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GENERAL INTRODUCTION





Multiple sclerosis (MS) is a demyelinating inflammatory disease of the
central nervous system, usually starting in early adulthood. The preva-
lence of MS varies considerably over the world, with the highest preva-
lence of more than 30 per 100.000 in northern Europe, southern
Australia and North America1. The cause of MS is unknown and proba-
bly includes environmental as well as genetic factors. 
Approximately 85% of patients present with attacks of focal neurologi-
cal deficit (relapses) originating from various locations in the central
nervous system (CNS) over time, referred to as Relapsing Remitting MS
(RRMS). Clinically, relapses may resolve completely but may also result
in residual neurological deficit leading to an accumulation of disability.
Within 10 years, a substantial part of the RRMS patients progress to a
phase characterised by slowly progressing neurological disability2. This
phase is referred to as Secondary Progressive MS (SPMS). Approxima-
tely 15% of patients present with slowly progressing neurological defi-
cit from disease onset, referred to as Primary Progressive MS (PPMS)3

(Figure 1).
MS is a major neurological cause of disability in young adults. A wide
range of symptoms can occur in the disease course, including visual dis-
turbances associated with optic neuritis, muscle weakness, sensory
deficit, cerebellar ataxia, brainstem dysfunction, urinary problems,

RR: Relapsing Remitting, PP: Primary Progressive, SP: Secondary Progressive, PR:
Progressive Relapsing

Figure 1. Schematic illustration of the course of the different types of MS. The X-axis
represents time and the Y-axis represents increasing neurological disability. 
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cognitive decline, tremors and fatigue4. The time to development of
ambulatory dysfunction, this being a major debilitating symptom,
varies greatly among patients, but usually starts within 10 years of
disease onset. How disability develops and accumulates over time is not
exactly known. Focal and diffuse inflammation and demyelination occur
throughout the central nervous system possibly leading to irreversible
neuro-axonal degeneration, which is the likely substrate for permanent
disability. Predicting the clinical course of MS has proven to be diffi-
cult, and further research on pathological substrates of clinical disease
progression may be helpful.
At this point in time, treatment options are limited and curative treat-
ment does not exist. Available therapeutic strategies are aimed at symp-
tom control and at modulating the disease course by affecting the
underlying, especially inflammatory, disease process. Symptomatic tre-
atment is available to treat spasticity, bladder-problems and fatigue. Im-
munomodulatory agents, like interferons5-8, glatiramer acetate9,10 and
natalizumab11,12, have shown to reduce relapse rate, delay disease pro-
gression and reduce the accumulation of brain abnormalities on MRI,
but are not able to bring the disease to a full stop. Therefore, new treat-
ment strategies and measurement tools to determine treatment efficacy
are of great interest in MS research.

MEASUREMENT OF DISEASE PROGRESSION IN MS

To gain new insights into the evolution of the disease and its modifica-
tion by treatment, reliable outcome measures for disease progression are
needed. Measures quantifying clinical disease status, like the Expanded
Disability Status Scale (EDSS) and Multiple Sclerosis Functional
Composite (MSFC) (see elsewhere for a full description13,14), are very re-
levant to evaluate, for instance, treatment efficacy. However, these mea-
sures are relatively insensitive to change, given the fact that clinical
disease progression is generally slow and hard to measure objectively.
Therefore, the use of such clinical endpoints would automatically im-
plicate studies on very large numbers of patients with the need to follow
these patients for a long period of time. Furthermore, destructive MS
pathology may be accumulating constantly, eventually leading to clini-
cal disability when sufficient damage has been done to key components
in the CNS. Clinical disability progression may therefore represent just
the tip of the iceberg as far as pathological changes are concerned. With
this background, researchers are interested in additional outcome mea-
sures sensitive to evolving pathology underlying clinical disease
progression. In the last twenty years, Magnetic Resonance Imaging (MRI)
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has emerged as an important tool to visualize and quantify MS pathology
in vivo, adding to the arsenal of measurement tools to monitor disease
evolution. 
The following paragraphs will address some of the main pathological
aspects of MS that can be visualised using MRI. 

MRI IN MS: LESIONS

The most conspicuous aspect of MRI of the brain and spinal cord in MS
are the typical lesions that are especially apparent on T2-weighted
images (Figure 2A). Histopathologically, these lesions are, to a varying
extent, associated with inflammation, demyelination, gliosis and axonal
injury15-18.
On T2 weighted images, lesions appear as bright or ‘T2-hyperintense’
spots throughout the brain and spinal cord. T2 weighted images do not
distinguish between lesions with past inflammatory activity and lesions
that exhibit inflammatory activity at present. T2 hyper intense lesion vo-
lume can therefore be regarded as a measure of overall lesion burden,
without specificity with regard to lesion properties. More specificity can
be obtained by using contrast agents and different imaging sequences. In
lesions with active inflammatory activity, the blood-brain barrier is often
disrupted. This disruption can be demonstrated with contrast agents (usu-
ally based on Gadolinium) that appear bright on T1 weighted MR
images, hence the term Contrast or Gadolinium Enhancing Lesions
(CEL) for this subtype of active inflammatory lesions (Figure 2B). On
T1-weighted images without prior injection of contrast agent, part of the
lesions may show up as dark spots, hence the name ‘T1 hypo intense’ le-
sions or ‘black holes’ (Figure 2C). T1 hypo intensity is indicative of ex-
tensive brain tissue damage within lesions19,20, but may also occur as a
result of inflammation related oedema. Besides these three lesion types,
recent developments have provided new MR sequences to specifically
identify cortical lesions21, and contrast-agents that will hopefully visua-
lise trafficking of monocytes into the CNS22. The latter techniques will
not be discussed further, as they go beyond the scope of this thesis.
The depiction of lesions has had great impact on the scheme used to di-
agnose MS. Before the advent of MRI, the diagnosis of MS was prima-
rily based on clinical criteria, as described by Poser et al.23. The
visualisation of cerebral MS lesions using MRI has greatly improved the
sensitivity and specificity of the criteria for diagnosing MS24,25, as des-
cribed by McDonald et al26 and, more recently, by Polman et al.27. Lesi-
ons in the spinal cord have great discriminative value when trying to
distinguish MS from similar disorders28,29. Because of the accumulation
of lesions over time and the presumed resulting tissue damage, lesion
quantification is used as a tool to monitor disease evolution and evaluate 
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Figure 2. The appearance of MS lesions on MRI. A. T2 hyperintense lesions; B. contrast
enhancing lesion ; C. T1 hypointense lesion or ´black hole´. 

treatment efficacy. As shown in various clinical trials, immunomodula-
tory treatments considerably reduce the accumulation of T2 lesions and
the incidence of contrast enhancing lesions5,6,8,9,11,12.

CLINICO-RADIOLOGICAL DISSOCIATION

The accumulation of lesions, and thereby destructive changes to brain
tissue are assumed to have a negative influence on neurological func-
tion. This is an important assumption, as it forms the justification for
the use of lesions as a monitoring tool. 
However, the correlation of lesion development with persisting disabi-
lity is generally poor8,30-33. There are a number of reasons that could ex-
plain this apparent dissociation34. First, the imperfections of available
clinical scales, like the EDSS and MSFC. Limitations include non-
linearity, observer bias and the incomplete coverage of the central ner-
vous system’s functional domains. Secondly, clinical consequences vary
greatly between lesions. This is illustrated by the frequent observation of
clinically silent lesions on MRI-scans made for diagnostic or trial pur-
poses. This variation is probably due to the severity of inflammation and
ensuing destructive changes, the effectiveness of local repair mecha-
nisms, and lesion location. Thirdly, even if a lesion causes clinically re-
levant destruction of brain tissue, the functional changes may be
compensated by cortical adaptation. Also, mainly because of technical
difficulties encountered when trying to image the spinal cord, many stu-
dies focus on lesion load within the brain, while spinal cord lesions may
have a profound effect on disability status. Lastly, clinical disability may
not only be due to lesions, but could also be a result of ongoing disease
processes in (radiologically) normal appearing brain tissue. 
In conclusion, lesions can be visualised by MRI and are widely used to
monitor especially the overt inflammatory part of the disease and at least
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some of the destructive changes that are important for disability pro-
gression. Clearly however, lesions do not reflect all of the relevant
pathology in MS. Further research is therefore necessary to elucidate
other clinically relevant pathological processes and to design methods to
monitor these processes. 

MRI: NORMAL APPEARING BRAIN TISSUE

Brain tissue outside of lesions may appear remarkably normal on con-
ventional MRI. Post-mortem histopathological studies have shown that
macroscopically normal tissue in MS can be microscopically abnor-
mal35. The term ‘normal appearing brain tissue’ (NABT) therefore re-
fers to tissue that appears normal at a macroscopic level or on
conventional MRI, while this tissue may have definite abnormalities
when examined microscopically or with more advanced MRI techni-
ques. 
Pathologically, diffuse white and gray matter changes have been found
especially in SPMS and PPMS, including diffuse inflammation, axonal
injury and global demyelination36. These abnormalities are also present
in RRMS, although to a lesser extent, suggesting that normal appearing
brain tissue abnormalities increase as the disease progresses. 
Radiologically, studies utilising MRI techniques that quantify not readily
observable tissue abnormalities are consistent with these pathologic fin-
dings. These studies have shown that tissue integrity is compromised in
lesions and NABT using magnetic transfer ratio mapping37,38, T1 re-
laxation time mapping39-41 and diffusion weighted imaging42-44. Also,
some, but not all, MR spectroscopy studies have shown that the con-
centration of NAA, an amino acid mainly found in axons, is reduced in
NABT, suggesting evident axonal injury and loss45-47. These reductions
in NAA concentration have been associated with more clinical disability,
suggesting that neuro-axonal degeneration is an important cause of
disability progression48,49.
Obviously, these quantitative MRI techniques can provide valuable
information on the pathologic state of tissue inside and outside of lesi-
ons, and could therefore add to the arsenal of monitoring tools. Howe-
ver, due to their technical complexity these techniques are generally only
applied in specialised centres. Also, sensitivity to operator, machine and
sampling bias, and scanner drift over time, poses difficulties for appli-
cation in longitudinal, multi-centre and multi-scanner studies. 
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MRI: BRAIN ATROPHY

Brain volume loss (atrophy) is another MRI evident feature seen in pa-
tients with longstanding MS and has therefore been proposed as poten-
tial monitoring tool (Figure 3).
As discussed previously, the relationship between lesion burden and cli-
nical disability remains poor, probably because lesion quantification
does not reflect the full extent of clinically relevant pathology. Quanti-
tative MRI techniques give more specific information about pathology
in the MS brain and have led to a greater appreciation of abnormalities
outside of lesions, but are not suitable for monitoring these abnormali-
ties on a large and longitudinal scale.
As stated before, neuro-axonal damage has been demonstrated in lesions
and NABT and is considered to be the underlying cause of persisting
disability and would therefore be an important pathological aspect of
MS to monitor. Neuro-axonal injury and loss can be expected to lead to
a reduction in brain volume, and brain volume measurement has there-
fore been suggested as a marker of this pathology. In support of this,

Figure 3. Brain atrophy as seen on serially acquired T1 weighted MRI images from a 34
year old MS patient at baseline (A) and 5.5 years follow-up (B). Note the evidently
enlarging ventricles and widening of the sulci. 

quantitative MR spectroscopy studies have shown that evidence of
neuro-axonal damage is related to reduced tissue volume50. However, it
is still important to realise that other structural changes like gliosis,
demyelination and brain water content are also likely to have an effect on
brain volume.
Brain atrophy measurement has properties that could be advantageous
over lesion measurement and quantitative MRI. First, brain atrophy re-
flects tissue loss, including neuro-axonal degeneration, resulting from
destructive MS pathology in lesions and NABT, whereas lesions only
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relate to focal disease activity. Secondly, brain volume is relatively easy
to measure on conventional MRI images, and methods for brain volume
measurement have been developed that are relatively insensitive to dif-
ferences in MR scanners and MR scanner drift over time51,52. Brain vo-
lume measurement is therefore more suitable for application as a
monitoring tool in multi-centre, multi-scanner and longitudinal studies
than quantitative MR techniques.
Various studies, using different methodologies, have shown that brain
atrophy starts in the earliest stages of MS, and progresses with a rate of
approximately 1% per year51;53-59. This brain atrophy rate is considerably
higher than the mean annual loss of approximately 0.3% observed in
healthy controls60,61. 

AIMS OF THIS THESIS

The main aim of this thesis is to investigate the relevance of brain atro-
phy measurement as monitoring tool in MS. This issue will be approa-
ched by investigating the relationship of brain atrophy measurements
with other clinical, radiological and biological markers of disease pro-
gression, and by addressing methodological aspects of brain volume
measurement in research settings. 
Throughout this thesis, we used SIENA (Structural Image Evaluation,
using Normalization, of Atrophy) and SIENAX (Structural Image Eva-
luation, using Normalization, of Atrophy X-sectional) to quantify brain
volume change and brain volume respectively. This software was deve-
loped in a collaborative effort of the department of Neurological and Be-
havioural Sciences of the University of Siena in Italy and the Oxford
University Centre for Functional MRI of the Brain (FMRIB), depart-
ment of clinical Neurology at the University of Oxford in the United
Kingdom, and is part of the FMRIB Software Library (FSL)52,62.  
Both methods are known to be robust, accurate (0.15% error in PBVC
for SIENA and 0.5-1% brain volume accuracy for SIENAX), relatively
insensitive to slice thickness and more precise than older semi automa-
ted techniques63. A brief description of these methods is provided in box
1 and 2, a full  description can be found in the original presenting paper52. 
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Box 1:
SIENA co-registers (i.e. ‘aligns’) the baseline and follow-up scan using
the skull as scale and skew constraint. Then, the displacement of the
brain edge for each point of the brain edge is estimated at sub-voxel ac-
curacy. Finally, all edge points are taken together to calculate the over-
all Percentage Brain Volume Change (PBVC), which is expressed as a
single value. 

Figure 4 shows the brain edge displacement map overlayed on top of the registered base-
line scan. Red indicates displacement away from the brain parenchyma (i.e. brain volume
gain), whereas blue indicates displacement towards the brain parenchyma (ie. brain
atrophy). Note the colour differences between the patient with low brain atrophy rate
(-0.3 PBVC (A)) and high brain atrophy rate (-2.2 PBVC (B)).

Box 2:
SIENAX automatically segments brain from non-brain matter, estimates
the brain volume and applies a normalization factor to correct for skull
size. The corrected brain volume is reported as Normalised Brain Vo-
lume (NBV) in mm3. The normalisation factor is obtained by registering
the subject’s scan to the Montreal Neurological Institute 152 (MNI152)
standard image using the skull to normalise spatially. 

Figure 5 shows the brain segmentation result as a red overlay on top of  the structural
brain image for a patient with high brain volume (1520 cm3 (A)) and a patient with low
brain volume (1415 cm3 (B)).
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Chapter 2 will discuss a number of methodological  issues important for
the application of automated brain volume measurement in research set-
tings. First, a comparison between brain atrophy measurement results
using different MRI image types will be made. Secondly, the intercen-
ter agreement of brain volume measurement using SIENA and SIENAX
with additional manual editing to correct for errors in brain extraction
will be investigated. Lastly, sample size calculations for two different
brain volume measurement methods will be presented for placebo-trea-
ted secondary progressive MS patients in a multi-centre setting. 
Chapter 3 investigates the relationship of N-acetyl Aspartic Acid (NAA),
an amino acid mainly found in neurons, measured in cerebrospinal fluid
with clinical and radiological measures of disease state, including brain
volume. 
Chapter 4 will discuss the relationship between brain atrophy, lesion vo-
lume and clinical disability. First, radiological determinants of cerebral
atrophy rate at the time of diagnosis will be studied. The second part of
chapter 4 discusses which clinical and radiological measures may be
most predictive for clinical disability status on the short term. The last
part of chapter 4 will investigate the relationship between different as-
pects of clinical disability and the regional distribution of brain atrophy
development. 
The results of these chapters will be summarized and discussed in
chapter 5, and suggestions for future directions will be made. 
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ABSTRACT

Purpose: To investigate whether MS atrophy can be assessed by SIENA
and SIENAX software using other image types from MS research pro-
tocols than T1-weighted images without contrast agent, which are not
always available.
Method: We selected 46 MS patients with identical MRI protocols at
two timepoints. We calculated normalized brain volume (NBV) using
SIENAX, and percentage brain volume change (PBVC) using SIENA,
from T1-weighted images with and without contrast agent, T2-weighted
images, and (calculated) pseudo-T1-weighted images. Relative agree-
ment of the results was assessed using variance component estimation.
Results: Relative agreement with T1-weighted images without contrast
agent was good for T1-weighted images with contrast agent (ICC=0.86
for NBV, ICC=0.77 for PBVC), and reasonably good for pseudo-T1 and
T2-weighted images (T2: ICC=0.72 for NBV, 0.58 for PBVC; pseudo-
T1: ICC=0.68 for NBV, 0.83 for PBVC).
Conclusion: Brain atrophy can be studied using SIENA and SIENAX if
T1-weighted images without contrast agent are not available. T1-
weighted images with contrast agent should be used, if available. Other-
wise, pseudo-T1 and T2-weighted images seem acceptable and
accessible alternatives. The use of these other images will greatly
improve research possibilities, especially regarding older datasets.
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INTRODUCTION

Brain atrophy is a well-known feature of multiple sclerosis (MS), con-
sidered to partly reflect the neurodegenerative component of MS patho-
logy leading to persisting disability1. Brain atrophy measured in vivo
using magnetic resonance imaging (MRI) is therefore receiving much
attention as a surrogate outcome measure in MS studies2-6.
Many academic institutions now use the freely available automated tech-
niques SIENAX (Structural Image Evaluation, Using Normalization, of
Atrophy Cross-sectional) and SIENA (Structural Image Evaluation,
Using Normalization, of Atrophy)7, for cross-sectional and longitudinal
atrophy measurements, respectively. Both are part of the FMRIB soft-
ware library (FSL), which is freely available for academic use
(http://www.fmrib.ox.ac.uk/fsl). SIENA behaved favourably when com-
pared to a manual segmentation method8 and has recently been shown to
give highly similar results to the boundary shift integral method9. Some
investigators have explored modifications to SIENA10, but the literature
suggests that most investigators use the SIENA and SIENAX methods
as they are supplied with the FSL library7,11,12. 
Analyses using SIENAX and SIENA require MR images that have been
consistently acquired across subjects and time-points. They are usually
performed using T1-weighted images acquired without contrast agent
administration, and these are known to give reliable results7. However,
MR contrast agent is often administered in MS patients. The active in-
flammation it can demonstrate plays an important role in diagnosis and
monitoring of the disease. It is uncommon to acquire T1 weighted
images both prior to contrast agent administration and after. In our ex-
perience therefore, many older datasets exist in which T1-weighted
images without contrast agent were not (consistently) included in the
protocol. Because of the long clinical follow-up available for some co-
horts it would be useful to be able to investigate early atrophy in these
patients, and to explore its relations with later clinical evolution. Fur-
thermore, there are also more recent datasets in which for other reasons,
such as time limitations, T1-weighted images without contrast agent
were not included. In a typical case, there may exist a dataset of images,
all consistently acquired, but of another type than the standard pre-
gadolinium T1-weighted images. To exploit the full potential of such MS
datasets regarding brain atrophy, other image types would have to be
used.
We aimed to investigate the possibility of studying brain atrophy in MS
patients using SIENA and SIENAX with other image types. To this end,
the results of SIENA and SIENAX for spin-echo T1-weighted images
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were directly compared with the results obtained from other image types
acquired in the same session. Two image types were chosen that we con-
sidered likely to be almost always available: (a) spin-echo T1-weighted
images with contrast agent, and (b) T2-weighted images from a dual-
echo fast-spin echo sequence. T2-weighted images have been used pre-
viously with SIENA(X) in MS13. In addition to these readily available
images, a third image type was included as a “higher-end” solution: (c)
“pseudo-T1” weighted images14, constructed from the proton density
and T2 weighted images obtained from the dual-echo sequence.

MATERIALS AND METHODS

Patients
From an ongoing natural history study in MS15, we selected 46 MS pa-
tients who had undergone an MR scan twice, using the same MR scan-
ner and the same extensive scanning protocol on both time points, with
a time interval between the two scans of approximately 2 years. The na-
tural history study was approved by the instutional ethics review board
and all subjects gave written informed consent. Inclusion in the current
analysis was based on availability of the full scan protocol on both ti-
mepoints. The patient group consisted of 17 men and 29 women, out of
whom 36 had relapsing-remitting MS, 2 had secondary progressive MS,
7 had primary progressive MS, and 1 had progressive relapsing MS. Full
patient sample data are shown in Table 1. All imaging was performed
between 1998 and 2002. 

MR protocol
MR imaging was performed using a Siemens Magnetom Impact scanner
operating at 1.0T (Siemens, Erlangen, Germany). At each time
point, the scanning protocol included proton density (PD) and
T2-weighted images acquired using a single fast spin-echo sequence
(TR/TE1/TE2=2700/45/90 ms, NEX=1). Further, both before and after
gadolinium-DTPA administration (0.1 mmol/kg bodyweight), spin-echo
T1-weighted images were acquired (TR=700 ms, TE=15 ms, number of
excitations (NEX) = 2). All scans consisted of 25 oblique axial slices
acquired with a slice thickness of 5 mm and a 0.5 mm inter-slice gap, a
260 mm rectangular field-of-view, and 1.01.0 mm in-plane resolution. In
the remainder of this paper, we will use the terms “pre-gadolinium T1
images”, “post-gadolinium T1 images”, and “T2 images”.
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Image analysis
Unless indicated otherwise, the image processing and analysis tools
mentioned below were part of the FMRIB software library (FSL, version
3.1). In order to create an additional alternative to the pre-gadolinium T1
images, an extra image type, “pseudo-T1 image”, was created by sub-
tracting each T2 image from the corresponding PD image14. Because the
PD and T2 images were both obtained from the same dual-echo measu-
rement, the images were already in register and therefore, no additional
registration steps were necessary. The PD images were not analyzed be-
cause the imaging parameters were chosen to achieve minimum contrast
between brain tissue and cerebrospinal fluid, rendering the images un-
suitable for atrophy analyses.
SIENAX and SIENA were then performed on pre-gadolinium T1, post-
gadolinium T1, T2, and pseudo-T1 images. Note that we performed all
SIENA and SIENAX analyses on homogeneous datasets, containing
only one image type, and then statistically compared the results obtained
from the different image types. 
SIENA performs halfway registration between the two images from the
two time-points, using the skull as a scaling constraint, and calculates the
percentage brain volume change (PBVC) from the mean brain surface
displacement between the two scans. SIENAX registers the individual
scan to the standard space brain (derived from the MNI-152 standard
image16), using the skull as a scaling constraint. The volumetric scaling
factor calculated from the transformation to standard space is then used
to convert the individual brain volume, obtained from the automated
tissue segmentation, to a normalized brain volume (NBV). A detailed
description of SIENAX and SIENA can be found elsewhere7.
We employed slightly modified pipelines to allow some manual adjust-
ments to be made. The diagram in Figure 1 illustrates the sequence of
processing and analysis steps. The images for each time point of each pa-
tient were processed as follows: (i) conversion from DICOM to ANA-
LYZE format; (ii) removal of non-brain tissue using BET17; (iii) manual
editing of the image masks from BET to remove any residual non-brain
tissue. This was performed separately on the pre-gadolinium T1, post-
gadolinium T1, and T2 images, using the freely available image-viewing
tool MRIcro (Version 1.39) (http://www.sph.sc.edu/comd/rorden/mri-
cro.html). The manual editing was performed by a single experienced
observer thus avoiding inter-observer variability. The masks obtained on
the T2 images were also used to mask the inherently registered pseudo-
T1 images.
For each image type, longitudinal analysis of atrophy was then perfor-
med by continuing the standard SIENA pipeline, with two-class
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segmentation. Also for each image type, cross-sectional analysis of atro-
phy was performed by continuing the standard SIENAX pipeline, with
two-class segmentation. In order to allow a double analysis of NBV
agreement between image types, NBV was calculated for both the base-
line and follow-up images of each image type.

Figure 1. Flow chart illustrating the different steps in the analyses, using the T2-weighted
images as an example. For two sets of T2-weighted images, obtained from a single MS
patient at two different timepoints, the percentage brain volume change (PBVC) between
the two timepoints, and the cross-sectional normalized brain volume (NBV) at each time-
point, were calculated using the indicated processing steps. Details of the individual
steps are given in the text. This same scheme was followed to obtain NBV and PBVC
values for the pre-gadolinium T1, post-gadolinium T1, and pseudo-T1 weighted images.
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Using in-house developed software (Show_Images), an experienced ob-
server outlined the MS lesions both on the PD images and on the pre-
gadolinium T1 images using a local threshold technique, and calculated
the total PD and T1 lesion volumes at baseline for each patient.

