follow-up time (MRI) (y) 1.9 (1.0) 1.7 (0.6) 1.6 (0.5)

Time to last diagnosis (y) 2.2 (0.8) 1.8 (0.7) -

Diagnosis at follow up 2 AD 17 AD -

Baseline Aβ1-42 696 (249) 481 (201) d 384 (119) d

Baseline tau 457 (390) 589 (286) 819 (463) c

Baseline P-tau181 64 (34) 80 (33) 91 (34) c

Annualized change in CSF Aβ1-42 level+ 32 (68) 18 (35) 35 (32)

Annualized change in CSF tau level+ 25 (43) 36 (52) 63 (129)

Annualized change in CSF P-tau181 level + 1 (2) 2 (4) 0.0 (6)

Annualized whole-brain atrophy rate (%/y) -0.6 (0.6) -1.1 (1.0) a -1.9 (1.0) b,d

Annualized change in MMSE score -0.2 (1.1) -1.5 (2.7) a -2.2 (1.8) c

Data are presented as mean (sd), unless indicated otherwise. Differences between 
groups were assessed using ANOVA (age and sex as covariates where appropriate, 
post-hoc Bonferroni correction p<0.05). Please note that raw values are shown for CSF 
biomarkers (pg/mL), while log-transformed variables were used for statistical analysis. 
MCI=mild cognitive impairment; AD=Alzheimer’s disease; FTLD=Frontotemporal 
Lobar Degeneration; MMSE=mini-mental state examination; CSF=Cerebrospinal fluid; 
Aß

1-42
 =beta-amyloid

1-42
; P-tau

181
= tau phosphorylated at threonine-181 ; MRI=Magnetic 

Resonance Imaging.  a  p<0.05 compared to controls; b p<0.05 compared to MCI; c 
p<0.01 compared to controls; d  p<0.001 compared to controls; e p<0.001 compared to 
MCI + = longitudinal data available for 48 patients. 
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Figure 1. CSF biomarker levels and 
annualized whole-brain atrophy rates. 
Scatter plots of baseline CSF biomarker 
levels versus annualized whole-brain atrophy 
rate. (A.) Across diagnostic groups baseline 
Aß

1-42
 
 
levels and whole-brain atrophy 

rate were associated (r=0.36, p<0.001). In 
diagnostic groups no association was found. 
(B.) Across diagnostic groups tau levels and 
whole-brain atrophy rate were associated (r=-
0.27, p=0.01). In the control group there was 
a trend for increased tau to be associated 
with a higher whole-brain atrophy rate (ß[SE] 
-0.62 [0.32], p=0.06). However, this effect 
disappeared when the three patients, who 
progressed to dementia were excluded. (C.) 
Across diagnostic groups P-tau

181
 levels were 

not associated (r=-0.16, p=0.10). By contrast, 
there was a modest effect of an increased 
P-tau

181
 level in the AD group (ß[SE] 0.78 

[0.35], p=0.03) being associated with a lower 
whole-brain atrophy rate.

_ = fit line across groups
∆ = controls; □ = MCI; ○ = AD 

A B

C
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Discussion
The major finding of this study is that, notwithstanding modest correlations 

of baseline CSF biomarker levels and whole-brain atrophy rate across groups, 

hardly any association within diagnostic groups was found. Whole-brain 

atrophy rate was associated with clinical progression, measured by change 

in MMSE score, but longitudinal changes in the CSF biomarker levels were 

not. Thus, MRI and CSF biomarkers appear to reflect different aspects of AD: 

whole-brain atrophy rate appears to be linked to the clinical progression of the 

disease, whereas CSF biomarkers seem to reflect disease state rather than rate 

of progression.

Both CSF biomarker levels and atrophy on MRI are used in the diagnostic 

work-up of AD.10,36,37 Moreover, both marker types are predictive of dementia 

in patients with MCI.2,8,15,17 Previous studies typically report lowered CSF 

levels of Aß
1-42

 , and elevated tau and P-tau, and higher rates of whole brain 

atrophy in MCI and AD.1,27 Our study confirms these results, which have been 

published previously in overlapping samples, derived from the same memory 

clinic population.3,29 Relatively few studies have combined CSF biomarker 

levels and atrophy measured from MRI, using a cross-sectional design2,25,26 or 

a longitudinal design.7,13,35 Of the longitudinal studies, one study described 

positive correlations between baseline CSF biomarkers and change in MRI 

measures in a group with a wide variation in cognitive impairment.35 A 

second study described the relation between increase in tau phosphorylated 

at threonine-231 (P-tau
231

) and Aß
1-42

  and decrease in hippocampal volume 

in seven patients with MCI.7 Finally, a study involving 22 AD patients found 

high baseline CSF levels of P-tau
231

 to be associated with a higher rate of 

hippocampal atrophy.13 In the present study, however, we were not able to 

confirm these findings despite our larger patient sample. 

For tau we found an association across groups with, as expected, higher 

levels of tau being related to a faster rate of atrophy; however we did not 

find this association within diagnostic groups. A trend towards higher tau 

being associated with higher whole-brain atrophy rates within the control 

group, could be ascribed to a few subjects showing clinical progression, 

since the effect disappeared after exclusion of three subjects who progressed 

to dementia. It might be argued that these subjects should not have been 
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included in the control group. However, because the risk of dementia increases 

with age, healthy elderly may progress to dementia.33 Moreover, the cognitive 

continuum of dementia shows a gradual decline, and boundaries between 

AD and MCI are somewhat arbitrary.12 We therefore think by including these 

progressing patients, we included the whole cognitive spectrum and studied a 

typical heterogeneous memory clinic population. 