Statistical analysis
All statistical analyses were performed using SPSS version 12.0 (SPSS
for Windows, version 12.0; SPSS, Chicago, Ill). To compare the atrophy
results from the different image types, the baseline NBV, follow-up NBV,
and PBVC results obtained from the pre-gadolinium T1 images were
considered as “gold standard”. We assessed agreement with pre-gadoli-
nium T1 results for each of the other image types, using a relative inter-
pretation. To do so, we estimated variance components, using restricted
maximum likelihood, with patient as a random factor, and image type as
a fixed factor. Relative agreement with pre-gadolinium T1 results was
quantified using the intra-class correlation coefficient (ICC), which was
calculated from the variance components by dividing inter- subject va-
riability by the total variance not attributable to the image type18.
For group descriptive purposes, we performed the following additional
analyses. The annualized atrophy rate PBVC/y was calculated by divi-
ding the pre-gadolinium T1-derived PBVC value by the time between
scans. Using a two-sided one-sample t-test, we assessed whether
PBVC/y for the entire group of MS patients was significantly different
from zero. Additionally, we used Spearman’s rank correlation coeffi-
cient, indicated as “rho”, to assess the correlations of the pre-gadolinium
T1-derived baseline NBV and the annualized atrophy rate PBVC/y on
the one hand, with EDSS scores, and T1 and PD lesion volumes on the
other. This correlation was used because lesion volumes were not
normally distributed, and because EDSS is measured at an ordinal scale. 
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Table 1. Patient characteristics

Disease type, RR : SP : PP : PR (No.) 36 : 2 : 7 : 1

Sex, M : F (No.) 17 : 29

Age at baseline, years, median (IQR) 37.5 (31.9 – 46.8)

Follow-up duration, years, median (IQR) 2.1 (2.0 – 2.3)

Disease duration at baseline, years, median (IQR) 2.1 (0.8 – 4.5)

EDSS score at baseline, median (IQR) 2.25 (2.0 – 3.0)

EDSS score at follow-up, median (IQR) 2.75 (2.0 – 3.5)

T2 lesion load at baseline, cm3, median (IQR) 3.7 (1.5 – 13.4)

T2 lesion load at follow-up, cm3, median (IQR) 4.7 (2.0 – 14.5)

T1 hypointense lesion load at baseline, cm3, median (IQR) 0.3 (0.0 – 1.2)

T1 hypointense lesion load at follow-up, cm3, median (IQR) 0.3 (0.0 – 1.2)

Abbreviations: RR, relapsing-remitting; SP, secondary progressive; PP, primary pro-
gressive; PR, progressive relapsing; M, male; F, female; EDSS, expanded disability
status scale.

RESULTS

Patient characteristics and correlations with atrophy
The patient group characteristics are provided in Table 1. The average di-
sease duration is relatively short, and lesion volumes and EDSS scores
are within the expected ranges. SIENAX and SIENA brain atrophy mea-
surements using pre-gadolinium T1 images yielded a group mean base-
line NBV of 1474 mL (SD: 75 mL) and a group mean PBVC over the
study interval of –2.0% (SD: 1.7 %), which yields annualized atrophy
rates (PBVC/y) of –0.94 %/y (SD: 0.75 %/y). The annualized atrophy
rate differed significantly from zero (p<0.001).
To assess the correlations of brain atrophy with other measures, we used
NBV and PBVC/y as derived from the pre-gadolinium T1 images. EDSS
scores at follow-up were negatively correlated with both NBV at base-
line (Spearman’s rho=–0.45, p=0.002) and PBVC/y (rho=–0.31, p=0.03).
Baseline PD lesion volume was also correlated with both NBV at base-
line (rho=–0.54, p<0.001) and PBVC/y (rho=–0.55, p<0.001). Baseline
T1 hypointense lesion volume was correlated with NBV at baseline
(rho=–0.51, p<0.001), but not with PBVC/y.
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Table 2. Brain volume measurement results

Baseline NBV Follow-up NBV PBVC

Image type mean (SD) mean (SD) mean (SD)

Pre-gadolinium T1 1474 (75) 1455 (74) -2.05 (1.66)

Post-gadolinium T1 1516 (85) 1481 (78) -2.09 (1.83)

T2 1316 (56) 1295 (60) -0.94 (1.10)

Pseudo-T1 1498 (64) 1481 (59) -1.52 (1.46)

Abbreviations: NBV, normalized brain volume; SD, standard deviation; PBVC, percen-
tage brain volume change.

Comparison of atrophy measures between image types

Cross-sectional atrophy: SIENAX
Mean NBV and PBVC values obtained with the different input image
types are shown in Table 2. On average, NBV results from post-gadoli-
nium T1 and pseudo-T1 images are comparable to those calculated from
the “gold standard” pre-gadolinium T1 images. The scatter plots of Fi-
gure 2 (a, c) show that there is close agreement of the baseline NBV va-
lues obtained from the post-gadolinium T1 and pseudo-T1 images with
pre-gadolinium T1 baseline NBV. T2 images yielded different average
NBV values, and the scatter plot in Figure 2 (b) suggests that this was
due to a systematic difference. Scatter plots for follow-up NBV were si-
milar to those for baseline NBV shown in Figure 2. These observations
were confirmed by the variance component estimation (Table 3), which
demonstrated not only high relative agreement with pre-gadolinium T1
NBV results for pseudo-T1 and post-gadolinium T1, but also reasonably
high relative agreement for T2 (ICC values of 0.72 for baseline NBV,
and 0.65 for follow-up NBV).

Longitudinal atrophy: SIENA
As for NBV, average PBVC results from post-gadolinium T1 and
pseudo-T1 images are similar to pre-gadolinium T1 average PBVC. The
scatter plots of Figure 2 (d, f) suggest close agreement between indivi-
dual PBVC values. As for NBV, PBVC values obtained from T2 images
seemed to deviate more from pre-gadolinium T1 results. Variance com-
ponent analysis demonstrated that agreement with pre-gadolinium T1
PBVC was good for post-gadolinium T1 (ICC = 0.77) and pseudo-T1
(ICC = 0.83), but less good for T2 (ICC = 0.58).

37Methodological aspects of brain volume measurement



Table 3. ICC values of alternative image types versus pre-gadolinium T1

NBV PBVC

ICC of Pre-gadolinium T1 versus Baseline Follow-up

Post-gadolinium T1 0.86 0.81 0.77

T2 0.72 0.65 0.58

Pseudo T1 0.68 0.75 0.83

The values provided are ICC values for the comparison of pre-gadolinium T1 with one
of the three other image types. The middle two columns list ICC values regarding NBV
(baseline and follow-up values), the right column lists ICC values regarding PBVC. 
Abbreviations: ICC, intra-class correlation coefficient; NBV, normalized brain volume;
PBVC, percentage brain volume change.

DISCUSSION

Although there is an urgent need for tools to investigate brain atrophy in
MS in datasets in which standard T1-weighted images without contrast
agent are not (consistently) available, we are not aware of other studies
that have yet formally studied the performance of SIENA and SIENAX
with other input image types in MS patients. Our results show that if
post-gadolinium T1 images are consistently available, these are the
images of choice, since they exhibited the highest ICC value with pre-
gadolinium T1 for NBV (ICC values of 0.86 and 0.81), and the second
highest for PBVC (ICC=0.77). However, the use of contrast agent is
often inconsistent across time points, whereas dual-echo PD/T2-
weighted images are often consistently available. In that situation,
“pseudo-T1” images, constructed by subtracting the T2 images from the
PD images, may be a good alternative to pre-gadolinium T1. Overall,
pseudo-T1 images performed slightly better than T2 images in this study,
with similar ICC values for NBV, but higher ICC for PBVC (Table 3).
However, the fact that these pseudo-T1 images have to be constructed by
the user in a separate pre-processing step may present a hurdle to wide-
spread application. Furthermore, the image contrast and signal-to-noise
ratios of such pseudo-T1 images may vary greatly with the sequence pa-
rameter settings and consequently not all dual echo sequences may yield
pseudo-T1 images that perform as well as those in this study. Future stu-
dies could investigate the dependence of the results on the MR acquisi-
tion parameter settings, particularly those of the dual echo sequence.
Based on the ICC values, T2 images can be considered a good alterna-
tive which is only slightly inferior to pseudo-T1, and carries the advan-
tage that no additional image processing is required. Overall, the fact
that ICC values were similar for baseline and follow-up NBV provides
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Figure 2. Scatterplots showing the agreement between atrophy measures obtained from
different image types. Figures a, b, and c show agreement for normalized brain volume
(NBV), and Figures d, e, and f show agreement for percentage brain volume change
(PBVC). Each black circle represents a single patient. Along the horizontal axis is the
value obtained on the “gold standard” pre-gadolinium T1-weighted images. On the ver-
tical axis is the value obtained from, respectively, post-gadolinium T1 (a and d), T2 (b
and e), and pseudo-T1 (c and f) images. The diagonal line indicates perfect agreement.
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additional confidence in our recommendations regarding NBV.
In many clinical research centers, MS patient cohorts exist that have
been studied using MR imaging for a substantial amount of time, but
not always with pre-gadolinium T1-weighted images. Because SIENA
and SIENAX were only developed fairly recently, many MRI studies
performed prior to their introduction did not conform to the specific pre-
ferences of SIENA and SIENAX. In addition, there are other studies in
which, e.g. due to time constraints, T1-weighted images without con-
trast agent are not included. In these situations, the results from the cur-
rent study can help to choose the appropriate replacement from the
available existing data. Because of the important role that MR contrast
agent enhanced T1-weighted imaging plays in diagnosing and monito-
ring MS, this is often included in standard MS imaging protocols. The-
refore, it can be expected that many MS datasets exist in which
post-gadolinium T1-weighted imaging was performed consistently. Alt-
hough no different image types should be mixed in a single analysis, this
study demonstrates that if imaging was performed in a consistent way,
atrophy analyses can still be performed.
Because the group of MS patients in this study was in several ways fairly
representative of the overall MS population, it should be expected that
our results may be generalized to other MS cohorts. EDSS scores and le-
sion volumes were as expected, and most importantly, the normalized
brain volumes and atrophy rates as obtained from pre-gadolinium T1
images were comparable to previously reported values for similar
patient groups (a review is provided in 5). The scatter plots of Figure 2
show that the patients in our group covered a large range of NBV and
PBVC/y values, and most MS patient groups, even those further on in
the disease, should not be expected to have NBV or PBVC/y values far
outside these ranges.
In this study, we have chosen to focus on image types that are likely to
be consistently available in older datasets of MS patients. Future studies
could similarly investigate the performance of SIENA and SIENAX with
other, more state-of-the-art MR sequences, such as 3D T1-weighted
images (MPRAGE, 3DSPGRASS, 3DGRE) or 3D-T2 weighted images.
A healthy control group was not included because the aim of our study
was to compare the results of atrophy measurements performed in MS
patients on different image types, and not to address the issue of MS-re-
lated atrophy itself. Furthermore, variability in NBV and PBVC values
in controls should be expected to be small, and PBVC values over this
relatively short time interval would be small compared to the SIENA
measurement error, both rendering a proper analysis of agreement be-
tween image types in controls difficult. We have assessed the agreement
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of SIENA and SIENAX results between image types with a slight mo-
dification to the procedure, namely the manual editing of the BET re-
sults. Exclusion of non-brain tissue is often incomplete after BET, with,
e.g., orbital fat partially remaining, and therefore many centers include
an additional step in their analyses to remove this. We considered it the-
refore a realistic approach to include this in the current study. Further-
more, if brain extraction results by BET vary between image types, a
comparison of the SIENA and SIENAX results may be heavily influen-
ced by this effect, without necessarily providing much information about
the agreement of SIENA and SIENAX per se. Therefore, in this study we
have chosen to use manual editing to optimize the brain extraction result
for each image type separately, except for the pseudo-T1 images for
which we applied the T2 masks. In fact, in this dataset, no large diffe-
rences in BET brain extraction results were observed between the diffe-
rent image types in this study, leading to comparable amounts of manual
editing for all image types. It is therefore reasonable to expect that the
results of a previous study which demonstrated that, for pre-gadolinium
T1 images, inter-observer agreement of manually-edited SIENA and
SIENAX results is good19, may be extended to the other image types
used in this study. Therefore, although only a single observer performed
the manual editing, our results can be considered to be representative of
the general performance of manually-edited SIENA and SIENAX.
For T2 and post-gadolinium T1 images, we observed slightly poorer re-
lative agreement with pre-gadolinium T1 results for PBVC than for NBV,
while for pseudo-T1 images, relative agreement was better for PBVC
than for NBV. In general, one may expect PBVC to be more susceptible
to errors because it requires two input images instead of one, and may
be affected if a problem occurs for any one of them. Furthermore, the
PBVC calculation requires more separate steps to be performed than
NBV (two tissue-type segmentations, co-registration between the
images, calculation of edge motion), and these steps may each introduce
nonsystematic errors in the final measurement. Taken together, these ef-
fects may explain the lower ICC for PBVC compared to NBV for post-
gadolinium T1 images. For T2 images, there is an additional effect: some
T2 lesions are identified as CSF by the segmentation algorithm, leading
to incorrect “brain edges” on lesion borders, giving more noise in the
calculated average brain edge motion which further reduces the ICC.
For pseudo-T1 images, the ICC for NBV is lower than that for PBVC.
This difference may be attributable to different effects of imperfect tis-
sue type segmentation for SIENA and SIENAX. The subtraction of T2
images from PD images yields relatively noisy pseudo-T1 images, espe-
cially around the brain edges where partial volume effects from CSF
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come into play, and this affects the automated tissue type segmentation.
SIENA uses tissue type segmentation on both timepoints only to find
the approximate brain edge. It then searches the vicinity, using interpo-
lation (which reduces the noise) of the original image data, to find the
actual brain edge and its displacement between timepoints to sub-voxel
accuracy. In other words, for SIENA, the severity of the image noise pro-
blem is reduced by the procedure. This study shows that good relative
agreement with pre-gadolinum T1 PBVC is reached for pseudo-T1
images (ICC=0.83). Regarding NBV, the effect of imperfect tissue type
segmentation is more dramatic: any pixels not identified as brain tissue
do not contribute to the brain volume, and hence also do not contribute
to the NBV. Noisy pixels on the brain edges may or may not contribute
depending on the signal intensity, the width of the bordering sulci, and
other factors that may be rather random, leading to nonsystematic
changes in the calculated NBV values, and reducing the relative agree-
ment with pre-gadolinium T1 NBV.
In our analyses of agreement, we have assessed only relative agreement
(ICC) between image types, thus allowing systematic differences, as vi-
sible in Table 2 and Figure 1. This is a reasonable choice because we are
aware that different image types may give different absolute results. For
both PBVC and NBV, different results of the segmentation algorithm
may yield different atrophy measures. Furthermore, for NBV, additio-
nal differences between image types can be expected due to different re-
sults of the skull-finding algorithm on T1 and T2 weighted images (data
not shown). These result in different volumetric scaling factors, leading
to different absolute NBV values. Due to such effects, absolute values for
NBV or PBVC should not be expected to be identical between image
types. Therefore, in this study we aimed to arrive at a relative interpre-
tation of agreement, reflecting the power of these measures to discrimi-
nate between patient groups or detect relations of atrophy with other
measures. As our analyses demonstrate, in spite of differences in abso-
lute values, the discrimination between patients can nevertheless be com-
parable.
In conclusion, when T1-weighted images without contrast agent are not
available, brain atrophy in MS can still be measured with similar results,
using SIENA and SIENAX with other input image types. In such cases,
T1-weighted images with contrast enhancement, if consistently availa-
ble, should be the method of choice. Otherwise, T2-weighted images can
be used since these also perform well, and do not need additional ope-
rator input. Pseudo-T1 weighted images performed slightly better than
T2-weighted images in this study, but require additional pre-processing.
These findings can help to increase the duration of follow-up in MS re-
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search cohorts assessing brain atrophy evolution by allowing the use of
different types of MR images acquired in the past.

ACKNOWLEDGEMENTS

The MS Center Amsterdam, VU University Medical Center, is suppor-
ted by a program grant from the Dutch MS Research Foundation (grant
05-358c). The authors would like to thank W.M. van der Flier, PhD, for
advice on statistical matters, and J.J.G. Geurts, PhD, for advice on the
manuscript.

43Methodological aspects of brain volume measurement



REFERENCES

1. Miller DH, Barkhof F, Frank JA et al. Measurement of atrophy in
multiple sclerosis: pathological basis, methodological aspects and
clinical relevance. Brain. 2002; 125:1676-1695

2. Miller DH, Thompson AJ, Filippi M. Magnetic resonance studies
of abnormalities in the normal appearing white matter and grey
matter in multiple sclerosis. J Neurol. 2003; 250:1407-1419

3. Horakova D, Cox JL, Havrdova E et al. Evolution of different MRI
measures in patients with active relapsing-remitting multiple scle-
rosis over 2 and 5 years. A case control study. J Neurol Neurosurg
Psychiatry. 2007;

4. Roccatagliata L, Rocca MA, Valsasina P et al. The long-term effect
of AHSCT on MRI measures of MS evolution: a five-year follow-
up study. Mult Scler. 2007;

5. Anderson VM, Fox NC, Miller DH. Magnetic resonance imaging
measures of brain atrophy in multiple sclerosis. J Magn Reson Ima-
ging. 2006; 23:605-618

6. Bermel RA, Bakshi R. The measurement and clinical relevance of
brain atrophy in multiple sclerosis. Lancet Neurol. 2006; 5:158-
170

7. Smith SM, Zhang Y, Jenkinson M et al. Accurate, robust, and au-
tomated longitudinal and cross-sectional brain change analysis.
Neuroimage. 2002; 17:479-489

8. Sormani MP, Rovaris M, Valsasina P et al. Measurement error of
two different techniques for brain atrophy assessment in multiple
sclerosis. Neurology. 2004; 62:1432-1434

9. Smith SM, Rao A, de Stefano N et al. Longitudinal and cross-sec-
tional analysis of atrophy in Alzheimer's disease: Cross-validation
of BSI, SIENA and SIENAX. Neuroimage. 2007; 36:1200-1206

10. Gunter JL, Shiung MM, Manduca A et al. Methodological consi-
derations for measuring rates of brain atrophy. J Magn Reson Ima-
ging. 2003; 18:16-24

44 Methodological aspects of brain volume measurement



11. Smith SM, de Stefano N, Jenkinson M et al. Normalized accurate
measurement of longitudinal brain change. J Comput Assist To-
mogr. 2001; 25:466-475

12. Smith SM, Jenkinson M, Woolrich MW et al. Advances in func-
tional and structural MR image analysis and implementation as
FSL. Neuroimage. 2004; 23 Suppl 1:S208-S219

13. Enzinger C, Ropele S, Smith S et al. Accelerated evolution of brain
atrophy and "black holes" in MS patients with APOE-epsilon 4.
Ann Neurol. 2004; 55:563-569

14. Hickman SI, Barker GJ, Molyneux PD et al. Technical note: the
comparison of hypointense lesions from 'pseudo-T1' and T1-
weighted images in secondary progressive multiple sclerosis. Mult
Scler. 2002; 8:433-435

15. Jasperse B, Minneboo A, De Groot V et al. Determinants of cere-
bral atrophy rate at the time of diagnosis of multiple sclerosis. Arch
Neurol. 2007; 64:190-194

16. Mazziotta JC, Toga AW, Evans A et al. A probabilistic atlas of the
human brain: theory and rationale for its development. The Inter-
national Consortium for Brain Mapping (ICBM). Neuroimage.
1995; 2:89-101

17. Smith SM. Fast robust automated brain extraction. Hum Brain
Mapp. 2002; 17:143-155

18. Mcgraw KO, Wong SP. Forming inferences about some intraclass
correlation coefficients. Psychological Methods. 1996; 1:30-46

19. Jasperse B, Valsasina P, Neacsu V et al. Intercenter agreement of
brain atrophy measurement in multiple sclerosis patients using ma-
nually-edited SIENA and SIENAX. J Magn Reson Imaging. 2007;
26:881-885

45Methodological aspects of brain volume measurement





Intercenter Agreement of Brain Atrophy Measurement in 
Multiple Sclerosis patients using Manually-Edited SIENA and SIENAX

B Jasperse
P Valsasina 
V Neacsu 
DL Knol
N De Stefano
C Enzinger 
SM Smith
S Ropele 
T Korteweg 
A Giorgio
V Anderson
CH Polman
M Filippi
DH Miller
M Rovaris
F Barkhof
H Vrenken 
on behalf of the Magnetic Imaging in Multiple Sclerosis (MAGNIMS)
study group

J. Magn. Reson. Imaging 2007;26:881–885.



ABSTRACT

Purpose: To investigate intercenter agreement of brain volume (change)
measurement in multiple sclerosis (MS) using structural image evalua-
tion using normalization of atrophy (SIENA) and the cross-sectional ver-
sion of SIENA (SIENAX) with additional manual editing to correct for
inadequate brain extraction.
Materials and Methods: Baseline and follow-up T1- weighted MR
images of 20 MS patients were dispatched to five centers. Each center
performed fully-automated and manually-edited analyses for SIENAX,
yielding normalized brain volume (NBV), and SIENA, yielding
percentage brain volume change (PBVC). Intercenter agreement was
assessed with the concordance correlation coefficient (CCC).
Results: Intercenter agreement was perfect for fully automated NBV
and PBVC (both CCC = 1.0), and remained substantial upon manual
editing (CCC = 0.94 for NBV, CCC = 0.95 for PBVC). Mean NBV
values for each center decreased significantly after manual editing (over-
all mean NBV = 1605.3 cm3 vs. 1651.1 cm3 without manual editing;
t = –4.58, P = 0.001). Total variance in PBVC decreased significantly by
a factor of 1.8 after manual editing (σ2 = 2.82 before, and σ2 = 1.54
after manual editing, P < 0.05). 
Conclusion: Substantial intercenter agreement was found for manually-
edited SIENAX and SIENA, suggesting that measurements from multi-
ple centers may be pooled. Manual editing reduces overestimation of
NBV, and is likely to increase statistical power for PBVC.
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INTRODUCTION

In the past few years, quantification of brain volume and brain atrophy
rate has received much attention in multiple sclerosis (MS) research, as
these measures are considered to partly reflect the neurodegenerative
component of MS1. MS-related brain atrophy is more closely associated
with clinical disability than lesion measures2,3 and is predictive of clini-
cal disability at long-term follow-up4 in MS patients. 
Automated methods to estimate brain volume and brain atrophy rates
have been developed recently1. Structural image evaluation, using nor-
malization, of atrophy (SIENA) and the cross-sectional version of
SIENA (SIENAX)5 (both part of the Oxford Centre for Functional Mag-
netic Resonance Imaging of the Brain [FMRIB] Software Library
[FSL])6) are highly reproducible and accurate automated methods for
measuring normalized brain volume (NBV) and percentage brain vo-
lume change (PBVC), respectively5. SIENA has an estimated PBVC
error of 0.15%5, is largely independent of slice thickness, and more ac-
curate than older semiautomated seed growing techniques5,7. The accu-
racy of SIENAX in determining NBV is approximately 0.5% to 1% of
NBV5. 
Ideally, such methods should be fully automated, thus minimizing ope-
rator bias. However, errors may arise when using the automated proto-
col, such as the inclusion of nonbrain tissue around the optic nerves and
eyes. Errors in automated brain extraction are mostly responsible for
these inaccuracies, and some centers therefore apply manual correction
subsequent to automated brain extraction. 
To further elucidate the relationships between brain atrophy, other radi-
ological measures and lesion development, large samples of patients are
needed that can only be collected in collaboration between multiple cen-
ters. We aimed to assess the intercenter agreement of manually-edited
brain atrophy data, to explore the possibility of pooling such data deri-
ved from different centers, in order to divide the workload between
centers. 
More specifically, the goal of this study was to investigate the intercen-
ter agreement of brain volume measurement using SIENAX and SIENA
with (and without) manual editing.
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MATERIALS AND METHODS

Baseline and follow-up T1-weighted MRI scans from a total of 20 MS
patients were collected from studies ongoing at two centers (i.e., center
1 and center 2). The 10 patients from center 1 were selected from an on-
going natural history study8. Of the 10 patients from center 2, five pa-
tients were taken from the placebo arm of a study on the efficacy of
glatiramer acetate9, and five patients were taken from the placebo arm of
a study on the efficacy of interferon in early MS10. All studies were
approved by the local ethics review board and written informed consent
was obtained from all patients enrolled in these studies. A total of five
patients had a clinically isolated syndrome suggestive of MS and 15 pa-
tients had a relapsing remitting course; 13 patients were female and
seven patients were male. The patients had a mean age of 37.0 years (SD
= 9.3 years), a median disease duration of 15.0 months (interquartile
range [IQR] = 2.8–34.0 months), and a median Expanded Disability Sta-
tus Scale (EDSS) IQR of 2.5 (IQR = 1.5–3.0) at baseline.
MR imaging was performed twice for each patient to obtain two-
dimensional (2D) spin echo T1-weighted images of the brain. The pa-
tients from center 1 were scanned on a 1.0 Tesla scanner (Magnetom Im-
pact; Siemens, Erlangen, Germany) to obtain images with a slice
thickness of 5.0 mm (10% interslice gap) with an interval ranging from
23 to 36 months, using the following scan parameters: repetition time
(TR) = 700 msec, echo time (TE) = 15 msec, and two excitations. At
center 2, the five patients from the glatiramer acetate study were scan-
ned twice on a 1.5 Tesla scanner (Magnetom Vision; Siemens, Erlangen,
Germany) at an interval of 18 months with 44 contiguous slices, using
the following scan parameters: TR = 600 msec, TE = 10 msec, two ex-
citations, slice thickness = 3.0 mm. The five patients from the interferon
study were scanned on a 1.5 Tesla scanner (Magnetom GBS III; Sie-
mens) at an interval of 12 months with 24 contiguous slices, using the
following scan parameters: TR = 768 msec, TE = 14 msec, two excita-
tions, slice thickness = 5.0 mm. All scans were anonymized, converted
to ANALYZE format and dispatched by compact disc (CD) to the five
participating centers.
At each of the five centers, preprocessing of each of the 40 scans was
performed twice and involved automated brain extraction using the brain
extraction tool (BET)11, followed by either manual correction of the brain
by a single experienced rater or no manual correction. More specifically,
each rater used standard anatomical references for removal of nonbrain
tissue from the brain extraction results. In this study we aimed to assess
the current state of agreement between centers, therefore we did not
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design a protocol containing strict criteria for standard anatomical refe-
rences. All 40 scan pairs (i.e., with and without manual correction) were
then analyzed using SIENAX on the baseline scan to obtain NBV in cm3

and SIENA to obtain the percentage brain volume change (PBVC) be-
tween baseline and follow-up. After brain extraction, SIENAX automa-
tically segments brain from nonbrain matter, calculates the brain volume
and applies a normalization factor to correct for skull size. The norma-
lization factor is obtained by registering the subject’s scan to the Mont-
real Neurological Institute 152 (MNI152) standard image using the skull
to normalize spatially. SIENA coregisters the baseline and follow-up
scan using the skull as scale and skew constraint, then estimates the over-
all percentage brain volume change, expressed as a single value, from the
displacement of the brain edge for each point of the brain edge at sub-
voxel accuracy. A detailed description of SIENAX and SIENA can be
found in the original technical work5.
In the following, SIENAX and SIENA without manual editing will be re-
ferred to as “fully automated”. All centers used the same command line
input to run SIENAX and SIENA, which resulted in simply running de-
fault SIENAX and SIENA, but with two-class instead of three-class tis-
sue segmentation. A preliminary study showed that different versions of
FSL yielded substantially different results for fully-automated SIENAX
and SIENA, as a result of differences in segmentation algorithms. The-
refore, for the analysis described in this work, all centers had the same
FSL version (3.2) installed on their local computer setup. With regard to
the computer operating systems, one center used Cygwin on Microsoft
Windows XP, while the other centers used different release versions of
Linux.