In contrast to Aß
1-42

  and tau, baseline P-tau
181

 was weakly associated with 

whole-brain atrophy rate within the AD group, but not across groups. When we 

started this study, we hypothesised that patients with a larger load of senile 

plaques and neurofibrillary tangles (reflected by CSF biomarker levels), would 

have a higher rate of neuronal loss, consequently leading to a higher whole-

brain atrophy rate. Our study did not confirm this. In fact, we found a modest 

effect in the opposite direction, with a higher (more abnormal) P-tau
181

being 

related to a lower (less abnormal) whole-brain atrophy rate. We are unsure how 

to interpret this finding. We cannot exclude the possibility that some of our 

AD patients were misdiagnosed, especially since no post mortem verification 

of diagnosis was available. However, all patients fulfilled NINDS-ADRDA clinical 

criteria for probable AD, which was confirmed both at baseline and at follow-

up in multidisciplinary consensus meetings. Our findings might suggest the 

existence of subtypes of AD with differential combinations of levels of p-tau 

and atrophy rates. These results are comparable to our finding that, while 

for MCI patients the APOEε4 genotype is a predictor of faster subsequent 

progression, we observe the opposite in AD patients, as APOE ε4 positive 

patients show a slower atrophy rate.28 These results suggest that patients 

who – despite their favourable APOE ε3 status – still develop AD, have a more 

aggressive form of the disease. Likewise, it seems that those who show clinical 

AD in spite of relatively low levels of p-tau, are likely to have slightly higher 

atrophy rates.  

Post mortem studies have shown considerable overlap in the neuropathological 

features associated with AD, regardless of whether or not dementia was 

actually present during life.20 This implies that other factors than senile 

plaques and neurofibrillary tangles must be involved in the development of the 

clinical syndrome of dementia. Indeed, it has been reported that brain volume 
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by itself is a good predictor of dementia, independent of senile plaque and 

neurofibrillary tangle load.20 Our results are in line with these neuropathological 

findings, since we hardly found any association of whole-brain atrophy rates 

and CSF biomarker levels. This could imply that brain volume loss in vivo, 

measured with MRI, and CSF biomarker levels, which are thought to represent 

senile plaque and neurofibrillary tangle load, reflect different aspects of AD.

Among the strengths of this study is that we investigated the association of two 

widely used markers (CSF and MRI) in a large cohort of MCI, AD patients and 

controls derived from a memory clinic, in a prospective longitudinal fashion. 

For every patient, baseline CSF and longitudinal MRI were available. Follow up 

CSF data were available for a large subgroup. A limitation of this study may be 

that we used MRI scans that were obtained on a 1T scanner. We feel however 

that T1 scans have sufficient contrast of parenchyma-CSF, while the gain of 

scans obtained at a higher field strenght largely lies in increased gray-white 

matter contrast. As we assessed the whole-brain, rather than gray and white 

matter separately, we feel that our scans had sufficient quality. In addition, it 

could be argued that hippocampal atrophy is a more specific marker for AD 

than whole-brain atrophy rate24, which is increased in a number of different 

diseases that cause dementia.6,22 However, senile plaques and neurofibrillary 

tangles accumulate throughout the brain, and are not exclusively found in the 

medial temporal lobe.5 Our control group that included patients with subjective 

complaints may limit the generalisability of the results, since patients with 

subjective complaints are known to have an increased risk of progression to 

dementia.34 However, the present study did not focus on differences between 

groups, but rather, on associations between two different types of biomarkers. 

We deliberately included the entire cognitive spectrum, and showed that – 

across the entire cognitive spectrum, MRI atrophy rate and CSF biomarkers 

were modestly correlated. Within diagnostic groups however, there was hardly 

any relationship. When healthy controls only would have been included, these 

results would be unaltered. Another possible limitation is our relatively high 

number of converters. All patients were assessed in a standardized way and 

diagnosed according to the criteria of Petersen.23 Compared to the conversion 

rate of 12% per year reported by Petersen et al, the conversion rate of 59% over 

a period of almost two years in our group of MCI patients seems rather high. 
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However, our results are comparable to the conversion rate of other memory 

clinics14, while the conversion rate reported by Petersen et al was found in a 

general community setting.

In contrast to whole-brain atrophy rates which were associated with change 

in MMSE score over time, longitudinal changes in CSF biomarker levels were 

not. These results suggest that for tracking the rate of progression of AD, 

whole-brain atrophy rates are more useful than CSF levels of Aß
1-42

 , tau, and 

P-tau
181

; by contrast these CSF markers can be considered to be disease state 

markers, which may be more sensitive as diagnostic tools, possibly in earlier 

stages of AD. 
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General Discussion, Summary &
Future perspectives

The general objective of this thesis was to expand insights in the use of 

longitudinal whole-brain and regional MR imaging in the early detection, 

diagnosis and prognosis of AD. Furthermore, it explored the association of 

these atrophy markers with clinical, genetic and cerebrospinal fluid biomarkers, 

aiming to develop a better understanding of the course of the disease. In this 

thesis, we showed that the clinical role of longitudinal neuroimaging extends 

beyond diagnosis, and can play an important part in prognosis as well. In the 

present chapter, the main findings of the thesis are summarized, followed by 

a discussion of the disease pathology, methodology, and implications of these 

findings for research and clinical practice. Finally, recommendations for future 

research are given.

Summary of findings
In chapter 2 we used VBM to find out whether structural differences on MR 

imaging offer insight in the development of clinical AD in patients with amnestic 

MCI at 3-year follow-up. By studying the converting versus the non-converting 

MCI population, we found atrophy beyond the medial temporal lobe to be 

characteristic of patients with MCI prone to progress to dementia. Atrophy of 

several gray matter structures, including the left lateral temporal lobe and left 

parietal cortex independently predicted conversion.

In chapter 3, we prospectively determined baseline brain volume and whole-

brain atrophy rate, using SIENAX and SIENA respectively. We assessed their 

association with cognitive decline, and also investigated the risk of progression 

to dementia in initially non-demented patients, based on whole-brain volume 

at baseline and whole-brain atrophy rate. We showed that whole-brain atrophy 

rate discriminates between controls, patients with subjective complaints, MCI 

and AD, better than cross-sectional brain volume does. Furthermore, whole-

brain atrophy rate was strongly associated with the rate of cognitive decline. 

In non-demented participants, a high whole-brain atrophy rate (fast volume 

loss) was associated with an increased risk of progression to dementia. The 
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association with cognitive decline indicates that rate of atrophy could be 

valuable as a measure for tracking disease progression. Moreover, whole-brain 

atrophy rates might be used to predict conversion to dementia.

In chapter 4, we used Fluid, a robust and accurate non-linear registration 

algorithm, to estimate regional atrophy rates. Our objective was to track the 

regional lobar atrophy pattern in the progression from normal aging to AD. We 

observed that atrophy spreads through the brain with development of AD: MCI 

is marked by temporal lobe atrophy. In AD, the medial temporal lobe atrophy 

rate remains comparable to MCI, whilst the other parts of the temporal lobe 

demonstrate an even higher atrophy rate. Moreover, atrophy also accelerates in 

parietal, frontal, insular and occipital lobes when patients reach the AD stage. 

Finally, we showed that in non-demented elderly, the rate of medial temporal 

lobe atrophy was most predictive of progression to AD, demonstrating the 

importance of this region in the early detection of AD.

In chapter 5, we looked into the added value of hippocampal atrophy rates over 

whole brain atrophy measurements. We examined the applicability of different 

types of measurements hippocampal and whole-brain atrophy by comparing 

their ability to distinguish between controls, MCI and AD, and their ability 

to predict progression to AD within controls and MCI. Finally, we compared 

cross-sectional and longitudinal measurement of the hippocampus and whole 

brain. We demonstrated that hippocampal measures, especially hippocampal 

atrophy rate, best discriminate MCI from controls. Whole brain atrophy rate 

discriminates AD from MCI. Hippocampal atrophy is the strongest predictor of 

progression to AD. We conclude that hippocampal atrophy rates have added 

value of over whole brain volume measurements in the early diagnosis of AD.

In chapter 6, we evaluated which baseline clinical and MRI measures influence 

rate of progression within AD, using whole-brain atrophy rates measured 

from serial MR imaging, derived with SIENA as outcome measure. Our results 

suggest it is possible to characterise a subgroup of AD patients that are at risk 

of faster loss of brain volume. Patients with more generalized atrophy, rather 

than focal hippocampal atrophy, with an onset of disease before the age of 

65, and who are APOE ε4 negative, seem to be at risk of faster whole-brain 
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atrophy rates than the more commonly seen AD patients, who are generally 

older, APOE ε4 positive and mainly have pronounced hippocampal atrophy. 

This implies there are different phenotypes within AD.

In chapter 7 we investigated associations between cross-sectional and 

longitudinal CSF biomarker levels and MRI-based whole-brain atrophy rate in 

MCI and AD. We found that across groups, baseline Aß
1-42

 and tau were modestly 

associated with whole-brain atrophy rate. Adjusted for age, sex and diagnosis, 

we found no association between Aß
1-42

 or tau, and whole-brain atrophy rate. 

By contrast, high CSF levels of P-tau
181

 showed a mild association with a lower 

whole-brain atrophy rate in AD but not in controls or MCI patients. Finally, 

whole-brain atrophy rate was associated with change in MMSE, but change 

in CSF biomarker levels was not. We concluded that whole-brain atrophy rate 

and CSF levels of Aß
1-42

, tau or P-tau
181

 provide complementary information in 

patients with MCI and AD.

General discussion & Conclusions
Disease pathology
Neuropathological studies report that AD pathology spreads through the brain 

in a predictable fashion.1 For neurofibrillary tangles the accumulation can 

be described in six stages: Stages I-II show alterations in the transentorhinal 

regions, stages III-IV are known as the limbic stage, while stage V-VI are 

marked by isocortical destruction. The accumulation of amyloid deposits can 

be divided in three stages: Stage A shows initial deposits in the basal portions 

of the isocortex, stage B shows amyloid in virtually all isocortical association 

areas, but the hippocampal formation is only mildly involved, while in  stage 

C end-stage deposits can be observed throughout the isocortex. However, by 

definition, autopsy studies are post hoc and cross-sectional in design. Even 

though they are essential in uncovering the biological basis of clinical AD, they 

clearly cannot provide clinical–histological correlations in the individual during 

life. 

This thesis shows that atrophy rates accelerate throughout the brain with 

the progression of cognitive decline, as observed in vivo using serial MRI. In 

controls, only a mild acceleration of medial temporal lobe atrophy is seen, in 
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concurrence with previous studies,2-4 which is thought to be associated with 

normal ageing.5 In MCI, the temporal lobe shows the greatest atrophy rate, but 

atrophy already extends beyond the medial temporal lobe, as atrophy rates 

in the remaining part of the temporal lobe are equally high. Atrophy rates in 

the medial temporal lobe were no higher in the AD patients than in the MCI 

patients, implying that rate of neurodegeneration in this region may already 

be at a maximum prior to the clinical diagnosis of AD. The progression to 

AD is characterised by increasing atrophy rates in the rest of the temporal 

lobe, and atrophy also accelerating in parietal, frontal and occipital lobes. 

This entails that neocortical involvement is an important characteristic of 

progression from MCI to clinical AD.6,7 We conclude that the pattern of regional 

atrophy rates changes with the development of neurodegenerative disease. In 

addition, we show that the regional atrophy pattern closely follows the pattern 

of accumulating neurofibrillary tangles as described by Braak.1 

Methodology
Cohort
We strived to create a cohort that included the whole cognitive spectrum. 

We included a relatively large number of subjects from one center where all 

subjects have been carefully defined using a standardized diagnostic battery. 