Statistical Analysis
To quantify variability between centers, separate variance component
analyses using restricted maximum likelihood were performed for SIE-
NAX with manual editing, fully-automated SIENAX, SIENA with ma-
nual editing, and fully-automated SIENA. More specifically, the total
variance in the data was separated in variance due to the subjects analy-
zed, variance due to centers and residual variance, as in Eq. [1]: 

Concordance correlation coefficients (CCC) were calculated from the
variance components following the method by Carrasco and Jover12,
according to Eq. [2]:
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CCC quantifies the proportion of variance that is explained by the sub-
ject, which is a measure of absolute agreement between results from the
different centers. All statistical analyses were performed using SPSS
12.0.
Group differences between fully-automated and manually-edited NBV
and PBVC were tested by mixed model analysis, entering the method as
the fixed effect and the center, subjects, and interactions between all
variables as the random effect. A P-value of 0.05 was considered statis-
tically significant. 
The difference in total variance between fully-automated and manually-
edited SIENAX and SIENA was tested at a P level of 0.0513.

RESULTS

Mean values of NBV and PBVC for fully-automated and manually-
corrected SIENAX and SIENA are presented in Figures 1 and 2. As ex-
pected, mean and standard deviations (SDs) for fully-automated NBV
and PBVC were very similar across centers. Results of the variance com-
ponent analyses and CCC values are presented in Table 1. As indicated
by the CCC, agreement between centers was excellent for both fully-
automated SIENAX and SIENA.

Figure 1. Mean NBV values and SDs for fully-automated and manually-edited SIENAX
for all subjects per center. NBV = normalized brain volume. Within centers, mean NBV
decreases when manual editing is applied, while variability remains similar.
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Agreement Between Centers for
Manually-Edited SIENAX and SIENA

Compared to the fully-automated method (overall mean NBV = 1651.1
cm3), the mean value of NBV at each center was significantly lower
when manual editing was applied (overall mean NBV =1605.3 cm3,
difference = –2.8%, P < 0.001), while the variability within each center
remained similar (Figure 1). Although the CCC of 0.94 for manually-
edited NBV was lower than that for fully-automated SIENAX (CCC =
1.00), this value still indicates substantial agreement on NBV between
centers (Table 1).
Mean values of PBVC obtained from manually-edited SIENA (overall
mean = –1.74 PBVC) did not differ from those obtained using fully-
automated SIENA (overall mean = –1.70 PBVC, P = 0.88). Interestin-
gly, with manual editing, the overall variance of PBVC decreased signi-
ficantly (P = 0.05) by a factor of approximately 1.8 compared to
fully-automated SIENA. The variance components (Table 1) and Figure
2 show that this was due to a decrease of variability between subjects.
Agreement between centers was lower for manually-edited PBVC (CCC
= 0.95) than for fully-automated PBVC (CCC = 1.00), but still remained
substantial (Table 1).

Figure 2. Mean PBVC values and SDs for fully-automated and manually-edited SIENA,
for all subjects per center. PBVC = percentage brain volume change. Within centers,
mean PBVC remains similar when manual editing is applied, while variability decreases.
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Table 1 Variance Component Estimates and Concordance Correlation Coefficients

for Fully-Automated and Manually-Edited SIENAX (NBV) and SIENA (PBVC)

Total Subject Center Residual CCC

variance variance variance variance

NBV fully automateda 3529.7 3527.6 0.0 2.0 1.00b

NBV manually editeda 3776.9 3534.6 51.7 190.7 0.94b

PBVC fully automateda 2.82c 2.81 0.00d 0.00e 1.00b

PBVC manually editeda 1.54c 1.47 0.00 0.07 0.95b

a Analyses were performed with NBV in cm3 and PBVC in %. Variances are expressed
in cm6 for NBV and in %2 for PBVC.

b Agreement was perfect for fully-automated analyses, and remained substantial after
manual editing.

c Variance of PBVC was significantly lower for manually-edited PBVC than for fully-
automated PBVC (P = 0.05).

d Actual center variance for fully-automated PBVC is 7.8 x 10–6 %2.
e Actual residual variance for fully-automated PBVC is 2 x 10–3 %2.

DISCUSSION

This study found substantial agreement between centers concerning ma-
nually edited NBV and PBVC (CCC = 0.94 and CCC = 0.95, respecti-
vely). For SIENA, manual editing significantly decreased total
variability in PBVC.
Substantial agreement was found between centers, even though all cen-
ters used their local manual editing protocol. This suggests that as far as
the effects of local manual editing are concerned, pooling of NBV and
PBVC data from multiple centers may be acceptable. 
Mean NBV values for each center decreased with manual editing, which
might indicate that automated NBV tends to overestimate the “true”
brain volume, due to the inclusion of false-positive areas such as orbital
fat, as illustrated in the representative example in Figure 3. 
Although this can be expected to remove noise from the NBV data, ma-
nual editing did not decrease total variability over the total group, sug-
gesting that group test sensitivity did not improve. 
When manual editing was applied for SIENA, the mean PBVC values
within each center remained similar. However, the total variance of
PBVC was significantly reduced by a factor of approximately 1.8, which
was due to a striking decrease in subject variability. Taken together, these
findings suggest greater accuracy of manually-edited SIENA in deter-
mining the “true” brain atrophy rate compared to fully-automated
SIENA. This is more intuitively illustrated in Figure 4, in which fully-
automated SIENA (Figure 4a) estimates the brain atrophy rate based on
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Figure 3. Images showing regions that are classified as brain tissue (red checkerboard)
for fully-automated (a.) and manually-edited (b.) SIENAX. Note that manual editing
removes erroneous inclusion of extracranial tissue, and thus more closely approximates
the “true” brain volume. 

both brain and nonbrain regions, which probably adds noise to the data.
Manual editing (Figure 4b) aims to restrict SIENA analysis to actual
brain regions, to more closely resemble the actual brain atrophy rate.
The observed reduction in PBVC variability suggests that the statistical
power for SIENA was increased when manual editing was applied. This
has important implications for use of PBVC in clinical trials, as it sug-
gests that manual editing could increase the sensitivity for detection of
treatment effects. 
Although the fully-automated SIENAX and SIENA analyses did not in-
clude manual interference, a small part of the total variance (less than
1%) was due to nonsubject variance. This probably reflects rounding-
off errors due to different operating systems and computer setups, which
had a minimal effect on concordance between centers.
The variance components show that, although total variance in PBVC for
manually-edited SIENA decreases due to reduced subject variance, the
remaining nonsubject variance increases. This is to be expected when
comparing an identical and fully-automated method with a method that
differs slightly between centers because of different observers and dif-
ferent manual editing protocols. The application of a standardized ma-
nual editing protocol may reduce the variability between centers.
However, in this study, we chose to assess the current state of agreement
between centers by comparing local manual editing protocols currently
in use. The results of this study can be used to decide whether the design
of a standardized manual, or maybe (semi-) automated, protocol to cor-
rect errors in brain extraction would be appropriate. In conclusion,
agreement between centers for both manually-edited SIENAX and

55Methodological aspects of brain volume measurement



manually-edited SIENA was substantial. This suggests that manually-
edited PBVC and NBV data from multiple centers may be pooled. More-
over, manual editing decreases overestimation of NBV, and reduces
variability for PBVC. The latter suggests that manually-edited SIENA
may yield an increase in statistical power for longitudinal brain volume
measurements. Future work should be aimed at developing optimized
manual or semiautomated protocols to facilitate brain extraction.

Figure 4. Images showing positive (red/yellow) and negative (blue/light blue) brain edge
displacement for fully-automated (a.) and manually-edited (b.) SIENA. Note that manual
editing removes spurious changes in the orbita. 
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ABSTRACT

Background: Progressive brain atrophy in multiple sclerosis (MS) may
reflect neuroaxonal and myelin loss and MRI measures of brain tissue
loss are used as outcome measures in MS treatment trials. This study
investigated sample sizes required to demonstrate reduction of brain
atrophy using three outcome measures in a parallel group, placebo-
controlled trial for secondary progressive MS (SPMS). 
Methods: Data were taken from a cohort of 43 patients with SPMS who
had been followed with six-monthly T1-weighted MRI for up to 3 years
within the placebo arm of a therapeutic trial. Central cerebral volumes
(CCV) were measured using a semi-automated segmentation approach
and brain volume normalised for skull size (NBV) was measured using
automated segmentation (SIENAX). Change in CCV and NBV was
measured by subtraction of baseline from serial CCV and SIENAX
images; in addition, percentage brain volume change (PBVC) relative
to baseline was measured directly using a registration based method
(SIENA).  Sample sizes for given treatment effects and power were
calculated for standard analyses using parameters estimated from the
sample.  
Results: For a two-year trial duration, minimum sample sizes required
to detect a 50% treatment effect at 80% power were 32, 69 and 273 per
arm for SIENA, CCV and SIENAX respectively.  Two-year minimum
sample sizes were smaller than one-year by 71% for SIENAX, 55% for
CCV and 44% for SIENA.    
Conclusion: SIENA and CCV are feasible outcome measures for
inclusion in placebo-controlled trials in secondary progressive MS. 
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INTRODUCTION

Definitive clinical trials of potential new disease modifying agents in
multiple sclerosis (MS) often evaluate disability as the primary outcome
measure. Because MS is characterised by a variable but generally slow
clinical evolution, controlled studies with disability endpoints require
large numbers of patients (several hundreds) to be studied over several
years. Accordingly, there is considerable interest in developing surro-
gate laboratory markers of disease progression that, if more sensitive
than disability, would enable trials to be performed more quickly and in
smaller numbers of patients. 
Irreversible and progressive disability in MS is likely due to neuroaxo-
nal loss and demyelination, which occur in focal white matter lesions1

and also in normal appearing white2,3 and grey matter4.  MRI-measured
brain atrophy has been proposed as a marker of progressive axonal and
myelin loss5, and it is now often acquired as an outcome measure in
phase 3 trials6,7,8.  If brain atrophy is to be used as a reliable outcome
measure in clinical trials, power calculations are required not only to de-
termine the sample sizes needed to show therapeutic efficacy, but also
to help identify the most suitable atrophy outcome measures, which is
our primary aim here.  In this report, based on data acquired in a multi-
centre sample of placebo-treated subjects with secondary progressive
(SPMS), we calculate and compare sample sizes required in a parallel
group, placebo-controlled trial for SPMS subjects, using three brain atro-
phy outcome measures: a semi-automated measure of a regional (central)
cerebral volume that has previously been used in MS cohorts9,10,11; and
two whole-brain automated measures - SIENA and SIENAX - also used
extensively12,7,13.  Two secondary aims are to contrast the sample sizes re-
quired for different trial durations and analyses; and to examine the re-
lationships between the three atrophy outcomes.  

METHODS

Patients
A substudy10 of patients from 5 centres who were participating in a pla-
cebo-controlled trial of interferon beta-1b in secondary progressive MS
acquired six-monthly T1-weighted brain MRI over 3 years. There were
46 placebo-treated patients from the 5 centres (20 female, 26 male), 43
of which provided usable data.  The mean age at entry was 40.9 years
(standard deviation [SD] 7.9), disease duration 13.4 years (SD 7.5), time
since evidence of progression 3.8 years (SD 3.4), EDSS 5.2 (SD 1.1,
range 3-6.5). These patients underwent six-monthly T1 weighted spin
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echo MRI (TR 500-700ms, TE 5-25ms, 256x256 matrix, 24 cm field of
view) for 3 years with 5mm thick contiguous axial slices acquired
through the brain on each occasion. 

Brain atrophy measures
Central cerebral volume (CCV) was measured using an automated tech-
nique that segments cerebral tissue from surrounding scalp and other
extra cerebral tissue using a 4-step algorithm. The details of the metho-
dology are described elsewhere9,10.  The slices were chosen with the most
caudal being at the level of the velum interpositum cerebri. Four conti-
guous, axial, 5mm thick slices were studied. This region of the cerebral
hemispheres was chosen because in a previous study: (i) there had been
substantial atrophy seen over an 18 month period in subjects with
SPMS9; (ii) the measure – reposition – rescan – re-measure coefficient
of variability of the method was 0.56%9. 
SIENAX was used to measure Normalised Brain Volume (NBV)14.
SIENAX automatically segments brain from non-brain matter, calcula-
tes the brain volume and applies a normalisation factor to correct for
skull size. The normalisation factor is obtained by registering the
subject’s scan to the Montreal Neurological Institute 152 (MNI152) stan-
dard image using the skull to normalise spatially.  Percentage brain
volume change (PBVC) for each time point relative to baseline was mea-
sured using SIENA14. SIENA registers the baseline and follow-up MR
image using the skull as scale and skew constraint, then estimates the dis-
placement of the brain edge for each point of the brain edge between
these two scans.  The brain edge displacements of all edge points are
used to calculate the ‘overall’ PBVC, which is expressed as a single
value.  Since not all scans included the full brain, the SIENAX and
SIENA analyses were restricted to a pre-specified interval along the
Z-axis, ranging from -52 mm to +60 mm in standard MNI152 space.
When necessary, errors in brain extraction were corrected manually to
reduce unwanted variability in SIENA(X) results13. SIENAX and SIENA
are part of the FMRIB Software Library (FSL)15.  All SIENAX and
SIENA analyses were performed using FSL version 3.1.

Statistical methods and issues 
Sample size estimates were calculated for trial durations of 12, 24 and
36 months, to detect treatment effects of 30%, 40%, 50% and 60% at
80% and 90% power, all with two-tailed alpha (significance level) of
5%.  Treatment is assumed to have an immediate and constant effect,
and in the absence of a healthy control group treatment effects assume
zero atrophy in healthy subjects, 100% equating with zero volume loss.
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For each duration, three standard statistical analysis methods were con-
sidered for the comparisons between active and placebo trial groups: i)
comparison of the mean change from baseline, using a t-test; ii) com-
parison of baseline adjusted mean change from baseline, using analysis
of covariance (ANCOVA)16; iii) comparison of mean rates of change es-
timated from longitudinal linear mixed models17, using either six-
monthly or just annual time points.  Relative efficiencies are used to
summarise comparisons: the relative efficiency of procedure A vs B is
the inverse of the ratio of the corresponding sample sizes required to
achieve the same power.  These methods are discussed further below,
but technical details of the statistical models and calculations are given
in Appendix 1.
A number of issues are relevant to the comparisons we present and to
their potential impact on trial design.  Chiefly these relate to the choice
of sample required to obtain valid comparisons between outcomes or
between different trial durations or statistical analyses; and issues con-
cerning outcome type.

Choice of samples for comparison
For the primary comparison, between atrophy measures, best estimates
come from subjects with all three measures available at a given time
point, ‘all-three’ samples.  This ensures that differences between mea-
sures are not due to different subjects.  For these comparisons, at diffe-
rent time points, sample sizes were calculated just for a 50% treatment
effect (since the relative efficiency of the volume measures is approxi-
mately constant over different treatment effects for a given analysis me-
thod).  For any given trial duration and analysis method, this gives a valid
comparison across the atrophy measures.  For the simplest analysis me-
thod, the t-test of changes, the non-parametric bias-corrected bootstrap18

(1000 replicates) was used to assess the statistical significance of sam-
ple size differences between the measures (P-value ranges are given due
to the computationally intensive nature of the bootstrap). 
For best results within each individual measure, and also for the secon-
dary comparison between analysis methods and trial durations using a
given measure, optimal estimates are given for each volume measure se-
parately by fitting a longitudinal model using an ‘all-data’ sample: the
36-month duration six-monthly longitudinal model which uses every
available time point for that measure.  The estimated slope and variance
parameters for this model were then used to deduce the parameters re-
levant to the different statistical analyses and time points, and thus ge-
nerate the appropriate sample sizes.  Thus, from the single set of ‘master’
36-month parameters we obtain a valid comparison of the different ana-
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lysis methods and durations in each measure, assuming constant atrophy
over the period.  Under this assumption these parameters also allow
estimation of the effect of altering observation times.  It has been shown19

that the timing of observations is relevant to gains in power; for exam-
ple, adding a third observation midway between baseline and final
follow-up provides no additional information with which to estimate
linear change. Though our primary aim is to compare the volume mea-
sures rather than establish optimal design, for interest we report some
efficiency gains from a theoretically more efficient concentration of
observations towards the trial period extremes.

The volume measures
The methodology of SIENA, calculating the percentage brain volume
change (PBVC), is a ‘direct’20 measure of change, with theoretically less
measurement error compared to indirect measures of change obtained by
numerical subtraction between volumes calculated at separate time
points, as is required for CCV and SIENAX.  The superior precision of
SIENA compared to indirect volume measures has been noted previou-
sly in cohorts with RRMS21,22,23. However, direct difference methods
have a different error structure than absolute measures, and this was
taken account of in constructing the longitudinal models to estimate
SIENA parameters20.     
To examine the concordance between the three measures, the all-three
sample was used, with CCV and SIENAX converted into PBVC units
using 100  (volume at time point – baseline volume)/baseline volume.
Pearson correlation coefficients and Bland-Altman plots24 were obtai-
ned, and the standard deviations of the measures statistically compared
using the Pitman test25 for paired variances. 

RESULTS

Of the 46 patients available, a maximum of 43 patients were used in the
analyses: two subjects were excluded having only SIENAX baseline and
no other valid measurements; one subject with only baseline measures
in CCV and SIENAX was also excluded.  The patients provided a maxi-
mum of 246 data points for the analyses.  Table 1 shows the number of
patients with all three measures available at any one time point, along
with summary statistics of the changes in volume from baseline, and,
for CCV and SIENAX only, absolute volumes and correlations between
baseline and later volumes.
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Concordance between the three volume measures
There was in general much better agreement between SIENA and CCV
percentage changes than with SIENAX (Table 1 and Figure 1). Concor-
dance between the three measures is further detailed in Appendix 2,
E-Figures 1a,b,c and E-Figures 2a,b,c.

Table 1. Volumes and changes from baseline for the three measures, by month, with
numbers of patients contributing (maximum n=43).

a Unless otherwise indicated.
b baseline implicit for SIENA  in subjects with at least one later observation.
c As percentage of baseline: mean (SD).
d Pearson correlation coefficients between absolute volume at time point, and baseline

(all P<0.0001).
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Figure 1. Mean percentage changes from baseline by month for the three measures:
central cerebral volume (CCV), SIENAX and SIENA; calculated in the all-three
sample.

Comparison of sample size estimates between the 
three measures

E-Table 1a (see additional tables) gives the parameter estimates on which
the sample size calculations for the all-three comparisons are based. (De-
tails of the longitudinal parameters are given in Appendix 1.) Longitu-
dinal model residuals did not show any serious non-Normality.  Table 2
shows sample size estimates for 50% treatment effect across the three
measures. SIENA has relative efficiencies between 2 (36-month t-test)
and 2.5 (24-month t-test) compared to CCV and between 6.8 (36-month
longitudinal) and 31.8 (12-month t-test) compared to SIENAX. CCV
has relative efficiency between 3.2 (36-month longitudinal) and 15.2
(12-month t-test) compared to SIENAX.  Bootstrap inference, for the
pairwise differences in t-test sample sizes between measures, showed
that all    sample size differences were significant at P<0.05: in particu-
lar, SIENA vs    SIENAX gave P<0.001 at all three durations; SIENA vs
CCV gave 0.03<P<0.04 at 12months, 0.004<P<0.005 at 24 months and
0.01<P<0.02 at 36 months; and CCV vs SIENAX gave 0.001<P<0.002
at 12months,  0.02<P<0.03 at 24 months and 0.01<P<0.02 at 36 months.
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Table 2. Comparisona of the three measures, for 50% treatment effect: n per trial arm.

a Since different numbers of patients contributed to the estimates for different analyses
and time points, comparisons are valid horizontally across the measures but not
generally across analyses or time points.  

b For change and ANCOVA, each patient contributed two data points towards estima-
ting the parameters from which the sample sizes are calculated.  For the longitudinal
models parameters were estimated from the largest sample with 41 patients contribu-
ting a total of 226 data points. 

Comparison of sample size estimates between analysis 
methods and trial durations

E-Table 1b (see additional tables) gives the parameter estimates under-
lying these sample size calculations. Table 3 shows the sample size
estimates across the different analysis methods and trial durations, for
each volume measure separately.  Minimum two-year sample sizes for
50% treatment effect at 80% power were 32, 69 and 273 per arm for
SIENA, CCV and SIENAX respectively, and were 71%, 55% and 44%
lower than corresponding one-year sizes. Detailed relative efficiencies
over the analysis methods and trial durations are presented in Appendix 3.
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Table 3. Comparisona of analyses/durations: n per trial arm
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Table 3. Continued

a Since different numbers of patients/data points contributed to the estimates for the
different measures, comparisons are valid vertically across the statistical analyses but
not generally across volume measures.
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DISCUSSION

To the best of our knowledge this is only the second study in MS to es-
timate trial sample sizes for using brain atrophy as the outcome measure
based on longitudinal volumetric data, and the first to do so in an SPMS
cohort.  Anderson et al21 estimated sample sizes based on four volume
measures (including SIENA) in a relapsing remitting (RRMS) cohort;
while Sormani et al23, also in an RRMS cohort, reported the superior
precision of SIENA compared to an indirect measure of volume change.  
There was generally better agreement between CCV and SIENA than
between either of these and SIENAX.  Differences between CCV and
SIENA may be because the latter is a registration based method directly
measuring brain volume changes, whereas the former involves numeri-
cal subtraction.  Additionally, these differences may be due to using a
greater portion of the brain for SIENA.  Nevertheless, there was good
agreement between these two measures, particularly regarding longitu-
dinal trajectory.
Comparing the three measures for the same analyses/durations gives
highest sample sizes for SIENAX, followed by CCV and then SIENA,
with the advantage of SIENA more pronounced at shorter durations.
These results are explained by the comparative standard deviations of
the three measures, relative to treatment effects.  Although the variabi-
lity of SIENAX absolute volumes, as a percentage of the volume, is ac-
tually lower than for CCV, the SIENAX changes have much higher
variability than the other two measures, leading to higher SIENAX sam-
ple sizes for the analyses of changes.  For the longitudinal models, sam-
ple sizes over shorter durations are dominated by the within-subject
standard deviation,  which was highest relative to treatment effect for
SIENAX and lowest for SIENA. Over longer durations, sample sizes are
influenced more by the between-subject atrophy rate standard deviation,
which was again highest for SIENAX and lowest for SIENA.  
Although in theory analysing CCV with adjustment for baseline intra-
cranial volume would only reduce the variability between subjects at
baseline rather than of atrophy rates, and therefore may not greatly en-
hance power in longitudinal studies, further work is required to assess the
potential gains from such adjusted analyses.  Further work is also re-
quired to assess any change in power from calculating SIENA direct
changes between consecutive time points, rather than from baseline as
in these data; or from using ANCOVA to adjust SIENA for baseline SIE-
NAX, though our data suggest little gain from this since ANCOVA re-
sults tend to approach but not improve on the corresponding longitudinal
analysis with annual time points. Detecting smaller treatment effects, or
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increasing test power, naturally increased the required sample sizes.
Comparing analyses and durations, for all three measures, increasing the
duration or the number of informative (ie not midway) time points re-
duced the required sample size, with increased duration generally ha-
ving greater impact than number of time points.  In general ‘noisier’
measures gain more than precise measures from an increase in the num-
ber of informative data points: thus SIENAX gains the most from inc-
reasing the intrinsic power of the analysis by extending duration or
adding points (particularly points towards the period extremes), follo-
wed by CCV, with the least gains for SIENA.    

Anderson et al22 reported required SIENA sample sizes of 69, 44 and 40
for respectively one, two and three year trial duration, based on an
RRMS cohort to be analysed with t-tests of change at 90% power and
50% treatment effect, close to our corresponding 77, 45 and 39 in a
SPMS cohort (Table 3).  This might suggest that – in spite of the use of
different T1-weighted sequences on which atrophy was measured (3D in
the RRMS group, 2D in the SPMS group) – the average rate of brain
atrophy and its variance between subjects may be similar in RRMS and
SPMS cohorts26.
One assumption that may exaggerate the study power is that 100% tre-
atment effect equates to zero volume loss. However, healthy controls ex-
perience some brain volume loss (0.1-0.3% per year), and if
disease-specific treatment effects do not affect the “normal” atrophy as-
sociated with aging, a larger sample size will be required to show the
same disease-specific effect. If 0.1% “healthy” annual loss is assumed,
the SIENA sample size of 28 required for a 50% treatment effect, 80%
power three-year longitudinal analysis rises to 33; if 0.3% is assumed, the
new sample size is 50. This effect might be allowed for in analysis mo-
dels where healthy controls are scanned using the same protocol.
It is important to note that the relatively small gain in power for SIENA
and CCV shown by multi-time point longitudinal analyses compared to
t-tests and ANCOVA conceals an important advantage of the more so-
phisticated models: missing one data point at either baseline or final fol-
low-up will remove a subject from the simpler analyses, whereas the
longitudinal models can use all available data points efficiently and thus
minimise the impact of missing data, both in terms of power and poten-
tial bias from differential dropout.  Possible dropout towards end of fol-
low-up may also limit the power gains from timing scans near the trial
end rather than spacing them regularly19.    
We assumed a linear volume change over time. Testing for non-linea-
rity, we found very weak evidence of trajectories levelling off over time,
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consistent with a proportionate change, which is linear on a logarithmic
volume scale.  As a precaution we repeated the sample size calculations
on the log outcomes, but obtained sizes almost identical to those we re-
port for SIENAX and SIENA, and around 10% greater for CCV (pro-
bably because the changes tend to be larger as a proportion of absolute
volumes for CCV than for the other measures).  Further work on larger
datasets would be required to assess possible non-linearity satisfactorily.
For CCV and particularly for SIENA extending trial duration from two
to three years reduces sample sizes relatively modestly.  In contrast ex-
tending duration from one to two years can roughly halve the sample
sizes required for these outcomes.  A further disadvantage of one-year
duration is the possible short-term effect of biological confounds ten-
ding to undermine sample size calculations which, as here, assume im-
mediate onset and constancy of treatment effect.  First, any Wallerian
degeneration from axonal injury prior to the commencement of treat-
ment may continue to evolve, and thus cause atrophy, for several months
after the start of treatment, possibly delaying any treatment benefit from
manifesting as reduced atrophy rate.  Secondly, if the therapy has an anti-
inflammatory as well as neuroprotective effect, it may cause an initial
decrease in brain volume due to resolution of inflammation. Such an ef-
fect has been proposed to contribute to decreases in brain volume seen
following treatment with intravenous methylprednisolone27, beta inter-
feron6,28 and natalizumab8. To avoid these confounds, baseline for ana-
lysis could be taken after an initial treatment ‘burn in’ period.  The
appropriate interval is uncertain, but three or six months might be con-
sidered reasonable28.  
In conclusion, our results confirm the utility of two brain atrophy mea-
sures - SIENA and CCV - as endpoints in placebo-controlled clinical
trials in SPMS. 
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ADDITIONAL TABLES

E-Table 1a. Parameter estimates required for sample size calculations, from all-three
sample.

a Pearson correlation coefficient between the two time points.
b See Appendix 1 for meaning of parameters.

E-Table 1b. Parameter estimates required for sample size calculations of analysis/
duration comparisons, using all-data samples for each measure. 

a See Appendix 1 for meaning of parameters.
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Calculation of sample sizes





The standard method25 for calculating sample size n per trial arm to
detect a true difference δ, with power 1- β and significance level α, when
Var       is the estimated sampling variance of       (estimator of δ) for n=1,
uses the relationship

solving for n ( Za being the standard Normal deviate for tail area a).  

For the t-test of changes in the comparison between measures, the assu-
med difference δ between active and placebo is obtained by multiplying
the observed mean change in the measure concerned, over the relevant
time period in the all-three sample, by t/100, where t is the percentage
treatment effect required. Var      is estimated as twice the variance of the
changes in the measure, this variance being reduced16 by a factor of
(1+ρ)/2 for ANCOVA, where ρ is the baseline vs follow-up Pearson cor-
relation coefficient, estimated by the observed correlation. For the t-test
and ANCOVA in the comparison between analyses/time periods, the va-
lues which the sample size formula requires (the mean and variance of
the change over the relevant time period, and the corresponding corre-
lation coefficient) are all estimated from the longitudinal model over 36
months, using all available data points for the measure concerned. 
For the longitudinal models, in the case of CCV and SIENAX standard
longitudinal linear mixed models were fitted over the whole 36-month
period to the appropriate sample (all-three or all available measure data
points) with random intercepts and random slopes in time17, of the form:

where Vij is the volume measured in the ith subject on the jth occasion,
estimating two fixed parameters: slope (rate of change) β and intercept
α (α not required for later calculations); and three variance parameters:
between subject intercept (    ), between subject slope (    ), covariance
between these (     ), and within subject residual variance (    ). The
difference δ is calculated as β t/100. The variance quantity Var      is then
obtained by considering the model with treatment x month interaction
term:

where Treat is an indicator taking values 1,0 in the active, placebo groups
respectively. Var     is then the variance of the estimator, obtained
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standardly17 from the appropriate variance covariance matrix, for the re-
levant time points used, with the parameter values fitted from (1). Note
that sample size estimates for different trial durations are thus based on
a single set of parameters fitted over the 36 months. A fixed (rather than
random) intercept random slope model could also be used.
This procedure was adapted for SIENA by replacing (1) with the type of
model proposed by Frost20 to model Cijk, the direct change in volume in
the ith subject from occasion j to k, while allowing for the special
correlation structure:  

and (2) with

and similarly obtaining δ and Var     . Parameters estimated are slope β
and three variance parameters
For log-transformed CCV and SIENAX, models were refitted using the
natural log of the measure, and calculating δ as ln[1- (t/100)(1-exp(-β))]
which for small  has absolute value approximately β x t/100. For log-
transformed SIENA, the PBVC was transformed by dividing by 100 and
adding 1 before taking the natural logarithm (which gives the log ratio
of volumes at the two time points for which the direct difference is
taken).
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Concordance between the three volume measures





None of the raw measures showed serious departures from Normality at
any time point. For ease of visual comparison, CCV and SIENAX
changes were converted to percentage changes from baseline, and E-Fi-
gures 1a,b,c show the trajectory over time separately for each measure
(using all-data samples), giving the mean percentage change at each time
point with 95% reference ranges (two standard deviations above and
below, within which 95% of observations are expected to fall). However,
the CCV and SIENAX percentage changes (though not SIENA) showed
some non-Normality at some time points, so the reference ranges should
be interpreted with caution. CCV and SIENAX percentage changes from
baseline generally had more than twice the standard deviation of SIENA
(Table 1 and E-Figures 1a,b,c). There were generally higher correlati-
ons in the all-three sample between CCV and SIENA than between these
and SIENAX in the percentage changes from baseline at 24 months
(CCV vs SIENAX: r=0.50, P=0.005; CCV vs SIENA: r=0.74, P<0.0001;
SIENAX vs SIENA: r=0.44, P=0.015) and 36 months (CCV vs
SIENAX: r=0.39, P=0.04; CCV vs SIENA: r=0.69, P=0.0001; SIENAX
vs SIENA: r=0.60, P=0.0007). 
The longitudinal models for CCV and SIENAX allow three components
of variance to be estimated: between-subject variance of baseline volu-
mes, between–subject variance of slopes (atrophy rates), and within-sub-
ject variance around subject-specific slopes (for SIENA, which does not
explicitly estimate baseline volumes, only the between-subject slope va-
riance is comparable; see Appendix 1 for details). Relative to effect sizes,
the between-subject standard deviation of slopes was greatest for SIE-
NAX (2.64 relative to 50% treatment effect, though order is unchanged
for other treatment effects), followed by CCV (1.85) and SIENA (1.25).
Within-subject relative standard deviations were higher for SIENAX
(73.03) than CCV (20.27).
There were significant differences between paired percentage changes
for CCV vs SIENAX (P=0.014) and SIENA  vs SIENAX  (P=0.009), but
not CCV vs SIENA  (P=0.375). (See E-Figures 2a, b and c for Bland-
Altman plots.)  The standard deviation of SIENA was significantly smal-
ler than those of SIENAX (P=P=0.005) and CCV (P=0.002); there was
no significant difference between SIENAX and CCV (P=0.921).

83Methodological aspects of brain volume measurement



E-Figure 1a,b,c. Mean percentage volume changes from baseline by month, with 95%
reference ranges, calculated in the three all-data samples for (A) central cerebral volume
(CCV) (B) SIENAX (C) SIENA. 
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E-Figure 2a,b,c. Bland-Altman plots of paired differences against means for percen-
tage changes from baseline at 36 months for (A) central cerebral volume (CCV) vs
SIENAX (B) CCV vs SIENA (C) SIENAX vs SIENA.
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Relative efficiencies between analysis methods and trial
durations





The relative efficiencies which follow are obtained from Table 3, from
50% treatment effects and 80% power, though except for rounding errors
the relative efficiencies are identical for the other treatment effects and
90% power.
For a given trial duration, SIENAX shows the greatest relative efficiency
comparing the most powerful analysis (six-monthly longitudinal) with
the least powerful (t-test), from 1.11 for 12 month duration to 1.40 at 36
months; the corresponding relative efficiencies for CCV are 1.01 to 1.13,
and for SIENA are 1.00 to 1.04.  
For the most powerful analysis, SIENAX shows the greatest relative ef-
ficiency comparing durations: 1.66 for 36 vs 24months and 3.47 for 24
vs 12 months, with corresponding gains of 1.23, 2.22 for CCV and 1.14,
1.78 for SIENA.  This represents reductions in required sample sizes
going from one to two years of 71%, 55% and 44% for SIENAX, CCV
and SIENA respectively.  For the weakest analysis (t-test), the corres-
ponding duration gains are generally smaller: 1.55, 2.96 for SIENAX;
1.21, 2.04 for CCV; 1.14, 1.73 for SIENA.  
The high correlation between baseline and later values for CCV means
relatively little further gain from baseline adjustment: relative efficiency
of ANCOVA over t-test for CCV was 1.01, 1.01 and 1.05 at 12, 24 and
36 months respectively (correlation weakening with greater duration);
the corresponding relative efficiencies are slightly higher for SIENAX,
with its generally lower baseline to follow up correlation: 1.11, 1.14 and
1.17.
The longitudinal model with two time points for 12 month duration adds
no power to the use of these two time points in ANCOVA, and the addi-
tional midway third time point for the 12 month duration adds no furt-
her power to these two methods.  Similarly, the additional midway time
point for the 24-month annual longitudinal model adds no power to the
24-month ANCOVA. Little is gained for the CCV by the two additional
time points for the 36-month annual model vs 36-month ANCOVA; but
the corresponding gain for SIENAX is higher.  For SIENA, even more
than for CCV, the main power gain comes from trial duration rather than
number of intermediate time points.
Gains from moving time points towards the period extremes are highest
for SIENAX: the relative efficiency of a longitudinal model with seven
time points at 0, 0.5. 1, 1.5, 35, 35.5 and 36 months, compared to the
seven six-monthly points, was 1.22; comparing a 24 month duration
spaced at 0, 0.5, 1, 23.5, 24, with the five six-monthly points gave rela-
tive efficiency 1.35.  Corresponding relative efficiencies at 36 and 24
month duration were 1.07, 1.15 for CCV, and 1.04, 1.1 for SIENA.

89Methodological aspects of brain volume measurement





BRAIN ATROPHY RELATED TO
N-ACETYLASPARTIC ACID IN CEREBROSPINAL FLUID





N-acetylaspartic acid in cerebrospinal fluid of 
multiple sclerosis patients determined by
gas-chromatography-mass spectrometry

B Jasperse
C Jakobs 
MJ Eikelenboom
CD Dijkstra 
BMJ Uitdehaag 
F Barkhof 
CH Polman
CE Teunissen

J Neurol (2007) 254:631–637



ABSTRACT

Background: Axonal degeneration is considered to play a major role in
the development of clinical disability in multiple sclerosis (MS). N-Ace-
tylAspartic Acid (NAA) is a neuron-specific marker constantly identi-
fied in MR-spectroscopy studies of the normal and MS brain. To our
knowledge there are no studies available that evaluated NAA in cere-
brospinal fluid (CSF) as a possible marker for disease severity. 
Objective: To evaluate CSF concentrations of NAA in MS in relation to
disease phenotype, clinical measures of disability and MRI markers of
disease burden. 
Methods: NAA concentrations were determined in CSF of 46 patients
with MS (26 relapsing remitting (RRMS), 12 secondary progressive
(SPMS) and 8 primary progressive (PPMS)). Prior to lumbar puncture,
MS patients underwent MRI and clinical examination, including the Ex-
panded Disability Status Scale (EDSS) and the MS Functional Compo-
site (MSFC). Additionally, CSF concentrations of NAA were determined
in 12 patients with other neurological diseases (OND). 
Results: Median CSF NAA concentration was 0.74 (IQR: 0.59–0.94)
in RRMS, 0.54 (IQR: 0.35–0.73) in SPMS and 0.83 µmol/l (IQR: 0.56–
1.03) in PPMS patients. SPMS patients had a significantly lower NAA
concentration than RRMS patients. NAA concentrations correlated with
EDSS (r = -0.37, p = 0.016), MSFC (r = 0.41, p = 0.010), normalised
brain volume (r = 0.49, p = 0.001), T2 lesion load (r = -0.35, p = 0.021)
and black hole lesion load (r = -0.47, p = 0.002). No differences were ob-
served between OND (median: 0.57 IQR: 0.28–0.73) and MS patients. 
Conclusions: CSF NAA concentration in MS patients is related to
clinical performance and MRI measures of disease burden and may
therefore be an important neuron specific marker of disease severity and
possibly progression.
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INTRODUCTION

Axonal damage and axonal loss are important features of the pathology
of multiple sclerosis (MS), occurring early in the disease course and as-
sociated with active inflammatory lesions2, 13, 17, 26. Axonal degeneration
is not restricted to lesions but is also present in the normal appearing
white matter (NAWM), probably due to Wallerian degeneration12. The
current view is that axonal degeneration plays a major role in the
development of persisting disability in MS27.
A proposed in vivo marker for axonal pathology in MS is N-Acetyl-
Aspartic acid (NAA). NAA is an amino acid synthesized and almost ex-
clusively localised in neurons3. Evidence from various studies suggests
that NAA is turned over more than once each day by an intercomparti-
mental metabolic cycle between neurons, extracellular fluid and oligo-
dendrocytes1. Post-mortem investigation of spinal cords from MS
patients has shown that lower tissue concentrations of NAA are related
to lower axonal volume. Furthermore, the average NAA concentration
per axonal volume may decrease with increasing demyelination and
functional impairment of neurons4. MR-spectroscopy (MRS) is widely
used to determine parenchymal NAA concentrations in vivo. Several
MRS studies have shown a decrease of NAA in MS lesions7. Other
studies have shown that NAA decrease in lesions and NAWM is related
to clinical disability and progressive brain atrophy10, 9, 11. Some, but not
all, studies have shown a decrease of NAA in the NAWM8, 14, 28, 29. These
findings indicate that NAA is a neuron-specific marker that reflects MS
pathology related to clinical functioning. NAA may therefore be a use-
ful biomarker for disease progression in MS.
Methods for measuring NAA in body fluids have been developed for the
diagnosis of Canavans’ disease15. To our knowledge, there are no studies
on NAA-concentrations in cerebrospinal fluid (CSF) of MS patients24.
The aim of this exploratory study was to evaluate CSF concentrations of
NAA in MS patients in relation to disease phenotype, clinical measures
of disability and MRI markers of disease burden.

MATERIALS AND METHODS

Study population
This study is part of an ongoing research project on CSF in MS. Patients
were recruited either in response to an appeal in the periodical of the
Dutch MS society, or from patients visiting or admitted at our clinic.
Patients were requested to voluntarily  undergo a lumbar puncture, MRI
and clinical testing. All participants gave written informed consent and
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the local ethics committee approved the study.
CSF samples were collected from a group of 46 MS patients diagnosed
according to the Poser criteria22. Patients were classified as having a re-
lapsing remitting (RRMS, n = 26), secondary progressive (SPMS,
n = 12) or primary progressive (PPMS, n = 8) disease course according
to Lublin and Reingold19. Prior to lumbar puncture patients underwent
clinical examination, including the Expanded Disability Status Scale
(EDSS) and the Multiple Sclerosis Functional Composite (MSFC)6, 18.
The EDSS was performed by trained medical doctors, as were the indi-
vidual components of the MSFC (25-foot Timed Walk Test (TWT),
Nine-Hole Peg Test (9-HPT) and the 3 second Paced Auditory Serial Ad-
dition Test (PASAT3)). 43 patients underwent EDSS-examination and
39 patients underwent MSFC-examination. The overall MSFC-score was
calculated using a previously published reference population of MS-
patients16. MRI examination was performed within 23 days of lumbar
puncture.
Additionally, CSF was collected from 12 patients presenting with
neurological signs and symptoms that warranted a diagnostic lumbar
puncture. These patients will from now on be referred to as ‘Other Neu-
rological Diseases’ (OND). In 10 of the OND patients, neurological di-
sease was confirmed or remained suspect on further diagnostic testing. 

CSF-analysis
After collection, CSF samples were centrifuged, aliquoted, coded and
stored at -80° C. All CSF-samples were analysed in a single session.
NAA was measured using a modified stable isotope dilution Gas Chro-
matography-Mass Spectrometry (GC-MS) method15. In short, 1 nmol
[D3]-NAA was added as internal standard to 100 µl of CSF. This was
also added to an aqueous standard, to obtain a calibration curve in the
range from 0.1 to 2.0 nmol. The samples were acidified with 30 µl HCL
(6 mol/l) to pH < 2 and saturated with NaCl. Thereafter the sample was
extracted four times with 2 ml of an ethylacetate-2-propanol mixture
(v/v 10:1). The collected organic fractions were dried by anhydrous
Na2SO4 and subsequently evaporated to dryness at 40°C under a gentle
stream of N2. NAA was converted to its di-isopropyl derivative by
adding 500 µl isopropanol and 10 µl 6 mol/l HCl and subsequent heating
for 1 hour at 120°C. An aliquot of 1 µl of this mixture was analysed by
GC-MS. GC-MS analysis of 1 µl of this mixture was performed on an
Automass II (ThermoFinnigan) system. The gas chromatographic sepa-
ration was achieved on a CPSil-88 capillary fused silica column (25 m
x 0.25 mm, df = 0.28 µm (Chrompack Int., Middelburg, The Nether-
lands)), which was directly inserted into the source of the spectrometer.
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Helium was used as carrier gas with a linear flow of 20 cm/s. The oven
temperature was kept at 80°C for 1 min and then raised to 240°C at a rate
of 30°C/min. The interface and source temperatures were kept at 240°C.
Mass fragmentography was achieved with positive chemical ionisation
with ammonia as reagent gas at optimised source pressure. The ions m/z
260 (base peak protonated pseudomolecular ion (M + 1) for NAA-
di-isopropyl) and m/z 263 (internal standard [D3]-NAA-di-isopropyl)
were monitored. The inter-assay variation for this method was 8% (n =
5) and the intra-assay variation was 2% (n = 10). All samples were ana-
lysed within the linear range of the standard curve (0–20 nmol/L).
The concentration of Growth-associated protein 43 (GAP43) was
measured in 44 of the 46 CSF samples from MS patients. The results
and measurement methods of GAP-43 are described elsewhere25.

MRI acquisition and analysis
MRI-acquisition was performed at 1.0 Tesla (Siemens, Erlangen, Ger-
many) and consisted of axial pre- and post-contrast T1- weighted (repe-
tition time [TR] = 700 ms, echo time [TE] = 15 ms, 5.5 mm slice
thickness) images and T2-weighted ([TR] = 2700 ms, [TE] = 90 ms, 5.5
mm slice thickness) images. MRI was performed within 23 days of CSF
collection. Two patients refused to undergo MRI.
T1 hypo intense or black hole lesion load (BHLL), T2 lesion load
(T2LL) and gadolinium enhancing lesion load (GADLL) were quanti-
fied using home-developed semi-automated seed growing software
based on a local thresholding technique. Presence of gadolinium en-
hancing lesions was noted. 
Normalised brain volume (NBV) was measured on T1-weighted pre-
contrast images using Structural Image Evaluation, using Normalisation
of Atrophy Cross-sectionally (SIENAX)23. A detailed description of SIE-
NAX can be found in the original presenting paper23. Two patients were
excluded from brain volume analysis, because pre-contrast MRI seans
were not available. SIENAX is freely available as part of the FMRIB
Software Library (www.fmrib.ox.ac.uk/fsl).

Statistical analysis
All values are given as medians with interquartile range (IQR). Norma-
lity of the distribution of all variables was checked. When normality was
rejected, non-parametric statistics were used. Group comparisons for pa-
tient characteristics and study variables were performed between MS-
subtypes, all MS patients and OND, MS subtypes and OND, patients on
disease modifying therapy or not and patients with or without contrast
enhancing lesions. Generally, p-values smaller than 0.05 were conside-
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red statistically significant. Comparisons between two groups were per-
formed using the Mann- Whitney U test or the independent samples
t-test, as appropriate. Comparisons between more than 2 groups were
performed using the Kruskal-Wallis test. When this test was significant,
subsequent pairwise comparisons were done using Mann-Whitney U
tests. Correction for multiple comparisons in these post-hoc tests was
accomplished by setting the cut-off p-value for statistical significance
at 0.05 divided by the number of comparisons. Correlation analysis was
performed using either Pearson or Spearman correlations, as appropriate.
Correlations of NAA concentrations in CSF with clinical (EDSS,
MSFC), radiological measures (NBV, T2LL, BHLL) and GAP43 con-
centrations in CSF were performed in the total group of MS-patients and
subgroups defined by disease onset. Thus, the relapse onset subgroup
consisted of RRMS- and SPMS-patients, and the progressive onset sub-
group of PPMS-patients. All statistical analyses were performed using
SPSS (version 11.0) statistical software.