As a consequence, subjects are characterized in a uniform manner and the 

diagnosis was determined by a multidisciplinary team. Besides patients 

with AD and MCI, we included both patients with subjective complaints and 

volunteers without complaints. At baseline, we found no differences between 

healthy volunteers and patients with subjective complaints, and we therefore 

pooled these subjects in one control group. However, patients presenting at 

a memory clinic with subjective complaints are known to have a higher risk of 

developing AD.8-10 In fact, during follow-up three patients converted to AD and 

one to FTLD. One could argue that these patients should have been excluded, 

as they did not remain control-like throughout the study. However, we feel that, 

since they fulfilled initial inclusion criteria, excluding these patients would 

have biased the results. Nevertheless, their influence on the overall results is 

limited and exclusion of these patients had no major effects. 

 



146 

Chapter 8

Computational analyses 
In this thesis we analyzed 3D volumes acquired using MR imaging with three 

different neurocomputational analyses. Firstly, we used VBM,11 which uses 

a moderate non-linear registration, and is driven by both voxel-intensity 

and anatomical probability maps. Statistical analysis entails a voxel-wise 

comparison between or within groups, and if desired, differences in volume 

can be quantified within defined standardized brain regions. An advantage of 

VBM is the unbiased way in which atrophy throughout the brain is assessed 

throughout the brain. The main disadvantage of VBM as applied in this thesis 

is the cross-sectional nature of the analysis, which suffers from inter-individual 

variety in brain structure and ageing. Nowadays, the application of longitudinal 

VBM has become available. Secondly, we acquired whole brain volumes 

and atrophy rates with SIENA(X),12 a volumetric analysis that uses a linear 

registration, which can be performed cross-sectional as well as longitudinal. 

An advantage is the low calculation time. A disadvantage is the fact that only 

whole-brain atrophy measures were available. Nevertheless, it can be used 

to distinguish patients on a group level. Thirdly, we used Fluid,13 a robust 

non-linear registration algorithm driven by voxel-intensity, developed at the 

Dementia Research Centre (University College London). A disadvantage of this 

technique is the long calculation time. We have overcome this problem by 

using a powerful network of parallel computers for analyses (Virtual Laboratory 

for e-Science; www.vl-e.nl ). Clear advantages of this technique are the robust 

nature and the detailed information generated about regional atrophy in the 

individual, which makes it possible to accurately track the pattern of atrophy 

throughout the course of the disease.9,10

Implications for Clinical practice and Research
At present the diagnosis of AD is made according to clinical criteria, in these 

guidelines neuroimaging is mainly used to exclude non-neurodegenerative 

pathology.14 Currently in clinical practice cross-sectional neuroimaging 

-amongst clinical, neuropsychological and other biomarkers- is used more 

often to establish a diagnosis, by gathering positive evidence to support the 

diagnosis.10,15 Nevertheless, diagnostic accuracy leaves room for improvement, 

as there is substantial overlap between groups.16 In this thesis we use two 

approaches to improve the diagnostic accuracy. Firstly, it is known that 
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cross-sectional imaging suffers the confounding influence of inter-individual 

variability in brain structure and ageing. Longitudinal imaging offers a means 

to overcome this problem. Secondly, more sensitive methods can be used to 

analyze the data. We demonstrate that longitudinal MRI measures are more 

sensitive than cross-sectional volumes, as atrophy rates were able to separate 

AD from MCI, and MCI from controls. The clinical relevance of longitudinal 

atrophy rates is further demonstrated by the association with cognition and 

cognitive decline. Moreover, since individuals with a higher whole-brain and 

regional atrophy rate had greater risks of progression to dementia, repeat 

MR imaging can be helpful in the diagnostic work-up of patients suspected 

of having dementia. Within subjects without dementia, regional hippocampal 

measures were the strongest predictors of progression to AD, but whole brain 

and regional atrophy rates had an additional independent predictive effect. 

In this thesis we confirm the early involvement of the medial temporal lobe, 

as observed in neuropathological and clinical studies,17,18 and its clinical 

importance in the detection of incipient AD.19 Furthermore, we show that 

neocortical involvement is an important characteristic of progression from MCI 

to clinical AD.6,19

Moreover, there is need for prognostic factors, and biomarkers that can 

accurately track disease progression. We show that longitudinal MRI might be 

used in clinical practice to give an accurate prognosis, and can track disease 

progression, as it is strongly associated with cognitive decline. In research, 

longitudinal neuroimaging can play an important role in more effective patient 

selection for trials. In addition, atrophy rates can provide valuable objective 

information about disease progression. The effect of newly developed 

therapies can be monitored, according to changes in the brain tissue loss. 

This is particularly important considering that disease-modifying therapies, 

early detection and monitoring of progression are main research goals in AD.

Fast progressors: a specific subgroup
Clinically, different phenotypes of AD have been described.20 We show that a 

younger age, absence of APOE ε4 and a low MMSE at baseline were associated 

with higher whole-brain atrophy rate, as measured using serial MR imaging. 

Furthermore, a relatively spared baseline hippocampus predicted faster decline 

for AD patients with a smaller baseline brain volume and a lower MMSE score. 
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Moreover, a smaller brain volume was associated with a higher rate of whole 

brain atrophy in patients with a relatively younger age.  It has been suggested 

that AD patients with an onset before the age of 65, who are APOE ε4 negative 

often have a distinct clinical profile, with prominent parietal dysfunction.21 

It is tempting to think that these patients have early biparietal and more 

generalized atrophy, rather than focal medial temporal lobe atrophy. Our data 

suggest that these patients may be at risk of faster global disease progression 

than the more commonly seen sporadic AD patients, who are older, APOE ε4 

positive and have pronounced hippocampal atrophy.