RESULTS

Patient characteristics
Differences in patient characteristics (Table 1) between subtypes of MS
were as expected. For RRMS and SPMS patients, median time between
start date of last relapse and CSF-collection was 13.5 months (IQR: 3.8–
41 months), with a minimum of 11 days. Patients did not receive intra-
venous methylprednisolone for at least 3 months prior to CSF collection.
14 MS patients were on disease modifying therapy at the time of CSF
collection. 

Table 1. Patient characteristics

Variables Total MS n=46 RR n=26 SP n=12 PP n=8 OND n=12

Age (Years) 45.9 (40.8-52.6) 43.5 (34.8-50.7) 49.6 (46.0-53.1) 52.2 (45.3-54.8) 46.9(39.3-52.1)

Duration (Years) 10.9 (4.2-18.9) 6.4 (3.7-14.0) 21.2 (10.9-26.0) 12.4 (3.9-19.8) NA

Male/female (n) 21/25 9/17 7/5 5/3 NA

EDSS 4.0 (3.0-5.5) 3.0 (2.5-4.0) 5.8 (4.0-7.4) 4.0 (3.6-6.4) NA

MSFC 0.4 (-0.3-0.6) 0.6 (0.2-0.9) -0.3 (-0.9-0.4) 0.4 (0.0-0.5) NA

Median values and, between brackets, IQR for clinical characteristics of MS patients
and OND. (OND = other neurological diseases) NA = not applicable
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NAA concentrations in MS patients
The median CSF concentrations of NAA in MS patients are given in
Figure 1.
Between MS subtypes, a significant difference in NAA concentration
was observed (p = 0.043). Further analysis revealed that NAA concen-
tration was lower in SPMS patients compared with RRMS patients (p =
0.015). In the total group of MS patients, NAA concentration did not
correlate with disease duration (r = -0.18, p = 0.220) or age (r = -0.38,
p = 0.801) and did not differ between patients with or without disease
modifying therapy (p = 0.779).

NAA concentrations in MS patients compared with OND
NAA concentration did not differ between the OND and the total group
of MS patients (p = 0.077), nor between OND and any of the MS sub-
types (RRMS, p = 0.033; SPMS, p = 0.932; PPMS, p = 0.082).

Figure 1. Concentrations of NAA in MS-subtypes and other neurological diseases
(OND). Boxes represent values from the 25th to the 75th percentiles, inner lines repre-
sent the median and whiskers show the minimum value. SP patients had a significantly
lower NAA than RRMS patients (p = 0.015), as indicated by an asterisk(*).
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Figure 2. Correlation between NAA concentrations in CSF and EDSS in MS patients.
The regression line was fitted for all MS patients (r = 0.37, p = 0.016). (squares: RRMS
patients, triangles: SPMS patients, dots: PPMS patients)

Lower NAA concentration in CSF is related to worse 
clinical functioning

In the total MS group, NAA concentrations correlated negatively with
EDSS (r = -0.37, p = 0.016) (Figure 2) and positively with MSFC
(r = 0.41, p = 0.010), indicating that worse clinical functioning is asso-
ciated with lower NAA. The correlation of NAA with EDSS and MSFC
increased when relapse onset patients were considered separately
(r = -0.49, p = 0.003 and r = 0.50, p = 0.004).

Lower NAA concentration in CSF is related to lower brain
volume

NBVs are presented in Table 2. A significant difference in NBV between
MS-subtypes (p = 0.006) was observed. SPMS patients had a signifi-
cantly lower NBV compared with RRMS patients (p = 0.001). In the
total MS-group, NAA concentration and NBV correlated positively
(r = 0.49, p = 0.001), indicating that lower NAA was associated with
lower brain volume (Figure 3). In relapse onset patients, the correlation
between NAA and NBV was comparable (r = 0.50, p = 0.002) with the
total MS-group. 
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Table 2. MRI-characteristics

Total MS RR SP PP

NBV (cm3) 1446 (1405-1490) 1470 (1435-1516) 1400 (1346-1435) 1465 (1424-1482)

T2LL (cm3) 3.8 (1.5-8.5) 2.6 (1.1-8.9) 7.3 (4.4-14.8) 3.2 (1.2-6.8)

BHLL (cm3) 0.4 (0.0-1.0) 0.2 (0.0-0.6) 1.3 (0.4-2.4) 0.1 (0.0-0.6)

Median values and, between brackets, IQR, NBV = Normalised Brain Volume,
T2LL = T2 lesion load, BHLL = black hole (T1 hypo intense) lesion load

Lower NAA concentration in CSF is related to higher 
lesion load

Lesion loads are presented in Table 2. A significant difference in BHLL
was observed between subtypes of MS (p = 0.010). As expected, SPMS
patients had a higher BHLL than RRMS (p = 0.005) and tended to be
higher than PPMS patients (p = 0.016).
In the total MS group, the CSF concentrations of NAA correlated nega-
tively with T2LL (r = -0.35, p = 0.021), indicating that higher T2LL is
associated with lower NAA in CSF. In relapse
onset patients, correlation between CSF-concentrations of NAA and
T2LL (r = -0.34, p = 0.046) was similar.

Figure 3. Correlation between NAA concentrations in CSF and NBV in MS patients.
The regression line was fitted for all MS patients (r = 0.49, p = 0.001). (squares: RRMS
patients, triangles: SPMS patients, dots: PPMS patients).
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BHLL correlated with CSF concentrations of NAA in the total group
(r = -0.47, p = 0.002). This was also observed in relapse onset patients,
though of lower magnitude (r = -0.38, p = 0.026). 
10 out of 42 patients had gadolinium enhancing lesions on MRI exami-
nation. No significant differences in CSF concentrations of NAA were
observed between patients with or without enhancing lesions (p = 0.248).
GADLL did not correlate with CSF concentrations of NAA (r = -0.16,
p = 0.322). 

CSF concentrations of NAA and GAP43 are related
A positive correlation was observed between concentrations of NAA
and GAP43 in the total MS group (r = 0.44, p = 0.003), which increased
when relapse onset patients were considered separately (r = 0.581,
p < 0.001).

DISCUSSION

The major findings in this exploratory study are that, in MS patients,
lower NAA concentrations in CSF are related to a later stage of relapse
onset MS, more clinical disability, higher lesion load and lower brain
volume. 
Our findings on CSF NAA are in line with previous MRS studies that
showed a relationship between lower parenchymal NAA and more cli-
nical disability as well as lower brain volume9–11, 20. We also found that
NAA in CSF is lower in patients with higher lesion load, which is in line
with the lower NAA concentration in MS lesions measured by MRS7.
These similarities suggest that reduced NAA in CSF reflects a similar
pathological process as is responsible for reduced parenchymal NAA
concentrations measured by MRS. 
Previous studies have shown that NAA is primarily located in neurons,
and that lower parenchymal NAA concentration is related to reduced
axonal volume in the spinal cord1, 4. Axonal damage has been associated
with MS induced lesions2, 13, 17, 26. T1 hypo intense or black hole lesions
are generally considered to represent lesions with severe tissue destruc-
tion, including axonal degeneration5, 26. Brain volume is thought to partly
reflect the extent of axonal degeneration in ms although demyelination,
oedema and glial cell proliferation may influence brain volume measu-
rements20. In view of this, our finding that reduced NAA is related to
lower brain volume and higher T2, and especially black hole, lesion
volume indicates that reduced NAA in CSF probably reflects axonal
degeneration.
Relatively few studies have found a correlation of biomarkers for axonal
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damage with clinical disability24. In this study, CSF concentrations of
NAA correlated with EDSS and MSFC, suggesting that NAA in CSF is
a biological marker that may have clinical relevance. The strength of the
relationship between NAA concentration in CSF and clinical measures
may seem modest, there are however factors that may have reduced the
magnitude of correlations between biological markers and clinical mea-
sures. Firstly, clinical measures have limitations as they incompletely
cover the central nervous system and are prone to observer bias. There-
fore, clinical measures may not detect all relevant changes in clinical
functioning resulting from MS pathology in the central nervous system.
Secondly, accumulating pathological changes of the central nervous sys-
tem may not lead to clinical disability before reaching a critical thres-
hold. Pathological changes that are reflected by NAA concentrations in
CSF may therefore not be clinically apparent at the time of CSF with-
drawal.
NAA concentrations in CSF were higher in RRMS patients compared
with SPMS patients. The finding that disease duration did not correlate
with NAA, whereas a difference was observed between RRMS and
SPMS patients, is surprising. However, disease severity or stage is not in-
terchangeable with disease duration, since time to conversion to SPMS
and the time frame in which disease progression occurs varies. A me-
chanistic explanation for the difference between RRMS and SPMS,
could be that NAA is released into the CSF, possibly as a result of acute
axonal damage associated with inflammatory activity in especially
RRMS. From this perspective, the lower concentration of NAA in SPMS
compared with RRMS patients may reflect a relative decrease in overt in-
flammatory activity. However, we did not observe a relationship between
NAA concentration and the occurrence of contrast enhancing lesions or
with the use of disease modifying therapy. In view of the relationships
between NAA, NBV and lesion load, the reduced NAA concentration in
SPMS compared with RRMS patients could mean that the decrease of
NAA in CSF reflects the accumulation of axonal degeneration in a later
stage of MS.
For direct comparison with MS patients, we had CSF samples available
from 12 patients who underwent a lumbar puncture for diagnostic pur-
poses (OND). We did not observe a significant difference between OND
and MS patients or OND and MS subtypes. This finding does not sup-
port or invalidates the hypothesis that decrease of NAA reflects axonal
degeneration in MS. However, the OND group consisted of patients with
a range of neurological signs, symptoms and diagnoses of which the
effect on NAA concentration in CSF is not known.
GAP43 is a marker associated with growth cones, synaptic plasticity and
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synaptic regeneration21. Recently, we showed that concentrations of
GAP43 can be determined in CSF and are related to brain volume mea-
sured on MRI25. The relationship we found between NAA and GAP43,
suggest that both markers reflect a bond damage in the MS brain. 
In conclusion, our findings suggest that NAA in CSF may be a novel
neuron-specific marker for disease severity and possibly progression in
MS. The results of this explorative study will have to be confirmed in a
second, independent and larger patient group that should also be follo-
wed longitudinally.
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ABSTRACT

Objective: To identify determinants visible on magnetic resonance ima-
ging of the brain that explain the subsequent rate of cerebral atrophy in
patients with recently diagnosed multiple sclerosis.
Design: Magnetic resonance imaging of the brain was performed at
baseline and after 2 years. T2 hyper intense lesion load, black hole lesion
load, presence of contrast-enhancing lesions, and normalized brain
volume were derived from the baseline magnetic resonance imaging and
considered as possible explanatory variables for the subsequent annua-
lized percentage of brain volume change (PBVC/y) using forward step-
wise multiple linear regression analysis.
Setting: MS center Amsterdam, Department of Neurology, VU Univer-
sity Medical Center, Amsterdam, the Netherlands.
Patients: Eighty-nine patients recently diagnosed as having multiple
sclerosis were included at the time of diagnosis from our outpatient
clinic.
Main Outcome Measure:Annualized percentage of brain volume change.
Results: The mean (SD) annualized rate of cerebral atrophy was −0.9
(0.8) PBVC/y. Baseline normalized brain volume (standardized
coefficient, 0.426; P=.001) and baseline T2 lesion load (standardized
coefficient, −0.244; P=.02) were identified as explanatory variables for
subsequent PBVC/y and yielded a regression model that explained
31.2% of the variance in PBVC/y.
Conclusions: In patients with recently diagnosed multiple sclerosis, the
extent of accumulated brain tissue loss and overall lesion load partly
explain the subsequent rate of cerebral atrophy.



INTRODUCTION

Magnetic resonance imaging (MRI) provides valuable information about
the in vivo pathological features of multiple sclerosis (MS). Magnetic re-
sonance imaging criteria are currently used to assist in the diagnosis of
MS1 and MRI measures are widely used as a secondary outcome mea-
sure in clinical trials2. Quantification of MS lesions in number and
volume is a popular method to monitor the disease evolution of MS. Le-
sion quantification is sensitive for monitoring disease evolution but is
poorly correlated with clinical disability3,4. Brain volume measurement
is currently considered to be a marker of the neurodegenerative compo-
nent of MS pathological features, thereby better reflecting the patholo-
gical background of irreversible clinical disability in MS5.
Atrophy is considered to mainly reflect axonal damage and demyelina-
tion because a large part of brain volume consists of axons and myelin,
although glial cells and other elements also contribute to brain volume5.
Various studies have reported an average rate of brain atrophy of around
0.5% to 0.8% in MS6-10. Brain atrophy has been observed early in the
disease course of MS, appears to be similar across subtypes9, is predic-
tive of clinical disability at long-term follow-up7, and is apparent in white
matter as well as gray matter11. Cross-sectionally, brain atrophy is rela-
ted to MRI measures of axonal damage12 and lesion burden13, but this re-
lationship cannot fully explain the extent of acquired brain atrophy.
Knowledge of features that precede the subsequent rate of atrophy may
partly elucidate pathophysiological mechanisms behind the development
of atrophy and may thus have prognostic value for clinical functioning
at long-term follow-up. Better knowledge of factors that predispose to
development of atrophy may also have implications for the interpretation
of clinical trials that use atrophy rate as an outcome measure.
Therefore, the aim of this study was to identify MRI variables at the time
of diagnosis that explain the subsequent rate of brain atrophy in patients
with MS. Explanatory models for cerebral atrophy rate were construc-
ted using preselected variables that could explain the rate of cerebral
atrophy. Whole-brain volume measurement was used because this mea-
sure reflects the net resultant effect of destructive processes in MS. Cli-
nical variables were only considered as descriptives and covariates in the
eventual regression models.
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METHODS

Patients
Eighty-nine patients were selected from a cohort of 133 from an ongoing
natural history study of patients with recently diagnosed MS. Forty-four
patients were excluded because either the baseline and/or follow-up MRI
was not available or because a pregadolinium T1-weighted sequence was
not available, which is obligatory for our current protocol for brain vo-
lume analysis. Patients were included at the time of diagnosis from our
outpatient clinic at the MS center Amsterdam at the VU University Me-
dical Center. Multiple sclerosis was diagnosed according to the Poser
criteria14. Patients were classified into 2 groups according to disease
course: relapse-onset and progressive-onset MS (onset type). Decisions
to start disease-modifying therapy (DMT) were made by the treating
neurologist according to guidelines for standard clinical practice and in
dialogue with the patient. Informed consent was obtained from all par-
ticipating patients and our local ethics committee approved the study. 
Patients underwent assessment of disability using the Expanded Disabi-
lity Status Scale (EDSS)15, performed by trained raters. When patients
had a relapse, clinical and MRI evaluations were delayed for a minimum
of 6 weeks.

MRI acquisition and analysis
Magnetic resonance imaging of the brain was performed at baseline and
at a median follow-up time of 2.2 years (interquartile range, 2.0 to 2.4
years) on a 1.0-T MRI scanner (Magnetom Impact; Siemens, Erlangen,
Germany) and consisted of axial pregadolinium and postgadolinium T1-
weighted (repetition time, 700 milliseconds; echo time, 15 milliseconds;
5-mm slice thickness) sequences and T2/proton density–weighted (re-
petition time, 2700 milliseconds; echo time, 90 milliseconds and 45 mil-
liseconds; 5-mm slice thickness) sequences. Baseline T1 hypointense or
black hole lesion load (BHLL) and T2 lesion load (T2LL) were quanti-
fied using locally developed, semiautomated seed growing software
based on a local thresholding technique after lesion identification by an
expert reader. For each patient, presence of contrast-enhancing lesions on
the baseline scan was noted. Baseline normalized brain volume (NBV)
and percentage of brain volume change (PBVC) were automatically
measured on T1-weighted precontrast images using SIENAX and
SIENA, respectively. SIENA and SIENAX are both part of the Fmrib
Software Library (http://www.fmrib.ox.ac.uk/fsl/fsl/top.html); a detai-
led technical description can be found elsewhere16. 
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Statistical analysis
Annualized PBVC (PBVC/y) was calculated to account for slight diffe-
rences in follow-up time between scans. Data were checked to see whe-
ther their distribution was normal. When distribution was not normal,
nonparametric statistical methods were used or, when possible, varia-
bles were transformed. Comparisons between study groups were made
using either the independent-samples t test or Mann-Whitney U test, as
appropriate. Linearity was checked for all variables in relation to
PBVC/y, and transformation was applied if a nonlinear relationship was
found. T2 lesion load and time between first symptoms and baseline
visit, referred to as time since first symptoms (duration), were transfor-
med using the natural log (lnT2LL and natural log duration, respecti-
vely). Black hole lesion load was transformed because this variable was
not normally distributed and included a considerable amount of zeros.
Black hole lesion load was categorized into equal groups of low (n=29
[range, 0.00-0.09 cm3]), middle (n=30 [range, 0.10-0.58 cm3]), and high
(n=30 [range, 0.63-16.44 cm3]) BHLL. Presence of contrast enhancing
lesions was dichotomized into present or absent. 
Explanatory models for PBVC/y were constructed by forward stepwise
multiple linear regression analysis using SPSS statistical software (SPSS
version 11; SPSS Inc, Chicago, Ill). In each step of the model construc-
tion, the variable with the lowest P value was entered in the regression
equation. The process was terminated when the probability of the F sta-
tistic dropped lower than 0.5. A first model was constructed using only
lesion measures lnT2LL, BHLL group, and presence or absence of con-
trast-enhancing lesions as independent variables. The second model was
constructed using the same lesion measures with NBV considered as an
additional independent variable. All models were corrected for age, na-
tural log duration, onset type, sex, and use of DMT at any time during
the study.

RESULTS

Descriptive findings
Clinical and MRI characteristics at baseline of the 89 patients included
are given in Table 1. No differences in disease duration, age, EDSS score,
or use of DMT were observed between the studied group and the 44
excluded patients.
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Table 1. Baseline Characteristics in Patient Subgroups According to Onset Type

Relapse onset Progressive onset Total

(N = 74) (N = 15) (N = 89)

Age, y, 36.2 (9.2) 43.6 (8.9) 37.5 (9.5)

mean(SD)

Male/female, 23/51 11/4 34/55

No.

Time since first symptoms, y, 1.7 (0.6 to 4.4) 1.5 (0.9 to 3.0) 1.6 (0.7 to 4.1)

median (IQR)

EDSS score, 2.0 (1.9 to 2.5) 3.0 (2.5 to 4.0) 2.0 (2.0 to 3.0)

median(IQR)

DMT yes/no, 21/53 0/15 21/68

No.

T2LL, cm3, 3.89 (1.68 to 12.34) 4.15 (0.94 to 9.75) 3.94 (1.54 to 11.90)

median(IQR)

Patients with/without Black holes, 54/20 11/4 65/24

No.

BHLL, cm3, 0.30 (0 to 0.88) 0.25 (0 to 1.51) 0.30 (0 to 0.93)

median(IQR)

Patients with/without Enhancing lesions, 31/43 3/12 34/55

No.

Contrast-enhancing lesion load, cm3, 0.0 (0 to 0.21) 0 (0 to 0) 0 (0 to 0.20)

median(IQR)

NBV, cm3, 1476 (72) 1447 (69) 1471 (72)

mean(SD)

PBVC/y, -1.0 (0.8) -0.9 (0.6) -0.9 (0.8)

mean(SD)

Abbreviations: BHLL, black hole lesion load; DMT, disease-modifying therapy; EDSS,
Expanded Disability Status Scale; IQR, interquartile range; NBV, normalized brain
volume; PBVC/y, annualized percentage brain volume change; T2LL, T2 lesion load.

Correlations between study variables and PBVC/y
The atrophy rate in PBVC/y in patients receiving DMT at any time
during the study (mean [SD], −1.24 [0.76] PBVC/y) was significantly
(P=.04) more pronounced than in patients not receiving DMT (mean
[SD], −0.86 [0.74] PBVC/y), which underlines the need to correct all
models for DMT. There were no significant differences in PBVC/y
between men and women or between relapse onset or progressive-onset
MS.
The PBVC/y correlated significantly with the annualized change in
EDSS score (r=−0.232; P=.03), showing that a higher brain atrophy rate
was associated with an increase in clinical disability. Significant corre-
lations with PBVC/y were found for baseline NBV (r=0.403; P<.001)
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and baseline lnT2LL (r=−0.441; P<.001). Atrophy rate in PBVC/y was
more pronounced in patients with contrast enhancing lesions at baseline
(mean [SD], −1.21 [0.71] PBVC/y) compared with patients without con-
trast enhancing lesions at baseline (mean [SD], −0.79 [0.74] PBVC/y)
(P=.01). Baseline BHLL correlated significantly with PBVC/y
(r=−0.244; P=.02) and there was a significantly higher atrophy rate (me-
dian, −1.36 [interquartile range, −1.67 to −0.65]) in patients in the high-
est tertile of BHLL compared with patients in the lowest tertile of BHLL
(median, −0.83 [interquartile range, −1.27 to −0.22]) (P=.009).

Multivariate models explaining subsequent atrophy rate
In the first model, considering only lesion measures, baseline lnT2LL
was the only significant explanatory variable of subsequent PBVC/y.
This model (Table 2) explained 21.3% (adjusted R2) of variance in
PBVC/y.
In the second model, considering lesion measures and NBV, baseline
NBV and lnT2LL were both significant explanatory variables for sub-
sequent PBVC/y. This model (Table 2) explained 31.2% (adjusted R2)
of variance in PBVC/y. Note that the regression coefficient for lnT2LL
in model 2 (with NBV) is substantially lower than in model 1 (without
NBV), indicating that NBV and lnT2LL are partly interrelated in ex-
plaining variance of PBVC/y.