Association of MRI en CSF biomarkers
Furthermore, in this thesis the association between MRI and CSF biomarkers 

was studied. Notwithstanding modest correlations of baseline CSF biomarker 

levels and whole-brain atrophy rate across groups, hardly any association 

within diagnostic groups was found. Whole-brain atrophy rate was associated 

with clinical progression, but longitudinal changes in the CSF biomarker levels 

were not. Thus, MRI and CSF biomarkers appear to reflect different aspects of 

AD: whole-brain atrophy rate appears to be linked to the clinical progression of 

the disease, whereas CSF biomarkers seem to reflect disease state rather than 

rate of progression.9 We conclude that for tracking the rate of progression of 

AD, atrophy rates are more useful than CSF levels of Aß
1-42

, tau, and P-tau
181

; 

by contrast these CSF markers can be considered to be disease state markers, 

which may be more sensitive as diagnostic tools, possibly in earlier stages of 

AD.

Future recommendations
Important goals in future neurodegenerative research are to improve the 

methods to detect incipient AD, to monitor disease progression, and unravel 

underlying neuropathological changes. To achieve this, firstly larger cohorts 

are needed to increase power and sensitivity. This can be achieved by either 

large multicentre and / or population studies. Uniform data should be 

collected, including at least clinical and neuropsychological data, and serial 

MR imaging. Preferably, CSF biomarkers and PET imaging could be obtained as 

well. Secondly, patients could undergo multiple consecutive MR examinations 

to gain more insight in the development of brain tissue loss in the individual 
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in vivo. MR examinations ought to be collected with constant intervals, using 

identical protocols, throughout the disease. Protocols should at least contain 

3D volumes. This protocol could be expanded with Diffusion Weighted Imaging, 

which gives information about the white matter tracts, functional MRI, which 

can be used to measure functional connectivity of brain networks, and ASL 

(arterial spin labeling), a non-invasive MRI technique for the quantification of 

cerebral perfusion. Thirdly, analysis methods could be optimized to detect 

pathology as accurately as possible. Non-linear registration seems to perform 

best; data should be analyzed regionally, as it is able to more accurately 

distinguish patients. Furthermore, this adds to the understanding of the 

pattern of atrophy throughout the disease. Depending on the goal research 

should focus on the medial temporal lobe and/or key neocortical regions. 

Fourthly, for the detection of early AD research should center on patients with 

subjective complaints, as patients and their relatives are still the most sensitive 

in detecting their cognitive decline, especially at the earliest stages. Finally, 

post-mortem verification should be obtained, as it still is the gold standard, 

even if it is by definition post-hoc. Perhaps by combining different techniques 

which can be applied in vivo, a new gold standard can be developed.

 

In conclusion, this thesis expands insights in the use of longitudinal imaging 

in the early detection of incipient AD, and nosological diagnosis. We showed 

that the clinical role of neuroimaging extends beyond diagnosis, and can play 

an important part in prognosis as well. The association of atrophy markers 

with clinical, genetic and cerebrospinal fluid biomarkers was studied, aiming 

to develop a better understanding of the course of the disease. In research, 

longitudinal imaging can help to select patients eligible for specific treatment, 

and monitor the effect for disease modifying therapy. The combination of 

neuroimaging markers with other biomarkers will play an important role in 

future research and clinical practice, in establishing an accurate early diagnosis 

and prognosis.
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Nederlandse samenvatting
Het visualiseren van de krimpende hersenen:
Longitudinaal MRI onderzoek 
in het spectrum van cognitieve achteruitgang

Dementie is een groeiend sociaal, maatschappelijk en economisch 

probleem, als gevolg van een toename van het aantal mensen en de langere 

levensverwachting. De ziekte van Alzheimer begint jaren voordat de klinische 

diagnose gesteld kan worden. Neuropathologisch wordt stapeling gezien van 

eiwitten in de hersenen, de zogenaamde amyloid-beta plaques buiten de cellen 

en tau-fosfaat kluwen binnen de neuronen. De huidige opvatting is dat deze 

eiwitstapeling leid tot schade aan neuronen, de functionele eenheden van de 

hersenen. Deze neuronen worden geacht zich nauwelijks te kunnen herstellen 

of vermenigvuldigen. Daarom is het van belang in een zo vroeg mogelijk 

stadium het neuronenverlies te beperken en de hersenen te beschermen. Er 

is dus behoefte aan middelen voor vroegdiagnostiek. Er is echter niet één 

diagnosticum om altijd in vroeg stadium de juiste diagnose te stellen. 

Beeldvorming is de laatste jaren een steeds prominentere rol gaan spelen bij de 

diagnostiek van dementie. Waar het eerst met name gebruikt werd om andere 

oorzaken van cognitieve stoornissen uit te sluiten, wordt beeldvorming steeds 

vaker gebruikt om het met dementie samenhangende celverlies (atrofie) aan te 

tonen. Meestal wordt beelvorming cross-sectioneel gebruikt -op een tijdspunt 

vergeleken met leeftijdsgenoten-, echter dit heeft zijn beperkingen. Er zijn 

namelijk grote verschillen in hersenstructuur en de normale veroudering 

tussen individuen. Longitudinaal onderzoek heeft veel minder last van deze 

beperkingen.

De doelstelling van dit proefschrift is inzicht te verschaffen in de bruikbaarheid 

van longitudinale globale en regionale structurele beeldvorming van de 

hersenen met behulp van MRI (Magnetic Resonance Imaging) bij de vroege 

detectie, nosologische diagnostiek en prognose van de ziekte van Alzheimer. 

Bovendien onderzoekt het de wijze waarop deze atrofie markers met klinische, 
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genetische en hersenvocht biomarkers samenhangen, met als doel het 

ontwikkelen van een beter begrip van het verloop van de ziekte, en uiteindelijk 

het verbeteren van de patientzorg.

In hoofdstuk 2 hebben we met voxel-based morphometry uitgezocht of 

structurele verschillen van de hersenen op MRI bij patienten met amnestische 

MCI (mild cognitive impairment), inzicht kunnen geven in het ontwikkelen van 

klinische ziekte van Alheimer na 3-jaar follow-up. Door het bestuderen van 

de naar de ziekte van Alzheimer converterende versus de niet-converterende 

MCI populatie, vonden we dat de atrofie buiten de mediale temporaal kwab 

het kenmerk is van patienten met MCI, die het risico hebben om op kortere 

termijn dementie te ontwikkelen. Atrofie van structuren als de linker laterale 

temporaalkwab en linker parietale cortex voorspelden onafhankelijk conversie 

naar de ziekte van Alzheimer.

In hoofdstuk 3 bepaalden we prospectief  het hersenvolume op baseline -bij 

het begin van het onderzoek- en de snelheid van atrofie van de hersenen -over 

de tijd gemeten-, met respectievelijk SIENAX en SIENA. Wij hebben het verband 

met cognitieve achteruitgang onderzocht, en het risico op progressie naar 

klinische dementie berekend op basis van het hersenvolume op baseline en 

snelheid van atrofie van de hersenen bij patiënten die bij aanvang van het 

onderzoek niet dement waren. We toonden aan dat de longitudinaal gemeten 

snelheid van atrofie beter discrimineert tussen gezonde controles, patiënten 

met subjectieve klachten, MCI en de ziekte van Alzheimer, dan hersenvolume 

op één tijdspunt. Bovendien was snelheid van atrofie van de hersenen sterk 

geassocieerd met cognitieve achteruitgang. In op baseline niet-demente 

deelnemers was een hoge snelheid van atrofie geassocieerd met een verhoogd 

risico om dementie te ontwikkelen. De correlatie met cognitieve achteruitgang 

geeft aan dat snelheid van atrofie als marker voor ziekteprogressie kan worden 

gebruikt. Bovendien kan de atrofie snelheid worden gebruikt om conversie 

naar klinische dementie te voorspellen. 
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In hoofdstuk 4 gebruikten we fluid, een niet-lineair registratie algoritme, om 

robuust en nauwkeurig de regionale atrofie snelheid te berekenen. Onze 

doelstelling was om het regionale lobaire atrofie patroon vast te leggen in 

de progressie van normaal veroudering naar de ziekte van Alzheimer. We 

concluderen op basis van deze gegevens dat atrofie zich volgens een specifiek 

patroon verspreidt door de hersenen gedurende het ontwikkelen van de ziekte 

van Alzheimer: MCI wordt gekenmerkt door temporaalkwab atrofie. In de ziekte 

van Alzheimer blijft de mediale temporaalkwab atrofie vergelijkbaar met MCI, 

terwijl de atrofie van de extra-mediale temporaalkwab nog verder versnelt. 

Bovendien versnelt atrofie ook in de pariëtale, frontale, insulaire en occipitale 

kwabben. Ten slotte bleek dat in niet-demente ouderen, atrofie van de mediale 

temporaalkwab het meest voorspellend was voor progressie naar de ziekte 

van Alzheimer, wat wederom het belang van deze regio in de vroegtijdige 

opsporing van de ziekte van Alzheimer aantoont. 

In hoofdstuk 5 keken we naar de toegevoegde waarde van hippocampus 

atrofie metingen ten opzichte van totale hersenatrofie metingen. Door het 

onderscheidend vermogen tussen controles, MCI en de ziekte van Alzheimer 

te vergelijken, onderzochten we de bruikbaarheid van de verschillende soorten 

metingen van regionale hippocampusatrofie en totale hersenatrofie, en hun 

vermogen om progressie naar de ziekte van Alzheimer in controles en MCI 

te voorspellen. Tot slot, vergeleken we de cross-sectionele en longitudinale 

meting van de hippocampus en de hele hersenen. We toonden aan dat 

hippocampus atrofie maten, met name snelheid van hippocamus atrofie, het 

beste discrimineren tussen MCI en controles. Totale hersenatrofie discrimineert 

de ziekte van Alzheimer van MCI. Regionale hippocampus atrofie maten 

zijn de sterkste predictoren van progressie naar de ziekte van Alzheimer. 

We concluderen dat hippocampus atrofie maten meerwaarde hebben boven 

totaal hersenen volume metingen in de vroegdiagnostiek van de ziekte van 

Alzheimer. 

We evalueerden in hoofdstuk 6 welke klinische en MRI maten op baseline van 

invloed zijn op progressie in de ziekte van Alzheimer, met als uitkomstmaat 

snelheid van totale hersenatrofie, berekend van seriële MRI’s met SIENA. 

Onze resultaten suggereren dat er een subgroep van Alzheimer-patiënten 
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is, die het risico heeft sneller hersenvolume te verliezen. Patiënten met meer 

gegeneraliseerde in plaats van focale hippocampusatrofie, die vaak een 

begin hebben vóór de leeftijd van 65, en APOE ε4 negatief zijn, lijken het 

risico te hebben van een snellere hersenatrofie dan de meer voorkomende 

Alzheimer-patiënten, die ouder zijn, APOE ε4 positief zijn en uitgesproken 

hippocampusatrofie hebben. Dit impliceert dat er zijn verschillende fenotypen 

binnen de ziekte van Alzheimer zijn. 

Wij onderzochten in hoofdstuk 7 de samenhang tussen cross-sectionele en 

longitudinale hersenvocht eiwit spiegels (Aß
1-42

, tau en P-tau
181

) en op MRI 

gebaseerde hersenatrofie maten in MCI en de ziekte van Alzheimer. We vonden 

dat tussen groepen, basis baseline Aß
1-42

 en tau matig geassocieerd waren met 

hersenatrofie maten. Gecorrigeerd voor leeftijd, geslacht en diagnose, vonden 

we geen verband tussen Aß
1-42

, tau en hersenatrofie snelheid. Daarentegen 

toonde een hoog P-tau
181

 in de hersenvloeistof een milde associatie met een 

lagere snelheid van hersenatrofie in de ziekte van Alzheimer, maar niet in 

controles of MCI patiënten. Tot slot de snelheid van hersenatrofie correleerde 

met verandering in MMSE, maar verandering in hersenvocht biomarker spiegels 

niet. Wij concludeerden dat snelheid van hersenatrofie en spiegels van Aß
1-42

, 

tau of P-tau
181

 in hersenvocht complementaire informatie bij patiënten met 

MCI en de ziekte van Alzheimer geven. De snelheid van atrofie is beter te 

gebruiken voor het vervolgen van de ziekte van Alzheimer, terwijl de eiwitten 

in hersenvloeistof sensitiever zijn voor het stellen van een  vroege diagnose.