Table 2. Multiple Linear Regression Results for Baseline MRI Variables Explaining
Subsequent PBVC/y

Adjusted R2 Standardized

Model* Baseline variable Total Model Regression coefficients P value

1. Lesions only 0.213

LnT2LL -0.447 <0.001

2. Lesions ánd NBV 0.312

NBV 0.426 0.001

LnT2LL -0.244 0.025

Abbreviations: lnT2LL, natural log T2 lesion load; MRI, magnetic resonance imaging;
NBV, normalized brain volume; PBVC/y, annualized percentage brain volume change.
* Both models were corrected for age, disease duration, onset type, sex, and use of

disease-modifying therapy during study.
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COMMENT

In this study, we attempted to identify MRI variables that explain the
subsequent rate of cerebral atrophy early in the disease course of MS.
The annual atrophy rate of 0.9% in this cohort of patients with early MS
is very similar to what has been found previously6-10. Previous studies,
using different techniques for brain volume measurement, have found
that inflammatory lesions and the presence of new T2 lesions are pre-
dictive of the subsequent rate of brain atrophy in patients with relapsing
remitting MS7, secondary progressive MS17, and clinically isolated
syndrome6. These studies were performed on patient data from various
clinical trials, using strict inclusion criteria. Patients with clinically iso-
lated syndrome typically had very short disease duration in weeks, wit-
hout a diagnosis of clinically definite MS. The studies on patients with
relapsing-remitting MS and secondary progressive MS typically showed
a disease duration of more than 6 years. The cohort in the current study
consisted of patients with a recent diagnosis of clinically definite MS in
a regular hospital setting, providing a unique view on the broader spec-
trum of patients with MS early in the disease course.
The main finding in the current study is that baseline T2LL and baseline
NBV partly explain subsequent cerebral atrophy rate in a cohort of pa-
tients with MS early in the disease course. Lower NBV was a strong ex-
planatory variable of higher cerebral atrophy rate. Cross-sectional brain
volume can be regarded as a measure of accumulated tissue loss in the
preceding years and may therefore reflect patients with a disease
phenotype characterized by a higher propensity to decline in brain vo-
lume, which probably explains our findings.
Higher T2LL at baseline explains a higher rate of subsequent brain atro-
phy. Lesions lead to local and remote tissue damage and therefore may
contribute directly or indirectly to cerebral atrophy. There are at least 2
ways to interpret the relation between baseline T2LL and the rate of atro-
phy found in this study. First, baseline T2LL reflects accumulation of
tissue damage due to past disease activity. Patients who have a high
T2LL early in the disease course may therefore have a more aggressive
disease course leading to a higher rate of cerebral atrophy. Second, part
of the T2 lesions may be actively inflicting tissue damage at baseline,
which will lead to atrophy at a later point due to local and more remote
(for instance, due to Wallerian degeneration) tissue loss at a later stage.
In univariate models, a higher BHLL and the presence of contrast-
enhancing lesions were associated with a higher cerebral atrophy rate.
These variables did not survive in the eventual regression models,
whereas T2LL did. Black hole lesion load partly represents lesions with
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a high degree of tissue destruction, although cross-sectionally T1 hypo
intensity cannot be differentiated from edematous inflammatory lesions.
Contrast enhancement of lesions is a specific finding for lesions exhi-
biting inflammatory activity. T2-weighted images are very sensitive for
detecting lesions but not very specific. T2 lesion load can therefore be
regarded as a global measure of lesions with a wide range of destructive
properties and inflammatory activity. The reason BHLL and contrast en-
hancement did not survive in the eventual models is probably because
their predictive properties are “taken over by” or “included in” T2LL.
This does not exclude that BHLLs and contrast enhancement do have
predictive properties. One previous study reported a relationship between
change in T1 hypo intense lesion load and cerebral atrophy rate concur-
rently18. Some, but not all, studies have shown a relationship between
contrast-enhancing lesions and subsequent brain atrophy7,10,17,19. Our
findings suggest that, with regard to lesion measures, baseline T2LL is
more relevant for the development of cerebral atrophy in an early stage
of MS. 
Our model could only explain approximately one third of the variance in
atrophy rate, leaving approximately two thirds unexplained. Inevitably,
part of the unexplained variance is due to technical limitations of lesion
measurement and brain volume assessment. Previous studies using quan-
titative MRI techniques have shown that diffuse abnormalities are pre-
sent in the normal-appearing brain tissue12,13. These abnormalities could
be a reflection of more diffuse and global destructive processes in the
normal appearing brain tissue of patients with MS, contributing to the
development of brain atrophy. Thus, it seems likely that part of the re-
maining variance in atrophy rate is attributable to a more diffuse and
subtle destructive process in the normal-appearing brain tissue of
patients with MS. 
The use of DMT at any time during the 2-year follow-up period was
associated with a higher rate of brain atrophy, which supports our stra-
tegy to correct all models for DMT. The explanation why patients with
DMT have a higher brain atrophy rate is 2-fold. First, DMT is given to
patients who show evidence of higher disease activity (based on relapse
activity after disease onset and MRI variables), which may lead to a se-
lection bias of patients with a more aggressive disease course associated
with a higher rate of brain atrophy despite DMT. Second, start of DMT
between the baseline and follow-up MRI could lead to a higher rate of
brain atrophy because of resolution of edema. 
This study is the first, to our knowledge, to provide longitudinal data on
brain atrophy in a relatively unselected cohort of patients with newly di-
agnosed MS. Patients who have acquired more brain tissue loss and more
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T2 lesions are prone to have a higher rate of subsequent brain atrophy.
In this relationship, the extent of brain tissue loss seemed more impor-
tant than lesional activity. Because a higher rate of cerebral atrophy is
predictive of worse clinical functioning at a later stage in the MS disease
course7, our findings suggest that these 2 baseline variables could have
prognostic value for clinical functioning in early MS. These findings
also indicate that T2LL and brain volume should be taken into account
when designing and interpreting clinical trials that use cerebral atrophy
rate as outcome measure.
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ABSTRACT

Objective: Magnetic resonance imaging (MRI) and clinical parameters
are associated with disease progression in Multiple Sclerosis (MS). The
aim of this study was to investigate whether adding MRI parameters to
a model with only clinical parameters could improve these associations.
Methods: 89 patients (55 women) with recently diagnosed MS had cli-
nical and MRI evaluation at baseline (time of diagnosis) and at follow-
up after 2.2 years. Detailed clinical data were available including disease
type (relapse-onset or progressive-onset) and disability as measured by
the expanded disability status scale (EDSS). MRI parameters included
Normalised Brain Volume (NBV) at baseline, percentage brain volume
change (PBVC/year), T2- and T1-lesion loads and spinal cord abnor-
malities. Progression of disability (increase in EDSS of at least 1 point
at follow-up) was the main outcome measure. For a model containing
only clinical parameters, the added value of MRI parameters was tested
using logistic regression.
Results: PBVC/year and lesion loads at follow-up were significantly
higher in the group with progression. Adding PBVC/year to a clinical
model improved the model, indicating that MRI parameters added in-
dependent information (p<.001). 
Conclusion: Rate of cerebral atrophy conveys added information for
progression of disability in early MS patient, suggesting that clinical
disability is determined by neurodegenerative changes as depicted by
MRI.
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INTRODUCTION

Magnetic resonance imaging (MRI) is a sensitive method for detecting
abnormalities in brain and spinal cord related to multiple sclerosis (MS)
and is widely used in the management of MS. The most recent diagnos-
tic criteria for MS incorporate MRI findings underlining the importance
of imaging studies in making the diagnosis of MS. One of the major re-
maining challenges of MRI research in MS is identifying parameters
that are associated with patient outcome. Unfortunately, despite its po-
werful diagnostic properties, associations between MRI and disease pro-
gression are less straightforward. Correlations between conventional
MRI measures like T2 or T1 lesion load and disability as measured by
the expanded disability status scale (EDSS) are only moderate to poor in
most cross-sectional or longitudinal studies1-7. Cerebral atrophy is
widely used in clinical trials and other studies as a marker of neurode-
generation. Several studies showed that atrophy is already present at the
earliest stages of disease in patients presenting with an isolated syn-
drome or early relapsing remitting (RR) MS8,9. Results suggest that atro-
phy is a clinically relevant marker: in cross-sectional studies atrophy
correlates with disability3,10-12. In patients with well established MS, (rate
of) brain atrophy seems to be associated with the development of disa-
bility at follow-up3,13-16. For newly diagnosed patients, the association
between measures of atrophy and future disability is less clear and
reported results are contradictory17,18. 
However, most studies on associations between MRI parameters and di-
sability did not include spinal cord parameters. There are good reasons
to include these parameters. Spinal cord lesions are more often sympto-
matic and the EDSS (the most frequently used disability scale in MS) is
heavily weighted towards motor functioning. Although up to half of all
of spinal cord lesions may not lead to clinical symptoms, including these
focal and diffuse spinal cord abnormalities improves the correlation be-
tween MRI abnormalities and clinical symptoms19. Besides MRI para-
meters several clinical parameters like age at onset, sex and disease type
(relapse or progressive onset) may be associated with neurological
deterioration20-23. Probably the best prognostic models are composed of
both clinical and MRI parameters. However, we are not aware of other
studies that, rather than describing associations between (longitudinal)
MRI and progression of disability, seek to describe the added value of
MRI compared with use of clinical data alone. 
Therefore the aim of this study was to investigate whether adding MRI
parameters to a model with only clinical parameters could improve the
associations with clinical disease progression after a follow-up period
of two years in a group of recently diagnosed MS patients.
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METHODS

Patients
From a cohort of 133 patients participating in an ongoing natural history
study of recently diagnosed MS-patients, 89 patients (55 women, 34
men) with clinically definite MS were studied24. These patients had cli-
nical and MRI evaluation at baseline (at the time of the diagnosis) and
at follow-up after a median of 2.2 years (interquartile range (IQR):
2.0 ; 2.4). The remaining 44 patients could not be included because no
pre-contrast T1-weighted scan was available (17 patients), patients did
not want to undergo an MRI scan at follow-up (16 patients), or MRI
scans were performed in another hospital (11 patients). No differences
in disease duration, age, EDSS or use of disease modifying therapy were
observed between studied group and excluded patients. Detailed clinical
data were available including age at onset, disease duration at baseline
and disability as measured by EDSS. Disease type was classified as re-
lapse-onset or progressive-onset. When patients suffered from a relapse
or used steroids, clinical and MRI evaluations were delayed with a
minimum of 6 weeks. The institutional medical ethics committee ap-
proved the study and informed consent was obtained from every patient.

MRI
All baseline and follow-up MRI scans were performed on the same 1.0
Tesla scanner (Magnetom Impact, Siemens, Erlangen, Germany) accor-
ding to the same scanning protocol. 

Brain
Axial T2 and T1-weighted images were acquired: 25 slices with a slice
thickness of 5mm, gap 10% (2700/45, 90 and 700/15 [repetition
time/echo time]). T1-weighted images were acquired before and after
the administration of Gadolinium at baseline. At follow-up no gadoli-
nium was used. 
Baseline and follow-up T2 hyperintense lesion loads (T2LL, T2LLfu),
T1 hypointense or black holes lesion loads (BHLL, BHLLfu) and base-
line volume of gadolinium enhancing lesions (GADLL) were quantified
using home-developed semi-automated software based on a threshol-
ding technique after identification of lesions by an experienced reader.
Ratio between BHLL and T2LL was calculated for baseline (Black
Holes Ratio (BHR)) and follow-up (BHRfu). 
Baseline Normalised Brain Volume (NBV) and percentage brain volume
change (PBVC) were measured on the pre-contrast T1-weighted images
using an automated method called SIENAX and SIENA respectively25.
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The SIENA procedure was started with brain and skull extraction. Nor-
malisation was achieved by aligning the two images (i.e. each timepoint:
baseline and follow-up) to each other, using the skull as a scaling con-
straint, then both brain images are resampled into the space halfway
between the two. After this, the actual brain edge displacement analysis
at subvoxel accuracy is carried out. This method showed a 0.15% error
for SIENA and a brain volume accuracy of 0.5-1% for SIENAX.

Spinal cord
Spinal cord scanning included a cardiac-triggered sagittal dual-echo CSE
(2,400 to 2,900/20, 80 [repetition time/echo time]) and a sagittal T1-
weighted CSE sequence (500/15 [repetition time/echo time]) with a slice
thickness of 3 mm, interslice gap 10%. 
For the whole spinal cord number and size (expressed as their extension
over a number of corresponding vertebral segments) of spinal cord ab-
normalities were scored by two readers in consensus. Focal lesions (i.e.,
sharply delineated areas of increased signal intensity [SI]) were consi-
dered to be present on CSE scans if seen on intermediate and T2-
weighted MRI. Diffuse abnormalities were defined as areas with a
subtle, poorly delineated increase of SI, best recognized as areas of SI
higher than spinal CSF on intermediate-weighted images26. 

Statistical analysis
Patients were dichotomised according to progression of disability: pro-
gression was defined as an increase in EDSS of at least 1 point (all pa-
tients had a baseline EDSS below 6). Although we did not routinely
confirm the progression by repeating the clinical evaluation after 3 or 6
months and therefore do not meet the typically used definition of sus-
tained progression, we are confident that our patients can be classified
as such using the yearly obtained clinical evaluations. 
The non-normal distribution of most data necessitated the use of non-
parametrical tests: median and IQR was used. Spearman rank correlati-
ons for correlations between clinical parameters, MRI parameters and
between clinical and MRI parameters. The Mann Whitney U test was
used to test differences in clinical and MRI parameters between patients
with or without progression. Pearson chi-square test was used to test dif-
ferences in categorical parameters (sex, relapse/progressive onset, use
of disease modifying therapy (DMT)) between patients with or without
progression. Longitudinal MRI data were annualised to account for dif-
ferences in duration of follow-up. 
To find parameters with the strongest associations with progression,
three models were constructed using forward logistic regression (p-value
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for entry in model: 0.05). The presence or absence of progression was the
dependent variable in all models. All models were corrected for use of
DMT and follow-up duration. Collinearity was checked using a corre-
lation-matrix containing all independent variables. Correlation coeffi-
cients above 0.60 were found between number of focal spinal cord
lesions and number of segments with focal spinal cord abnormalities
and furthermore between T1 lesion load and BHR at baseline and be-
tween T1 lesion load and T2 lesion load at baseline. We then avoided the
use of number of segments with focal spinal cord abnormalities and used
a combined parameter to avoid collinearity: sum and difference of T1
and T2 lesion loads at baseline. Clinical parameters were age, disease
duration, type of disease, sex and EDSS at baseline. MRI parameters
were: (conventional lesion loads) sum and difference of T1 and T2 lesion
loads at baseline, GADLL, BHR, percentage change in T1 and T2 le-
sion loads/year, (spinal cord) number of focal cord lesions, number of
segments with diffuse cord abnormalities, (brain atrophy) NBV and
PBVC/year. Firstly a model containing only clinical (clinical model) or
MRI (MRI model) parameters was composed. Secondly, for a model
containing only clinical parameters, the added value of MRI parameters
was tested (combined model): the parameters found in the clinical model
were entered and subsequently the MRI parameters found in the MRI
model were added in a stepwise procedure. Comparisons between
models were made using a likelihood ratio test and by comparing the
area under the receiver operator characteristics (ROC) curve. For all
statistical procedures SPSS 12.0 for Windows was used.

RESULTS

Descriptive, clinical and MRI parameters at baseline and 
follow-up

Patient demographics and clinical data at baseline and follow-up are pre-
sented in Table 1.Similar patterns are seen for the whole group (Table 1a)
and the relapse onset group (Table 1b).
At baseline, median disease duration was 1.6 years (IQR 0.7; 4.1) (Table
1a). Most patients had relapse onset disease (74; 83.1%); the other 15
(16.9%) patients had progressive onset disease. At baseline, minimal di-
sability (EDSS <3) was present in most patients (62; 69.7%), 8 (9.0%)
patients had EDSS >=4. At follow-up, the number of patients with mi-
nimal disability decreased to 43 (48.3%), EDSS >=4 was present in 18
(20.2%) and >= 6 in only 8.
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Table 1a. Whole group
Measurement whole group no progression progression p-value

(n=89) (n=53) (n=36)

median (IQR) median (IQR) median (IQR)

age (years) 36.5 (29.6 ; 43.5) 34.2 (29.4 ; 42.3) 39.3 (33.2 ; 47.6) ns

sex (M/F) 34/55 16/37 18/18 ns*

disease type (relapse-onset/

progressive-onset) 74/15 49/4 25/11 .008*

use of DMT (yes/no) 21/68 14/39 7/29 ns*

Disease duration (years) 1.6 (0.7 ; 4.1) 1.5 (0.6 ; 3.7) 2.6 (0.8 ; 4.5) ns

EDSS baseline 2.0 (2.0 ; 3.0) 2.5 (2.0 ; 3.0) 2.0 (1.6 ; 3.0) ns

EDSS follow-up 2.5 (2.0 ; 3.5) 2.0 (1.8 ; 3.0) 3.5 (3.0 ; 5.4) <.001

Progression rate (change EDSS/year) 0.2 (0.0 ; 0.5) 0.0 (-0.3 ; 0.3) 0.7 (0.5 ; 1.0) <.001

Table 1b. Relapse onset only
Measurement whole group no progression progression p-value

(n=74) (n=49) (n=25)

median (IQR) median (IQR) median (IQR)

age (years) 35.5 (29.4 ; 42.6) 34.2 (29.4 ; 42.8) 35.8 (27.5 ; 42.6) ns

sex (M/F) 23/51 14/35 9/16 ns*

use of DMT (yes/no) 21/53 14/35 7/18 ns*

Disease duration (years) 1.7 (0.6 ; 4.4) 1.5 (0.6 ; 3.8) 3.7 (0.7 ; 4.8) ns

EDSS baseline 2.0 (1.9 ; 2.6) 2.5 (2.0 ; 3.0) 2.0 (1.5 ; 2.5) .021

EDSS follow-up 2.5 (2.0 ; 3.0) 2.0 (1.5 ; 3.0) 3.0 (2.5 ; 4.0) <.001

Progression rate (change EDSS/year) 0.2 (0.0 ; 0.5) 0.0 (-0.3 ; 0.2) 0.7 (0.5 ; 1.0) <.001

Progression = increase in EDSS of at least 1 point ; p-value = Mann Whitney U test was
used to test for differences between the progression and the no progression group (* =
Pearson chisquare); IQR = interquartile range (25% ; 75%) ; M = male ; F = female ;
DMT = disease modifying therapy.

(9.0%). During follow-up progression was noted in 36 (40.4%) patients.
Median EDSS increased from 2.0 (IQR 2.0; 3.0) to 2.5 (IQR 2.0; 3.5).
MRI characteristics are presented in Table 2. Similar patterns are seen for
the whole group (Table 2a) and the relapse onset group (Table 2b). As ex-
pected for patients this early in the disease, low T2LL (median 3.9ml,
IQR 1.5; 11.9) and BHLL (median 0.3ml, IQR 0.0; 0.9) were found at
baseline (Table 2a). Most patients (56; 62.9%) had no enhancing lesions
on the baseline scan. Only 12 patients did not have any spinal cord ab-
normality. Median number of focal cord lesions at baseline was 3.0 (IQR
1.0; 4.0) and unchanged at follow-up (3.0, IQR 1.0; 5.0) (Table 2a).  Diffuse
spinal cord abnormalities were observed in 13 patients. T2LL increased sig-
nificantly during follow-up. Change in T2LL was 6.1 %/year (IQR -4.7;
14.9). Median BHLL decreased slightly during follow-up (-3.3%, IQR -
19.5; 18.2). Rate of atrophy as measured by PBVC/year was -0.9%. 
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Moderate correlations were found between conventional MRI para-
meters at baseline (T2LL (r=-0.44, p<0.001), BHLL (r=-0.21, p=0.021),
GADLL (r=-0.36, p=0.001)) and rate of atrophy (PBVC/year) during
follow-up. Strong correlations were found between baseline and follow-
up spinal cord parameters, the strongest being the number of focal
lesions (r=0.90, p<0.001), probably reflecting a lack of change: 40
(44.9%) patients did not change. Baseline spinal MRI parameters and
subsequent changes in number of focal lesions or segments with focal
lesions were not correlated. 
We also explored the correlations between clinical and MRI parameters
at baseline. The only significant correlations between baseline EDSS
and baseline MRI parameters were NBV (r=-0.42, p<0.001) and num-
ber of segments with focal (r=0.25, p=.019) or diffuse abnormalities
(r=0.23, p=0.034).

Clinical and MRI parameters associated with 
disease progression

The group of patients that showed progression of disability was older
and consisted of more male patients compared to the group with stable
disease although the differences between groups were not statistically
significant (Table 1). Patients with relapse onset (49 out of 53; 92%) had
more often stable disease compared to patients with progressive onset
(25 out of 36; 69%) (p=0.008). None of the brain and spinal MRI para-
meters at baseline was significantly different between groups with or
without progression of disability (Table 2a). At follow-up however,
T2LL, BHLL and BHR were significantly higher in the group with pro-
gression: 8.3ml compared to 3.3ml(T2LL, p=0.011), 0.5ml compared to
0.2ml (BHLL, p=0.018) and 0.07 compared to 0.04 (BHR, p=0.048). At
baseline and follow-up, the number of focal lesions in the spinal cord
was higher in the group with progression although this difference was
not statistically significant. Significant correlations were found between
EDSS at follow-up and all brain MRI parameters (except for BHR at
baseline) at any time point. The strongest correlation was found between
NBV at baseline and EDSS at follow-up (r=-0.44, p<0.001) (Figure 1).
Number of baseline spinal cord lesions (r=0.23, p=0.034) and number of
segments with diffuse abnormalities (r=0.28, p=0.009) were correlated
weakly with EDSS at follow-up. Of the changes in MRI parameters
during follow-up, only rate of atrophy in PBVC/year was significantly
higher in the group with progression of disability compared to the group 
without progression (-1.3 (IQR -1.7; -0.5) compared to -0.8 (IQR -1.3 ;
-0.3), p=0.011) (Figure 2a). PBVC/year was also correlated with annu-
alised change in EDSS (r=0.23, p=0.030) (Figure 2b). The first logistic   
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Figure 1. Scatterplot EDSS at follow-up versus NBV

Scatterplot showing EDSS at follow-up versus normalised brain volume at baseline,
r = -0.44; p<.001 (Spearman rank correlation).

regression model was created using only clinical parameters. Type of
disease, age and EDSS at baseline was selected as the three independent
parameters in the final clinical model (Table 3). Area under the ROC
curve for this clinical model was 0.72 (fair)27. Older patients with pro-
gressive onset and lower disability at baseline are at the highest odds of
progression. 
Only baseline and changes in MRI parameters for both brain and spinal
cord were used in the second model. Rate of atrophy (PBVC/year) was
the only MRI parameter that was selected in the final MRI model (area
under ROC curve 0.68) (Table 4), indicating that a higher rate of atrophy
was associated with disability progression.
Finally, we tested in the combined model whether or not adding MRI
information could improve the model that contains only clinical para-
meters. DMT, time between baseline and follow-up examination, age,
type of disease and EDSS at baseline were entered into the model. A
subsequent forward stepwise procedure selected rate of atrophy in the
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Figure 2a. Rate of atrophy for progression and no progression group

Progression = increase in EDSS of at least 1 point ; PBVC = percentage brain volume
change. Black line in box represents median, lower and upper boundaries represent the
25 and 75% percentile, respectively. The whiskers represent minimum and maximum
values.

Figure 2b. Scatterplot annualised change in EDSS versus pbvc/year

Scatterplot showing annualised change in EDSS versus PBVC/year, r = -0.23; p=.030
(Spearman rank correlation). PBVC=percentage brain volume change.
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Table 2a. Whole group 
Measurement whole group no progression progression p-value

(n=89) (n=53) (n=36)

median (IQR) median (IQR) median (IQR)

Brain

NBV baseline (ml) 1467 (1422 ; 1513) 1478 (1433 ; 1520) 1466 (1400 ; 1499) ns

T2LL baseline (ml) 3.9 (1.5 ; 11.9) 3.6 (1.0 ; 8.5) 5.1 (1.8 ; 21.3) ns

BHLL baseline (ml) 0.3 (0.0 ; 0.9) 0.3 (0.0 ; 0.7) 0.4 (0.1 ; 1.5) ns

GADLL baseline (ml) 0.0 (0.0 ; 0.2) 0.0 (0.0 ; 0.2) 0.0 (0.0 ; 0.2) ns

T2LL follow-up (ml) 4.7 (1.9 ; 13.2) 3.3 (1.2 ; 9.8) 8.3 (2.4 ; 18.4) .011

BHLL follow-up (ml) 0.3 (0.0 ; 1.0) 0.2 (0.0 ; 0.4) 0.5 (0.1 ; 1.5) .018

BHR baseline 0.06 (0.00 ; 0.14) 0.04 (0.00 ; 0.13) 0.08 (0.02 ; 0.14) ns

BHR follow-up 0.05 (0.01 ; 0.11) 0.04 (0.00 ; 0.11) 0.07 (0.03 ; 0.18) .048

PBVC/year (%/year) -0.9 (-1.4 ; -0.4) -0.8 (-1.3 ; -0.3) -1.3 (-1.7 ; -0.5) .011

Change in T2LL/year (ml/year) 0.18 (-0.14 ; 0.69) 0.18 (-0.14 ; 0.40) 0.15 (-0.15 ; 1.27) ns

Percentage change in T2LL/year

(%/year) 6.1 (-4.7 ; 14.9) 4.4 (-6.1 ; 12.8) 7.4 (-1.8 ; 24.1) ns

Change in BHLL/year (ml/year) 0.00 (-0.06 ; 0.05) 0.00 (0.00 ; 0.02) 0.00 (-0.06 ; 0.07) ns

Percentage change in BHLL/year 

(%/year) -3.3 (-19.5 ; 18.2) -6.0 (-23.2 ; 19.6) -2.4 (-13.1 ; 17.1) ns

Spinal cord

Number of focal lesions baseline 3.0 (1.0 ; 4.0) 2.0 (1.0 ; 4.5) 3.0 (1.0 ; 4.0) ns

Number of segments with focal lesions

baseline 2.0 (1.0 ; 3.4) 2.5 (0.8 ; 3.1) 2.0 (1.0 ; 4.3) ns

Number of segments with diffuse 

lesions baseline 0.0 (0.0 ; 0.0) 0.0 (0.0 ; 0.0) 0.0 (0.0 ; 0.0) ns

Number of focal lesions follow-up 3.0 (1.0 ; 5.0) 3.0 (1.0 ; 5.0) 4.0 (2.0 ; 5.8) ns

Number of segments with focal lesions 

follow-up 2.5 (1.0 ; 5.0) 2.5 (1.0 ; 4.5) 2.5 (2.0 ; 6.7) ns

Number of segments with diffuse 

lesions follow-up 0.0 (0.0 ; 0.0) 0.0 (0.0 ; 0.0) 0.0 (0.0 ; 0.0) ns

Progression = increase in EDSS of at least 1 point ; p-value = Mann Whitney U test was
used to test for differences between the progression and the no progression group ; IQR
= interquartile range (25% ; 75%) ; NBV = normalised brain volume ; T2LL = T2 hy-
perintense lesion load ; BHLL = T1 hypointense lesion load (‘black holes’) ; GADLL =
T1 gadolinium enhancing lesion load ; BHR = ratio BHLL/T2LL ; PBVC = percentage
brain volume change.
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Table 2b. Relapse onset only
Measurement whole group no progression progression p-value

(n=74) (n=49) (n=25)

median (IQR) median (IQR) median (IQR)