Aan de hand van deze bevindingen kan geconcludeerd worden dat 

longitudinale regionale atrofiematen door hun onderscheidend vermogen, de 

samenhang met cognitieve achteruitgang, en het hiermee geassocieerde risico 

op ontwikkelen van de ziekte van Alzheimer in niet-dementen, een belangrijke 

rol kunnen gaan spelen; zowel in wetenschappelijk onderzoek, bijvoorbeeld 

bij het selecteren voor, en het vervolgen van het effect bij medicatie trials, als 

in de klinische praktijk, bij de vroegdiagnostiek en het geven van een accurate 

prognose.
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Dankwoord
Een van de eerste zaken die gelezen wordt van een proefschrift is het 

Dankwoord, waarom zou ik dan juist die pagina’s inkorten? Aan mijn 

promotietraject hebben veel mensen direct of indirect bijgedragen. Speciaal 

voor hen is hier mijn dankbetuiging, op papier. 

Allereerst dank aan alle patiënten en vrijwilligers die een tweetal MRI scans 

wilden ondergaan.

Graag wil ik mijn promotoren en copromotoren bedanken. Ik ben blij dat ik 

mocht participeren in een werkomgeving waarin hoogstaande patiëntenzorg 

en degelijk wetenschappelijk onderzoek is geïntegreerd. Jullie vullen elkaar 

mooi aan en vormen een goed op elkaar ingespeeld team.  

Geachte prof.dr. F. Barkhof, beste Frederik. Je hebt me de kans gegeven te 

promoveren met cutting-edge technieken in een geweldige sfeer. Gedurende 

mijn promotie kon ik altijd bij je terecht. Als Radioloog heb je me het belang 

laten zien van het hebben van klinisch inzicht, als wetenschapper dat je altijd 

kritisch moet blijven, en als wandelaar en kroegtijger dat je altijd door moet 

zetten. Het is mooi om te zien hoe het IAC onder jouw handen nog altijd blijft 

groeien. 

Geachte prof.dr. Ph. Scheltens, beste Philip. Bedankt dat je  me op het goede 

pad richting de Radiologie hebt geholpen. De opzet van het Alzheimercentrum 

is een gouden greep geweest (of is het goud greep) en het is met jou aan kop 

en dankzij jouw kwaliteiten zo groot geworden. Het MDO was een hoogtepunt 

van mijn werkweek.

Geachte dr. W.M. van der Flier, beste Wiesje. Je komst bij het Alzheimercentrum 

was goed merkbaar. Je hebt duidelijke structuur aangebracht en je hebt me 

veel geleerd. Je stond altijd klaar om te helpen, snel en efficient. Ik waardeer 

je steun en adviezen zeer.

Geachte dr.ir. H. Vrenken, beste Hugo. Dank je wel voor al je hulp bij het 

opzetten, verwerken en analyseren van de enorme hoeveelheden data. Goed 

hoe je het overzicht wist te behouden. Als we weer uren achter elkaar algoritmes 

moesten aanpassen bleef je rustig, zelfs als een pagina’s lang script weer op 

één haakje te veel of komma te weinig vastliep. 
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Secondly, I would like to thank the members of the reading committee, Prof.dr. 

N.C. Fox, Prof.dr. W. Niessen, Prof.dr. ir. S.A.R.B. Rombouts, Dr. M.P. Wattjes, 

Dr. J. de Munck en Dr. Y.A.L. Pynenburg, for the thorough reading of my thesis 

and your willingness to participate in the reading committee.

Dear Nick. Thank you for letting me use the algorithms developed at the DRC. 

You are a pioneer on the field of structural longitudinal imaging, I am grateful 

that you were always willing to think along. Your hospitality, politeness and 

patience are much appreciated. 

Beste Serge. Jij bent een van de eerste mensen die ik heb leren kennen in het 

onderzoek, dank voor je hulp bij het verkennen van FSL en VBM. 

Beste Mike. Als ik je zou moeten omschrijven dan denk ik dat de hardwerkende 

Duitser met een goed hart en gevoel voor humor wel volstaat. Ik vind het altijd 

leuk en nuttig met je samen te werken, als onderzoeker en als Radioloog.

Beste Yolande. Bedankt dat je mijn interesse hebt gewekt om promotie-

onderzoek te doen bij het Alzheimercentrum, voor ik het wist werd ik door 

Philip gebeld tijdens mijn nachtdienst of ik maandagochtend wat te doen had. 

Ik vond het tijdens het MDO altijd prachtig om te zien hoe je de Radiologie 

benaderde vanuit het oogpunt van een clinicus.

I want to thank everyone at the DRC for the collaboration, especially Jo for all 

your support during my thesis. Our nearly normal mail conversations made me 

laugh a lot, and your cycling skills are unheard of. Richard, thanks for helping 

me install, and understand Midas and fluid.

Graag wil ik de medewerkers van het IAC bedanken, met name Ronald, Tabe, 

en Huub voor alle computer gerelateerde ondersteuning, Ellie en Tineke ‘of ik 

al naar dat CDtje had gekeken’ en verder iedereen van het IAC die ik nog niet 

genoemd heb.. 

Sylvia Olabarriaga and Keith Cover, thank you for enabling us to gain access to 

VL-E, it speeded up analyses dramatically.
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Prof. dr. M.A. Blankenstein, dank voor uw bijdrage aan het integratie-artikel 

tussen imaging en liquor markers. Femke B, uiteindelijk zijn er toch een aantal 

mooie papers gekomen, dat had je destijds in het Oude Tramhuis vast niet 

gedacht.

Beste collega onderzoekers van het Alzheimercentrum, jullie hebben 

promoveren nog leuker gemaakt. 

Wouter, Tim, bedankt dat je paranimf wilde zijn. We zijn gedurende de promotie 

veel met elkaar opgetrokken, je bent naast een gewaardeerd collega een goede 

vriend. Dank dat je er ook voor me was toen het minder goed ging! Vind het 

super om te zien hoe gelukkig je bent met Janna en Lucas.

Beste Alida, ‘kamergenootje’, ik kon altijd alles bij je kwijt. Uren hebben we 

zitten discussieren, het merendeel over het werk natuurlijk. Vond het altijd erg 

gezellig in het Aquarium met je.

Beste Laura en Nelleke of we nu in de Irish pub, Palacio, Metro, Balloons, 

Meatpackers, of gewoon in ergens Amsterdam waren, jullie waren altijd te 

porren voor nog één laatste drankje. Superrr gezellig!

Beste Georgios, bedankt dat je me wegwijs hebt gemaakt in de wondere wereld 

van de computational neuroanatomy, het promoveren, en het VUmc!

Beste Neuromeiden en jongens, het werk, de congressen en borrels waren niet 

hetzelfde geweest zonder jullie! Salka, Ester Koedam, Jeske, Annelies, Niek, 

Ilse, Niki, Alie, Esther Pelgrim, Rutger, Antonio Bastos Leite, Daniëlle, Jeroen, 

Willem, Maartje, Sietske en de anderen, ik heb altijd met veel plezier met jullie 

samengewerkt en gesocialized!
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Dank ook aan de onderzoekers van de slaapgroep, parkinson, neuro-oncologie 

en MS: Elle, Els, Rebecca, Sanne B, Ricky D, Mirthe, Ingeborg, Bastiaan, Ivo, 

Stefan, Bas, Jolijn, Jessica, Machtelt, Madeleine en vele anderen voor hun 

gezelligheid tijdens de koffiepauze, lunch en borrels, maar uiteindelijk bleek 

toch: Alzheimer de ......!

Verder wil ik de overige medewerkers van het Alzheimercentrum bedanken, 

Freek, Rolinka, en vele anderen voor het helpen bij de inclusie, het vergaren 

van data en de patientenzorg. 

Graag wil ik ook mijn huidige opleider bedanken, geachte prof. dr. C van Kuijk, 

beste Cees. Bedankt voor alle steun en het vertrouwen dat u me hebt gegeven. 

Ik moet nog vaak denken aan de woorden van Augustinus.

Beste stafleden, AIOS en medewerkers van de Radiologie, te veel om hier 

persoonlijk op te noemen, ik wil jullie hartelijk danken voor de huidige 

samenwerking. Het begin van de opleiding was hectisch gezien het afronden 

van de promotie, en de  novo diabetes mellitus. Hartelijk dank voor jullie begrip 

en de keren dat jullie in zijn gesprongen in de tijd dat ik ziek ben geworden 

en gedurende mijn herstel. Ik waardeer het zeer dat jullie me de kans hebben 

gegeven mijn oude leven weer op te pakken, en dat jullie er ook zijn op de 

mindere momenten. 

Tot slot dank voor mijn familie en vrienden. Waar zou ik zijn zonder jullie. 

Hopelijk kunnen we elkaar in de toekomst blijven opzoeken door heel het 

land. Allereerst dank voor mijn goede vrienden van de afgelopen jaren, Henri 

Le Conte, Wooden Charles, Bolle, Rooie, Pikkie, Snorrestaart, Dejeexcx, Benno, 

Thomas, Eelco Cheval en Jasper W, way to go! Bedankt voor de goede tijden, 

het lachen en de avonturen. 

Gilles, Orfie en Budmeister, jullie maken het makkelijk alles te relativeren, wat 

maken die rare apen zich toch druk om niets ... slapen, eten, naar buiten en 

een beetje aandacht is genoeg, en af en toe een schone kattenbak natuurlijk. 
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Beste Har, bedankt voor alles wat je voor me hebt gedaan! ‘What you see is 

what you get’, ‘Count your blessings’, en ‘A man’s gotta do, what a man’s 

gotta do’ zijn maar een paar van de spreuken die je op het lijf zijn geschreven. 

Lieve Anne Marie, fijn dat je altijd klaarstaat om naar me te luisteren en 

adviezen te geven. Ik ben blij dat je meermaals de afstand overbrugt om ons 

op te zoeken. 

Jordi, het is zeldzaam dat je broer toevallig ook je beste vriend is. Bedankt dat 

je mijn paranimf wil zijn. We hebben aan een half woord (bril) genoeg. Ook al 

wonen we niet meer op loopafstand, onze band blijft bestaan. 

Lieve Oma, Nayat, Adam, Sarah, Emily, John en overige familieleden, bedankt 

dat jullie er zijn en voor de tijd die we met elkaar delen. 

Beste schoonfamilie, Peter, Anneke, Pieter, Christa, Noor, Ernst, dank dat jullie 

me in jullie gezin hebben opgenomen, voor jullie gastvrijheid, en hulp in en 

om het huis.

Last but not least mijn lieve gezinnetje. Sanne, ik heb je leren kennen op de 

laatste dag dat ik nog officiëel onderzoeker was, de vonk sloeg meteen over. 

Ondanks de in het begin roerige tijden bleek dat we heel goed van elkaar 

op aan kunnen. Het was niet makkelijk met een ontregelde diabeet te leven, 

desondanks heb jij me altijd gesteund. Je bent een lieve, eerlijke meid en ik 

voel me blij en vertouwd bij je. Ik kijk uit naar ons huwelijk, en hoop dat we een 

lang en gelukkig leven samen zullen hebben. En lieve David, je beseft het nu 

nog niet, maar alleen al omdat je bestaat ben je het belangrijkste in mijn leven.