Brain

NBV baseline (ml) 1468 (1430 ; 1516) 1479 (1440 ; 1520) 1466 (1405 ; 1505) ns

T2LL baseline (ml) 3.9 (1.7 ; 12.3) 3.9 (1.3 ; 10.0) 3.8 (1.9 ; 24.2) ns

BHLL baseline (ml) 0.3 (0.0 ; 0.9) 0.3 (0.0 ; 0.7) 0.3 (0.0 ; 1.3) ns

GADLL baseline (ml) 0.0 (0.0 ; 0.2) 0.0 (0.0 ; 0.2) 0.0 (0.0 ; 0.2) ns

T2LL follow-up (ml) 4.7 (2.0 ; 14.2) 4.1 (1.5 ; 10.2) 8.5 (2.6 ; 22.5) .034

BHLL follow-up (ml) 0.2 (0.0 ; 1.1) 0.2 (0.0 ; 0.6) 0.8 (0.1 ; 1.6) .018

BHR baseline 0.06 (0.00 ; 0.13) 0.04 (0.00 ; 0.14) 0.07 (0.02 ; 0.13) ns

BHR follow-up 0.05 (0.01 ; 0.12) 0.04 (0.00 ; 0.11) 0.07 (0.02 ; 0.18) ns

PBVC/year (%/year) -0.9 (-1.5 ; -0.4) -0.7 (-1.3 ; -0.3) -1.4 (-2.0 ; -0.8) .006

Change in T2LL/year (ml/year) 0.18 (-0.14 ; 0.69) 0.18 (-0.14 ; 0.52) 0.57 (-0.07 ; 1.78) ns

Percentage change in T2LL/year

(%/year) 6.5 (-4.6 ; 14.9) 4.4 (-5.7 ; 12.8) 8.6 (-1.2 ; 32.4) .040

Change in BHLL/year (ml/year) 0.00 (-0.06 ; 0.05) 0.00 (-0.08 ; 0.04) 0.06 (-0.06 ; 0.11) ns

Percentage change in BHLL/year

(%/year) -2.5 (-19.5 ; 27.8) -5.8 (-24.2 ; 20.6) 2.5 (-10.0 ; 35.9) ns

Spinal cord

Number of focal lesions baseline 2.5 (1.0 ; 4.3) 2.0 (1.0 ; 4.5) 3.0 (1.0 ; 4.0) ns

Number of segments with focal 

lesions baseline 2.0 (0.9 ; 3.1) 2.0 (0.5 ; 3.3) 2.0 (1.0 ; 3.4) ns

Number of segments with diffuse 

lesions baseline 0.0 (0.0 ; 0.0) 0.0 (0.0 ; 0.0) 0.0 (0.0 ; 0.0) ns

Number of focal lesions follow-up 3.0 (1.0 ; 5.0) 3.0 (1.0 ; 5.0) 4.0 (2.5 ; 6.0) ns

Number of segments with focal 

lesions follow-up 2.5 (1.4 ; 5.1) 2.5 (0.8 ; 4.5) 2.5 (2.0 ; 6.9) ns

Number of segments with diffuse 

lesions follow-up 0.0 (0.0 ; 0.0) 0.0 (0.0 ; 0.0) 0.0 (0.0 ; 0.1) ns

Progression = increase in EDSS of at least 1 point ; p-value = Mann Whitney U test was
used to test for differences between the progression and the no progression group ; IQR
= interquartile range (25% ; 75%) ; NBV = normalised brain volume ; T2LL = T2
hyperintense lesion load ; BHLL = T1 hypointense lesion load (‘black holes’) ; GADLL
= T1 gadolinium enhancing lesion load ; BHR = ratio BHLL/T2LL ; PBVC = percen-
tage brain volume change.
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final combined model, indicating that this MRI parameter added inde-
pendent information to the clinical model. More formally this was con-
firmed by a likelihood ratio test (change between models is significant,
p<0.001) and increased area under the ROC curve when comparing the
clinical only (fair, 0.72) and the combined model (good, 0.82)28. Pro-
gression was higher in the progressive onset group (11 patients, 73%)
compared to the relapse onset group (25 patients, 34%). To exclude the
possibility that the group of patients with a progressive onset drives the
results, the logistic regression procedure was repeated after exclusion of
the progressive onset group. This confirmed the results of the whole
group analysis.

Table 3. Clinical model 
Predictor B OR 95% CI p-value

Intercept -0.61

use of DMT (yes/no) 0.23 1.26 0.40 - 3.91 .696

duration of follow-up (years) -0.11 0.90 0.29 - 2.74 .846

disease type (relapse-onset/progressive-onset) 2.28 9.81 2.17 - 44.27 .003

age (years) 0.06 1.06 1.00 - 1.12 .066

EDSS at baseline -0.90 0.41 0.21 - 0.80 .009

Outcome of logistic regression with all clinical parameters, dependent variable: presence
or absence of progression ( increase in EDSS of at least 1 point). OR = odds ratio ; DMT
= disease modifying therapy.

Table 4. MRI model
Predictor B OR 95% CI p-value

Intercept -0.51

use of DMT (yes/no) -0.76 0.47 0.15 - 1.43 .183

duration of follow-up (years) -0.27 0.76 0.26 - 2.25 .624

PBVC/year (%/year) -0.89 0.41 0.21 - 0.78 .007

Outcome of logistic regression with all MRI parameters, dependent variable: presence
or absence of progression (increase in EDSS of at least 1 point). OR = odds ratio ; DMT
= disease modifying therapy ; PBVC = percentage brain volume change.
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DISCUSSION

The precise role of MRI in the management and diagnosis of MS conti-
nues to be debated, MRI is reported to have29 or have not30 added value.
The present study describes clinical and MRI parameters that are asso-
ciated with progression of disability as measured by changes in EDSS in
89 patients with a recent diagnosis of MS. The main finding from lo-
gistic regression models is the observation that adding MRI parameters
(rate of cerebral atrophy) to a model using only clinical parameters re-
sults in stronger models.
Cerebral atrophy rate as measured by PBVC/year is the MRI parameter
that is most strongly associated with progression of disability. Although
several MRI parameters are in use as summary measures of axonal loss
and other processes of neurodegeneration, atrophy is most commonly
used31-33. Measures of brain atrophy are robust and even agreement be-
tween centers is excellent50. Atrophy is already present at the earliest
stages of the disease and progresses during further follow-up34,35. The
atrophy rate in our study (0.9%) is in line with previous studies. Reports
on the short-term associations between (rate of) atrophy and subsequent
disability in patients early in the RR course of the disease are contra-
dictory. Tiberio et al.36 did not find associations between changes in
atrophy measures and changes in disability in a small and not so pro-
gressive early MS cohort, whereas in another study of 53 early RRMS
patients, in line with our results, atrophy was associated with disease
progression37. Those apparently contradictory results may be caused by
inability of applied clinical scales to registrate real changes in disability,
differences in-group size (as in small groups changes might exist unde-
tected), lack of progression of disability and others. However we exclu-
ded the results to be driven by the progressive onset patients. 
Despite these difficulties it seems important to pick up differences in
(rate of) progression early in the disease course: it has been shown that
time to reach EDSS 4 (regarded as a critical threshold) varies widely be-
tween patients, while beyond this threshold disease progression is quite
uniform20. Probably, the availability and effectiveness of defense/repair
mechanisms differ between patients early in the disease but beyond a
critical point (our study indicates that this may occur when axonal da-
mage surpasses a certain threshold) they fail in a predictable fashion.
Compared to T2LL and BHLL, atrophy seems to reflect neurodegene-
ration more closely and is stronger correlated with disability. Several
studies showed atrophy to be more strongly associated with future disa-
bility than any conventional MRI parameter38-40. Our study results are
along the same lines: none of the conventional MRI parameters was
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shown to be associated with disease progression in the final model. Lack
of correlation between conventional MRI parameters and clinical
changes might be explained by several mechanisms. Firstly, as expected
in a group of newly diagnosed MS patients, changes in and total amount
of T2LL and BHLL are low in this study. Secondly, disease progression
on the EDSS was limited. Thirdly, variability in the clinical expression
of MS plaques in different anatomical locations was not taken into
account41.
Extending the duration of follow-up and thereby increasing the variance
of the measures is likely to enhance correlations between MRI parame-
ters and clinical outcome. This study suggest that conventional MRI
parameters are modestly associated with future disability; although not
included in the logistic models, T2LL and BHLL at baseline correlate
with EDSS at follow-up and lesion loads at follow-up are significantly
higher in the group with progressive disease. Of interest is the time lag
needed to establish this association, indicating that a certain amount of
time elapses between the development of lesions, and possible subse-
quent (damage to axons and) development of disability. Such a time lag
may explain why studies with a much longer follow-up2, the number of
lesions at baseline was the best predictor for disability at 14 years.
Since our final model with MRI and clinical parameters included does
not explain all the variance in progression of disability, it is clear that
other factors that were not included may also play a role. We can only
speculate on these factors but it seems logical to address the changes
that go undetected on conventional MRI but appear to be going on out-
side MRI visible lesions in the so called normal appearing brain tissue
(NABT). MTR, T1 relaxation times and other methods for studying the
NABT showed evidence of disease activity outside of MRI visible lesi-
ons and seem to correlate with disability42-44. Finally, the redundancy of
neuronal pathways in the CNS and the role of cortical adaptation have
been depicted using functional MRI45,46. Several spinal cord MRI para-
meters were correlated with EDSS at follow-up although none of them
made it into the final model. Apparently, no independent information is
to be gained from conventional spinal cord imaging. This is disappoin-
ting since neglect of spinal cord involvement is one of the possible ex-
planations for suboptimal clinico-radiological correlations. Several
studies showed correlations between EDSS and spinal cord
atrophy47-49: probably more (independent) information is to be gained
when adding measures of spinal cord atrophy, a measure that could not
be embedded in our present study. Another limitation of our study is the
relatively short duration of follow-up and the fact that many patients had
to be excluded due to missing data (though with similar baseline charac-
teristics as those retained).
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ABSTRACT

Brain atrophy in multiple sclerosis (MS) is thought to reflect irreversi-
ble tissue damage leading to persistent clinical deficit. Little is known
about the rate of atrophy in specific brain regions in relation to specific
clinical deficits.
We determined the displacement of the brain surface between two T1-
weighted MRI images obtained at baseline and after a median follow-
up time of 2.2 years for 79 recently diagnosed, mildly disabled MS
patients. Voxel- and cluster-wise permutation-based statistics were used
to identify brain regions in which atrophy development was significantly
related to Expanded Disability Status Scale (EDSS), Timed Walk Test
(TWT), Paced Auditory Serial Addition Test (PASAT) and 9-Hole Peg
Test (HPT). Clusters were considered significant at a corrected cluster-
wise p-value of 0.05. 
Worse EDSS change-score and worse follow-up EDSS were related to
atrophy development of periventricular and brainstem regions and right-
sided parietal, occipital and temporal regions. Worse PASAT at follow-
up was significantly related to atrophy of the ventricles. A worse TWT
change-score and worse follow-up TWT were exclusively related to atro-
phy around the ventricles and of the brainstem. Worse HPT change-score
and worse follow-up HPT of either arm were significantly related to the
atrophy of widely distributed peripheral regions, as well as atrophy of pe-
riventricular and brainstem regions.
Our findings suggest that decline in ambulatory function is related to
atrophy of central brain regions exclusively, whereas decline in neuro-
logically more complex tasks for coordinated hand function is related to
atrophy of both central and peripheral brain regions.
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INTRODUCTION

Progressive brain atrophy is a well-known feature of multiple sclerosis
(MS) and in vivo quantification of brain atrophy using MRI is increa-
singly used to study the disease evolution of MS14. Previous studies have
found that brain atrophy in MS occurs early in the disease course3 is re-
lated to MR measures reflecting axonal degeneration8 and is predictive
of clinical functioning at long-term follow-up9.
An association between global measures of disability and overall brain
atrophy has been established11, probably reflecting clinically important
neurodegenerative changes. Beyond this overall association, atrophy of
specific regions of the brain is likely to be related to specific clinical
functional deficits. Few previous studies have investigated atrophy of
selected brain structures in MS in relation to clinical deficit. For instance,
more clinical disability and higher lesion load have been related to ven-
tricular enlargement in early relapsing remitting MS3,7. Furthermore,
poorer performance on neuropsychological tests has been related to atro-
phy of the corpus callosum17 and frontal lobes13. Regarding cortical gray
matter, several recent studies have shown that cortical thickness decrea-
ses over time and is related to progressing clinical disability4,5,19.
Recent technical advances have provided a number of automated analy-
sis techniques for longitudinal brain volume change. SIENA is an auto-
mated registration-based analysis technique that calculates the
percentage brain volume change between two scans based on local brain
edge displacement, integrated over the whole brain20. Using voxel-wise
statistical analysis, the local brain edge displacement calculated by
SIENA can be used to study regional aspects of brain atrophy develop-
ment over time in relation to clinical characteristics. Using this approach,
one study found that regional brain atrophy rate is different between MS
phenotypes and is related to more overall clinical disability as measured
by the EDSS16.
In this study we aimed to investigate, in a relatively large group of
recently diagnosed MS patients, the relationship between regional
atrophy development and specific aspects of clinical dysfunction, redu-
cing differences in brain geometry and using non-parametric voxel-wise
statistics.

MATERIALS AND METHODS

Patients
From a cohort of 133 recently diagnosed18 MS patients enrolled in an
ongoing natural history study, patients with a relapse onset type of
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disease and complete MRI were selected. Written informed consent was
obtained from all participating patients and our local ethics review board
approved the study. From the original cohort, 37 patients were excluded
because a suitable MRI scan was not available both at baseline and at fol-
low-up, 16 patients were excluded because they had a progressive onset
type of disease and for one patient clinical examination could not be
performed at one time point. Hence, a total of 79 patients were included
in this study.
Clinical and MRI examinations were performed at the time of diagno-
sis, referred to as the baseline examination, and after a median time of
2.2 years (Inter Quartile Range [IQR]: 2.0–2.4 years), referred to as the
follow-up examination. When patients had a relapse, clinical and MRI
evaluations were delayed for a minimum of 6 weeks. Decisions to start
disease-modifying therapy (DMT) were made by the treating neurologist
according to guidelines for standard clinical practice. 
Well-trained raters assessed patient disability at both visits using Kurtz-
ke’s Expanded Disability Status Scale (EDSS)12 and the MS Functional
Composite (MSFC) scale, consisting of the Timed Walk Test (10-m ver-
sion) (TWT), 9-Hole Peg Test (HPT) and the Paced Auditory Serial Ad-
dition Test (3-s version) (PASAT)6. The overall MSFC score was
calculated using a previously published reference population of MS
patients10. “Annualised” changes in the clinical measures were calcula-
ted by dividing the difference between baseline and follow-up scores by
the time between measurements. A negative value indicates worsening
for the EDSS, TWT, HPT and MSFC, and improvement for the PASAT.
We will use the term “worsening on” with respect to any of the clinical
scales to indicate a clinically less favourable change on that scale. The
MRI analyses in which relations with individual MSFC components
were investigated (described below) were restricted to patients with
complete MSFC examinations at both time points (n=74).

MR acquisition and pre-processing
Baseline and follow-up MRI examinations were performed on a 1.0-T
MRI scanner (Magnetom Impact, Siemens AG, Erlangen, Germany) and
included axial 2D spin echo T1 weighted imaging without administration
of contrast agent (repetition time [TR]: 700 ms, echo time [TE]: 15 ms,
number of slices: 25, slice thickness: 5 mm, interslice gap: 0.5 mm, in-
plane resolution: 1.0 by 1.0 mm). T2 lesion load (T2LL) was quantified
using home developed semiautomated seed growing software based on
a local thresholding technique after lesion identification by an expert
reader.
For each patient, the Percentage Brain Volume Change (PBVC) for the
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entire brain between baseline and follow-up was determined using
SIENA software20 with the T1-weighted images as input. A negative
PBVC indicates ‘atrophy’ of the brain, whereas a positive PBVC indi-
cates ‘growth’ of the brain. SIENA estimates the PBVC by registering
the baseline and follow-up MR image and subsequently determining the
displacement of the brain edge between these two scans. Since not all
scans included the full brain due to differences in head size, the SIENA
analysis was restricted to a pre-specified interval along the Z-axis, ran-
ging from -52 mm to +60 mm in standard MNI152 space. 
Besides the PBVC, SIENA generates a 3D image that represents local
brain edge displacement for each voxel of the brain surface between the
baseline and follow-up scan, from now on referred to as the “brain edge
displacement map”. For the voxel values of the brain edge displacement
map, negative values indicate motion toward the brain parenchyma (i.e.,
‘atrophy’), whilst positive values indicate motion away from the brain pa-
renchyma (i.e., ‘growth’). The magnitude of the values indicates the dis-
tance by which the brain edge has moved in millimetres.
For voxel-wise statistical analysis we roughly followed the scheme pro-
posed by Bartsch et al.2, also described on the FSL website
(http://www.fmrib.ox.ac.uk/fsl/). In brief, to allow voxelwise statistics,
the following pre-processing steps were performed on the brain edge
displacement maps of each subject: (1) all voxel values within the brain
edge displacement map were divided by the time between scans in years
(annualised). (2) The brain edge displacement map was dilated, redu-
cing differences in brain surface geometry. (3) The original full view
MR images used to determine the edge displacement map were affinely
registered to the MNI152 standard image. The spatial transformation ob-
tained was then used to register the dilated displacement map to MNI152
standard space. Visual inspection of all registrations confirmed that they
were acceptable. (4) The image was limited to a pre specified interval
along the Z-axis, ranging from -52 mm to +60 mm in standard MNI152
space (i.e., as used in the original SIENA analysis). (5) The image was
masked by the pre-defined brain edge mask supplied in FSL 3.221. (6)
The image was smoothed with a 10-mm FWHM Gaussian filter and re-
masked with the same predefined brain edge mask. 

Statistical analysis

Whole-brain atrophy and descriptive variables
PBVC values were divided by the time between scans to obtain the
annualised PBVC (PBVC/y). Comparisons of variables between patient
groups (defined by DMT status or sex) were performed using the Mann–
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Whitney U test. Differences in clinical measures between baseline and
follow-up over the entire group were tested using the Wilcoxon signed-
rank test. Spearman rank correlation was used to test the relationship of
annualised PBVC with clinical disability measures, baseline age in years
and baseline disease duration in years, as well as the cross correlations
between clinical scales. A p-value of 0.05 was considered statistically
significant and none of the conventional statistical analysis methods
were corrected for multiple comparisons. All analyses were performed
using SPSS 12.0.1.

Voxel- and cluster-wise cross-subject statistical analyses
All voxel- and cluster-wise analyses were performed by means of cross-
subject permutation-based non-parametric voxel-wise statistics15, im-
plemented using Randomise (part of the FMRIB Software Library
(FSL))21 with 5000 permutations for statistical inference. For all analy-
ses, relationships were evaluated to test both the negative and positive re-
lationships with the local rate of brain edge displacement. From now on,
we will use the term ‘brain atrophy development’ to indicate a negative
rate of brain edge displacement.
To assess whether ongoing atrophy was present, voxels with rates of
brain edge displacement significantly different from zero across subjects
were identified using a one-sample T-test. Then, to identify regions in
which brain atrophy development was significantly related to clinical
variables of interest (follow-up and “annualised” changes in EDSS, TWT,
HPT of the right arm, HPT of the left arm and PASAT), a modified ana-
lysis was performed, taking into account the multiple comparisons issue
and the confounding effect of DMT. First, voxel-wise analysis with a
voxel-wise p-threshold of 0.01 was performed to identify voxels in which
brain atrophy development was significantly related to clinical variables
of interest. Next, inference on cluster size was performed, entering DMT
as confounding variable. For this cluster-wise analysis, the lowest T-sta-
tistic within significant voxels from the initial voxel-wise analysis was
determined; then Randomise was performed again, using the lowest T-
statistic as cluster forming threshold. The resulting clusters were consi-
dered statistically significant at a cluster-wise p-level of 0.05. Analyses
were only corrected for DMT, not for any of the other clinical variables.
To summarise the results from the cluster-wise analysis, the pre-defined
brain edge mask used previously was divided into anatomical regions by
two experienced readers (B.J. and E.S.), using the MNI152 standard brain
image for anatomical reference. For each variable, we calculated what
percentage of total brain edge voxels within each region was significant
for each individual cluster.
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RESULTS

No differences in patient characteristics were observed in the studied
group as compared to the excluded relapse onset patients. The five pa-
tients that did not complete the full MSFC examination at baseline or
follow-up were not atypical with regard to age, disease duration or
EDSS.
Patient characteristics are presented in Table 1 and summaries for
PBVC/y, EDSS, MSFC and MSFC components are presented in Table
2. Patients on DMT at any time during the study did not differ from pa-
tients not on DMT with regard to patient characteristics or with regard
to baseline, follow-up or annualised changes on EDSS, MSFC and
MSFC components. However, patients on DMT had developed more
brain atrophy (mean PBVC/y: −1.3 (SD: 0.8)) compared to patients not
on DMT (mean PBVC/y: −0.8 (SD: 0.8), Mann–Whitney U=406.0,
p=0.05). Voxel-wise analysis showed that use of DMT was related to
atrophy around the brainstem, ventricles, cingulate gyrus, left temporal
and left frontal regions. EDSS increased significantly (p=0.001) between
baseline and follow-up examinations, indicating clinical worsening
across the whole group. The overall MSFC score and PASAT increased
significantly between baseline and follow-up (both p=0.001), probably
reflecting a learning effect on the PASAT22. The TWT increase between
baseline and follow-up (p=0.01), indicating worsening in ambulatory
function across the group. PBVC/y was significantly related to EDSS at

Table 1. Patient characteristics and brain atrophy rates according to use of disease
modifying therapy.

No DMT N=56 DMT N=23 Total N=79

Age at baseline in years Mean (SD) 37.0 (9.2) 36.5 (9.4) 36.9 (9.2)

Male/female Count 18/38 7/16 25/54

Time since first symptoms at baseline, 1.4 (0.5-4.5) 1.9 (1.3-4.1) 1.8 (0.7-4.4)

in years median(IQR)

EDSS at baseline median(IQR) 2.0 (2.0-2.5) 2.5 (1.5-3.0) 2.0 (2.0-2.5)

PBVC/y mean(SD) -0.8 (0.8)* -1.3 (0.8)* -0.9 (0.8)

T2 Lesion Load in cm3 median (IQR) 3.23 (1.53-10.61) 6.28 (1.82-17.98) 3.94 (1.69-12.24)

DMT=disease modifying therapy; EDSS=Expanded Disability Status Scale;
PBVC/y=annualised percentage brain volume change; IQR=Inter Quartile Range;
SD=standard deviation. PBVC/y differed significantly between patients with and without
DMT (p=0.009).
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follow-up (Spearman’s rho=−0.322, p=0.004), MSFC score at follow-
up (Spearman’s rho=0.448, p=0.001) and annualised change in MSFC
score (Spearman’s rho=0.317, p=0.006), indicating that worse clinical
functioning is related to higher overall brain atrophy rate. Worse score on
follow-up HPT of the right arm, HPT of the left arm, TWT (Spearman’s
rho ranging from −0.400 to −0.425, p=0.05) and PASAT (Spearman’s
rho=0.290, p=0.012) were significantly related to PBVC/y, as were the
annualised change scores for HPT of the right arm, HPT of the left arm
and TWT (Spearman’s rho ranging from −0.317 to −0.325, p=0.01).
Change on EDSS was related to change on PASAT (Spearman’s
rho=−0.234, p=0.05) and changes on TWT, left and right 9HPT were re-
lated to each other (Spearman’s rho ranging from 0.251 to 0.431,
p=0.05). Positive cross-correlations were observed between EDSS, 
TWT, left and right 9HPT at follow-up (Spearman’s rho ranging from
0.488 to 0.780, p=0.01) and all of these scales were negatively correla-
ted to the PASAT at follow-up (Spearman’s rho between −0.314 and
−0.461, p=0.01).

Table 2. Summaries of EDSS, MSFC and MSFC components at baseline and follow-
up Baseline Follow-up

Baseline Follow-up

EDSS N=79, median(IQR) 2.0 (2.0-2.5)* 2.5 (2.0-3.5)*

MSFC N=74, mean(SD) 0.5 (0.3)** 0.6 (0.4)**

TWT1 N=74, median(IQR) 5.4 (4.8 – 6.3)*** 5.7 (5.2 – 6.6)***

HPT of the right arm1 N=74, median(IQR) 18.5 (17.1 – 21.0) 18.3 (16.5 – 21.5)

HPT of the left arm1 N=74, median(IQR) 19.8 (18.5 – 23.2) 19.9 (17.9 – 21.9)

PASAT1 N=74, median(IQR) 50.0 (43.0-56.0)** 56.0 (49.8 – 59.0)**

EDSS=Expanded Disability Status Scale; MSFC=Multiple Sclerosis Functional Com-
posite; TWT=10-m Timed Walk test; HPT=9-Hole Peg Test; PASAT=3-s Paced Auditory
Serial Addition Test; IQR=Inter Quartile Range; SD=standard deviation. a Actual sco-
res for the TWT, HPT and PASAT. * EDSS increased significantly between baseline and
follow-up (p=0.001), indicating clinical worsening at group level. ** PASAT and MSFC
increased significantly between baseline and follow-up (p=0.001), indicating improve-
ment at group level. *** TWT increased significantly (p=0.01), indicating worsening at
group level.

Brain edge displacement
Voxel-wise statistics (using the one-sample T-test) revealed significant
brain atrophy development (p=0.01) along the brain surface, ventricles
and brainstem, except for a small fraction of voxels. In the analyses of
relationships of brain edge displacement with clinical measures, we only
found the expected relationships, i.e., faster atrophy development was
associated with clinical worsening or worse performance on a clinical
measure. The opposite, unexpected relationships, i.e., faster atrophy
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development associated with clinical improvement or better perfor-
mance, were not observed for any of the clinical measures.

Brain edge displacement related to EDSS
Worsening on the EDSS was significantly related to atrophy develop-
ment in central and peripheral regions (Table 3, Figure 1A). For the
peripherally located regions, the right-sided parietal (39% of regional
voxels), temporal (29% of regional voxels) and occipital (36% of regio-
nal voxels) regions were most involved. The cluster observed in the pe-
riventricular and brainstem regions involved 63% of regional voxels, and
extended slightly into the occipital, temporal and cerebellar regions. The
regions in which atrophy development was significantly related to hig-
her EDSS at follow-up were very similar (Table 3, Figure 1B).

Table 3. Overview of the regional distribution of brain atrophy development 
significantly related to worsening on and worse follow-up EDSS.

Clusters were significant at the corrected p-value of 0.05. Percent of voxels indicates
the percentage of total voxels within the specified region that belong to the specified
cluster. EDSS=Expanded Disability Status Scale; Lat. fissure=lateral fissure;
central=central structures (i.e., periventricular and brainstem regions).
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 Worse on:  EDSS change  pu-wollof SSDE 

 Cluster: Mostly Peripheral Mostly Central Mostly Peripheral Mostly Central

Region Side  
Percent
of voxels 

Percent
of voxels 

Percent
of  voxels 

Percent
of voxels 

Lat. fissure Left      
Frontal        
Temporal     9  10 
Parietal        
Occipital     18  16 
cerebellar    10  11 
Cingulate        
Lat. fissure Right     
Frontal    7  10  
Temporal    29 8 46 9 
Parietal    39  53  
Occipital    36 16 44 10 
cerebellar   2 8 7 5 
Cingulate       
Central Bilateral   63  91 



Figure 1. Clusters of voxels in which brain atrophy development is significantly (p=0.05
corrected) related to worsening on EDSS (A) and worse EDSS at followup (B). The T-
statistics for each voxel within the clusters are overlayed on the MNI152 standard space
image using the colors specified in the color bar. T-statistics ranged from 1.6 to 3.0 for
worsening on EDSS and from 1.6 to 3.5 for worse EDSS at follow-up.

Figure 2. Clusters of voxels in which brain atrophy development is significantly (p=0.05
corrected) related to worsening on TWT (A) and worse TWTat follow-up (B). The T-
statistics for each voxel within the clusters are overlayed on the MNI152 standard space
image using the colors specified in the color bar. T-statistics ranged from 1.6 to 3.7 for
worsening on TWT and from 1.6 to 3.2 for worse TWT at follow-up. 
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Figure 3. Clusters of voxels in which brain atrophy development is significantly (p=0.05
corrected) related to worsening on HPTof the right arm (A) and worse HPTof the right
arm at follow-up (B). The T-statistics for each voxel within the clusters are overlayed on
the MNI152 standard space image using the colors specified in the color bar. T-statistics
ranged from 1.6 to 4.3 for worsening on HPT of the right arm and from 1.6 to 3.7 for
worse HPT of the right arm at follow-up. 

Figure 4. Clusters of voxels in which brain atrophy development is significantly (p=0.05
corrected) related to worsening on HPTof the left arm (A) and worse HPT of the left
arm at follow-up (B). The T-statistics for each voxel within the clusters are overlayed on
the MNI152 standard space image using the colors specified in the color bar. T-statistics
ranged from 1.7 to 3.9 for worsening on HPT of the left arm and from 1.6 to 3.6 for
worse HPT of the left arm at follow-up. 

Figure 5. Clusters of voxels in which brain atrophy development is significantly (p=0.05
corrected) related to worse PASAT at follow-up (A). The T-statistics for each voxel
within the clusters are overlayed on the MNI152 standard space image using the colors
specified in the color bar. T-statistics ranged from 1.6 to 2.9. 
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Brain edge displacement related to MSFC components
Worsening on TWT performance was significantly related to atrophy
development around the ventricles and of the brainstem (Table 4: 64%
of regional voxels, Figure 2A), extending into the cerebellar, temporal
and occipital regions. Similar regions of atrophy development were iden-
tified in relation to worse TWT performance at follow-up (Table 4, Fi-
gure 2B). No peripheral regions were identified in relation to either
worsening on TWT performance or worse performance on follow-up
TWT.
Widespread atrophy development around the ventricles and of the brain-
stem was significantly related to both worsening on and worse follow-
up HPT of the right arm (Table 4: 92% and 98% of regional voxels
respectively, Figs. 3A and B). Extensive atrophy development of perip-
heral regions, including the parietal, temporal, occipital and frontal
regions on both sides of the brain, was found in relation to worsening on
HPT of the right arm. A worse performance on follow-up HPT of the
right arm was mainly related to atrophy development of the bilateral
occipital region and predominantly right-sided parietal region.
Atrophy development around the ventricles and of the brainstem was
extensive for both worsening (73% of regional voxels) and worse fol-
low-up (96% of voxels) performance on the HPT of the left arm (Table
4, Figs. 4A and B), extending to the cerebellar, occipital and temporal re-
gions. For peripheral regions, worsening on the HPT of the left arm was
significantly related to atrophy development in the temporal region on 
both sides of the brain and predominantly right-sided parietal region.
The cerebellar, frontal and right-sided occipital regions were only
slightly involved. Peripheral atrophy development was significantly re-
lated to worse performance on HPT of the left arm at followup in the
temporal, cerebellar, right-sided parietal and occipital regions. 
A worse performance on the PASAT at follow-up was predominantly re-
lated to atrophy development around the ventricles and, to a lesser extent,
of the brainstem (Table 4: 64% of regional voxels, Figure 5), but not to
atrophy development in peripheral brain regions. No regions of atrophy
development were found in relation to worsening on PASAT perfor-
mance.
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DISCUSSION

Our results demonstrate that measures quantifying specific aspects of
clinical dysfunction are related to the rate of atrophy in different regions
of the brain in early, mildly disabled MS patients. As suggested by the
one sample T-test results, brain atrophy progresses diffusely over time at
group level. Apparently, within this ‘diffuse’ atrophy pattern, atrophy in
particular regions of the brain is related to specific clinical deficits. This
suggests a close link between clinical deterioration and brain atrophy in
MS, despite the fact that variability in the clinical disability measures
was low in this group of patients.
Overall clinical worsening measured by changes in and followup EDSS
scores were related to development of widespread atrophy of periven-
tricular and brainstem regions and atrophy of mainly the right-sided pa-
rieto-occipital region. The finding of extensive atrophy of both central
and peripheral regions is not surprising, as EDSS is a measure of over-
all disability, including the full range of neurological dysfunction. The
reason why peripheral atrophy in relation to EDSS was mainly seen on
the right side of the brain remains unclear.
Decline in ambulatory function, determined by TWT, was related to atro-
phy of periventricular and brainstem regions and did not include the
peripheral regions. Ambulatory function is mainly dependent on pyra-
midal, sensory and cerebellar function, suggesting that the relationship
we found is due to damage to descending motor, ascending sensory and
cerebellar tracts, all of which have a central location.
The HPT is a test of arm/hand function relying on complex neurologi-
cal functions, including cerebellar, motor, sensory and a complex inte-
gration of visual and motor functions. This is reflected in the atrophy
development in widely distributed peripheral brain regions that were
identified in relation to both the left and right HPT. The left HPT was re-
lated to atrophy development in peripheral brain regions on both sides of
the brain, with slightly more extensive involvement of the right hemis-
phere, which was not apparent for the right HPT. Interestingly, both the
left and the right HPT were related to atrophy development of periven-
tricular and brainstem regions in a strikingly similar way, suggesting that
arm/hand dysfunction is due to damage of similar periventricular and
brainstem structures for both arms. 
For most patients, PASAT scores were high at baseline and even impro-
ved within the study period, indicating minimal cognitive dysfunction
and even a learning effect on the PASAT.
This explains why we did not find a relationship between change on the
PASAT scores and overall PBVC or atrophy in specific regions of the
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brain at group level. A worse follow-up PASAT score did relate to over-
all brain atrophy as measured by annualised PBVC and, more specifi-
cally, to atrophy around the ventricles and of the brainstem. The absence
of a relationship with atrophy development in peripheral regions is sur-
prising. However, when performing the PASAT, multiple domains of
cognitive function are addressed, involving multiple brain regions on
both hemispheres1. The involvement of each of these regions could gre-
atly differ between patients, which might explain why we did not find a
relationship of follow-up PASAT with atrophy development in perip-
heral regions. Furthermore, atrophy development in relation to worse
PASAT at follow-up seemed to be mostly located around the ventricles
(Figure 5).
This could reflect atrophy of pathways in the white matter and corpus
callosum that connect different functional regions necessary for ade-
quate cognitive function. Further studies on patients in a more advan-
ced stage of MS are needed to resolve this issue.
Brain atrophy is considered to reflect neurodegenerative changes. The-
refore, brain edge displacement can be regarded as partly reflective of
neurodegenerative processes in the brain parenchyma underlying the
brain and ventricle surface. However, brain edge displacement could also
be influenced by lesion effects, possibly in two ways. First, gliosis wit-
hin lesions may cause brain edge displacement by traction on adjacent
brain parenchyma. Secondly, active inflammatory lesions may cause
brain edge displacement by swelling effects of oedema. This is of im-
portance in interpreting results from the analysis presented in this paper,
as the relationship between clinical dysfunction and local atrophy de-
velopment can, apart from atrophy development of functionally relevant
structures, be due to volume effects of lesions. The methods used in this
study do not allow these effects to be disentangled. Further studies, using
methodologies specifically designed to analyse the relationship between
regional lesion load and regional brain atrophy are needed to elucidate
these effects. The use of DMT (at any time during the study) was rela-
ted to a higher rate of global and regional brain atrophy as compared to
patients not on DMT. As DMT is given to patients that show evidence of
high disease activity, these patients could represent a subgroup of pa-
tients with a more aggressive disease course.This subgroup may there-
fore exhibit a higher rate of brain atrophy and have higher lesion load
causing swelling and traction effects on adjacent brain parenchyma. In
addition, the use of DMT could have reduced global oedema of the brain
between the baseline and followup scan resulting in a higher rate of brain
volume decrease (pseudoatrophy) due to resolution of oedema. The
methods used in this study cannot unravel the impact of these DMT-
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related effects on regional brain atrophy evolution and are an important
goal for further study.
From our results, it is not clear whether the relationships we found are
due to atrophy of grey or white matter. Previous studies have shown that
cortical thickness is related to progressing disability4,5,19, suggesting that
at least part of the disability related atrophy found in this study is due to
cortical atrophy.

Technical considerations
The analyses performed in this study have three major strengths for stu-
dying regional aspects of longitudinal brain atrophy. First, differences
in brain surface geometry between patients were reduced by dilating and
registering the brain edge displacement maps, which obviously is una-
ble to fully correct for inter-subject differences in anatomically more
detailed structures like sulcal edges. Secondly, the analyses were per-
formed using non-parametric voxel- and cluster-wise statistics, which is
an appropriate method for statistical inference as brain edge displace-
ment is unlikely to be normally distributed across patients. Thirdly, the
cluster-forming threshold was determined by taking the lowest T-statis-
tic within significant voxels from the initial voxel-wise analysis, making
the analyses as objective and non-arbitrary as possible.
It seems likely that our findings reflect the relationship between clinical
measures and local brain edge displacement, because we only observed
clusters in which brain atrophy development was related to worse per-
formance on the clinical measures involved, and none in which atrophy
development was related to improvement on clinical measures.
A slight interslice gap was used in the MRI acquisition, which could
theoretically influence the results. To calculate the edge displacement
over time for each voxel, SIENA estimates the brain surface edge points
on both time points by tissue segmentation after which the perpendicu-
lar edge displacement is estimated between corresponding edge points
(identified by a similar perpendicular intensity profile) from each time
point. Both the segmentation and edge displacement procedure are not
likely to be influenced by the slight interslice gap (10%) used in this
study, as long as the effective slice thickness is correct (real slice thic-
kness plus interslice gap).
In this study, we investigated relationships between each of the clinical
scales and regional brain atrophy rate separately. Alternatively, one could
consider an analysis to investigate the independent relationships with re-
gional brain atrophy rate for each of the clinical scales (i.e., by entering
the other clinical scales as confounds). However, the deficit measured by
each of the clinical scales may partly be a result of damage to similar
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regions of the brain. Therefore, analyses aimed at the independent rela-
tionships would obscure regions of the brain in which atrophy rate is still
relevant to the clinical scale analysed. We intended to investigate all re-
levant brain regions that show atrophy in relation to each of the clinical
scales, which is why we chose a separate analysis for each scale. 
In conclusion, our findings suggest that, in early, mildly disabled MS
patients, decline in ambulatory function, as measured by TWT, is rela-
ted to atrophy of central brain regions exclusively, whereas decline in
neurologically more complex tasks for coordinated hand function, as
measured by HPT, is related to atrophy of both central and peripheral
brain regions. Future studies might aim to elucidate atrophy develop-
ment of specific brain regions in relation to long term clinical functio-
ning, disease phenotype, and lesion effects.
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GENERAL DISCUSSION, SUMMARY AND,
FUTURE PERSPECTIVES





The work presented in this thesis substantiates the relevance of brain
volume measurement in MS by: addressing technical and sample size
issues relevant to automated brain volume measurement, studying the
relationship of brain atrophy with clinical disability and a potential CSF
biomarker for axonal damage, and by attempting to find determinants of
brain atrophy rate. The following chapter will discuss these findings furt-
her in view of methodological aspects of brain volume measurement,
biomarkers, lesions, NABT, clinical disability and clinical trials. 

METHODOLOGICAL ASPECTS OF BRAIN VOLUME
MEASUREMENT

The desired properties of a brain volume measurement technique are:
sensitivity to brain atrophy, reproducibility, accuracy, precision and ro-
bustness to image quality. To meet these standards, several brain volume
measurement techniques have been developed over the years that use
automated tissue type segmentation for brain volume estimation1. T1
weighted pre-contrast images are frequently used for these brain volume
measurement techniques, as they have a clear contrast between brain pa-
renchyma and CSF facilitating reliable tissue type segmentation. When
putting these techniques into practice, several methodological issues may
arise; including (un)availability of T1 weighted pre-contrast images and
errors that may occur within the automated protocol.  These issues will
be discussed in the following paragraphs.  
In our experience, many valuable datasets exist that do not include the
validated T1 weighted pre-contrast images. To exploit the full potential
of such datasets with regard to brain atrophy, other image types will have
to be used. Chapter 1.1 compares SIENAX and SIENA results obtained
using ‘alternative’ T1 post-contrast images, T2 weighted images, and
composite, ‘pseudo T1’images, with results obtained using the validated
T1 weighted pre-contrast images. The findings suggest that T1 post-con-
trast images are the best alternative option to T1 pre-contrast images,
followed by pseudoT1 and T2 images respectively. This study shows that
the use of alternative image types is feasible for SIENA(X) analyses,
and lays the foundation for a more flexible use of SIENA(X).
It is important to realise that we used relative agreement to compare
brain volume measurement results between image types, because abso-
lute NBV and PBVC values can be expected to differ between image
types. Therefore, the image types should be used consistently across the
dataset. 
SIENAX and SIENA analyses using T1 weighted pre-contrast images
are known to be robust, accurate and reasonably insensitive to slice
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thickness2. The same properties should, to a large extent, apply to brain
volume analysis using T1 post-contrast images, because they are acqui-
red using the same pulse sequences and have a similar distinction be-
tween brain parenchyma and CSF. In view of this and the results of our
study, T1 post-contrast images should be the first image of choice as
alternative to T1 pre-contrast. 
T2 and PD images have a fundamentally different contrast between CSF
and brain parenchyma and their image characteristics may vary between
scanners and different scan parameter-settings. Although our study re-
sults suggest that T2 and ‘pseudo T1’ image types are possible alterna-
tives for brain volume analyses using SIENA(X), caution should be taken
until further validation data is available for these image types. 

Ideally, brain volume measurement using SIENAX and SIENA is fully
automated. However, errors may arise when using the automated proto-
col, such as the inclusion of non-brain tissue. These errors can be ex-
pected to introduce unwanted variability (noise) to brain volume
measurement results, and could thereby diminish sensitivity to detect
group differences. The usual cause of these errors is inadequate auto-
mated brain extraction, which is the first step in the SIENA(X) method.
In principle, the settings of the automated Brain Extraction Tool (BET)
used by SIENA(X) can be altered to perform more conservative or le-
nient brain extraction. However, finding the optimal BET settings for
each individual patient or subsets of patients is time-consuming and may
introduce bias between subject groups. Instead, a frequently used stra-
tegy to correct for errors in brain extraction is to perform an initial brain
extraction using BET, followed by the manual removal of remaining non-
brain tissue. Furthermore, in view of the increasing need for large data-
sets that can only be acquired from multi-centre studies and the labour
intensive nature of manual editing, it would be advantageous to divide
the workload associated with this manual editing between centres. With
this background, we studied to what extent the manual editing scheme re-
duces unwanted variability and introduces inter-centre (and inter-obser-
ver) variability to SIENAX and SIENA results.  
Chapter 2.2 shows that agreement of SIENAX and SIENA with manual
editing is substantial between centres (and thus observers) and confirms
the assumption that manual editing reduces subject variability, thereby
increasing statistical power, of the percentage brain volume change mea-
sured by SIENA. For SIENAX, manual editing reduced overestimation
of normalised brain volume, but did not reduce variability in brain
volume results. These findings formally support the view that manual
editing is a sensible strategy to correct for errors in automated brain
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extraction using SIENA(X) and that analysis results from multiple cen-
tres can be pooled. 
Despite the advantage of a decrease in unwanted variability, manual edi-
ting does introduce some inter-observer variability and time consuming
manual labour, the latter being especially relevant to high resolution 3D
MR images with large numbers of slices. To solve these issues, ongoing
developments hopefully will provide an optimised brain extraction tool
that will be able to automatically process images from different scan-
ners and patients in a uniform and robust way. 

BRAIN VOLUME RELATED TO BIOLOGICAL MARKERS

Different pathophysiological mechanisms, including inflammation,
demyelination, axonal damage and repair mechanisms, are involved in
the MS disease process3. A better understanding of these mechanisms
could aid in prognosis, treatment development and monitoring of treat-
ment effects. Post-mortem histopathological studies provide important
clues to these mechanisms, but do not give insight into their in vivo
dynamics. Substances in the body fluids of MS patients, referred to as
biomarkers, could be useful tools for in vivo monitoring of ongoing pro-
cesses in the central nervous system of MS patients4. Substances asso-
ciated with the axon cytoskeleton (neurofilaments, actin, tubulin and tau
proteins), axonal membranes (24S-hydroxycholesterol, apolipoprotein
E), axonal cytoplasm (NAA, neurospecific enolase, 14-3-3 protein) and
axonal injury (APP protein) have been proposed and studied as poten-
tial biomarkers for axonal degeneration5. Besides being potential moni-
toring tools, these ‘axonal’ biomarkers could provide further support for
the hypothesis that brain atrophy reflects neurodegenerative changes. 
Chapter 3.1 describes an exploratory study relating NAA in cerebrospi-
nal fluid, as a potential CSF marker for neuro-degeneration, to clinical
and MRI markers of disease progression. The results of this cross-sec-
tional study show that a lower NAA concentration in CSF is related to a
later stage of relapse onset MS, a higher degree of clinical disability,
higher lesion load and lower brain volume. The relationship between
lower brain volume and lower NAA in CSF suggest that brain atrophy is
at least partially reflective neuro-axonal degeneration. In further support
of this, a previous study has found a relationship between brain atrophy
and higher levels of antibodies directed against neurofilament light
chains (anti-NFL) in the CSF, suggesting that brain atrophy is related to
the presence of cytoskeletal proteins in CSF6. Another study found that
reduced CSF levels of growth associated protein 43 (GAP43), a protein
produced by neurons to promote axonal regeneration and synaptic plas-
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ticity, is related to lower brain volume7. This relationship could simply
be explained by a reduction of the number of axons in the brain. Alter-
natively, reduced GAP43 expression in the CNS could be reflective of
inadequate neuronal repair mechanisms which, in turn, could lead to a
higher propensity to decline in brain volume in some patients. 
Although these results look promising, further insight into the biologi-
cal dynamics of axonal biomarkers should be gained and larger, longi-
tudinally followed patient groups should be studied to confirm these
findings. Additionally, these studies should also include biomarkers not
related to axonal degeneration to assess the specificity and robustness of
the relationship of ‘axonal’ biomarkers with brain atrophy.

BRAIN VOLUME RELATED TO LESIONS AND NORMAL 
APPEARING BRAIN TISSUE

In chapter 4.1 we have shown that lower brain volume and, to a lesser ex-
tent, higher T2 lesion volume at baseline partly explain the subsequent
rate of brain atrophy in patients with recently diagnosed MS in a regu-
lar hospital setting. These findings suggest that lesions have a partial re-
lationship with subsequent development of brain atrophy. Destructive
effects associated with inflammatory lesions include demyelination, gli-
osis and neurodegeneration3,8-10. These lesion-related changes may all
contribute to the development of brain atrophy through local and remote
volume effects due to, for instance, wallerian degeneration. In support of
this, post-mortem studies have shown that regional lesion load is related
to atrophy in the corresponding projection area in the corpus callosum11.
Furthermore, other MRI based studies have found similar relationships
between brain atrophy and T2 hyper intense, T1 hypo intense lesion and
gadolinium enhancing lesion volume12-16. Hence, destructive lesion
effects can lead to measurable brain tissue loss. 
However, in our study, baseline brain and lesion volume could only ex-
plain a small fraction of variance of subsequent brain atrophy rates. In
addition, not all studies are able to detect a relationship between lesion
load and atrophy development17,18. These findings suggest only a weak
relationship between lesions and brain atrophy and imply that other
factors that go undetected by conventional MRI measures, may play a
more prominent role in brain atrophy development. 
Histopathological and quantitative MRI studies provide evidence of
compromised tissue integrity and axonal degeneration in NABT outside
of lesions19-22. These abnormalities probably result from destructive pro-
cesses ongoing in the NABT and are likely to contribute to brain tissue
loss. Further studies are needed to elucidate the relationship between
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tissue integrity in NABT measured by quantitative MR and brain atro-
phy development. 

BRAIN VOLUME RELATED TO CLINICAL DISABILITY

The usefulness of a monitoring tool for MS is determined by its relati-
onship to clinical disability. Conventional lesion quantification measu-
res show only poor correlations with clinical disability, which sparked
interest in brain volume measurement as a possible monitoring tool.
Neuro-axonal degeneration is recognised as an important feature of MS
pathology and probably represents the destructive end-stage of the MS
disease process. It is considered to be the underlying cause of persisting
disability and is likely to result in measurable brain volume loss. Brain
volume measurement can therefore be expected to have a better relati-
onship to persisting disability than focal disease activity measured by
lesion quantification. 
In chapter 4.2 we studied the added value of MR measures, including
brain lesions, spinal cord abnormalities and brain volume measurements,
over clinical parameters in predicting short term clinical disease pro-
gression in a group of MS patients with a relatively short disease course.
A higher rate of brain atrophy proved to be the strongest predictor of cli-
nical disease progression. This study shows that MRI parameters have
added value over clinical parameters in predicting clinical disease pro-
gression and that brain atrophy rate is more closely related to clinical
disease progression than the conventional MR markers of focal disease
activity in an early stage of MS. 
Other studies have shown that significantly greater atrophy can be ob-
served in patients with disease progression over patients without disease
progression in RR, SP and PPMS14,23-25 and that brain atrophy is the most
important predictor of clinical disability status at long-term follow-up in
cohort of patients with a considerable disease duration before study
inclusion13. Our results add to these findings by showing that the relati-
onship between brain atrophy and subsequent disability progression can
already be observed at an early stage of the disease in a relatively unse-
lected cohort of patients with a mild degree of disability. 
Thus, brain atrophy has a relationship with clinical disability develop-
ment at short- and long-term follow-up. However, available studies do
not tell us how long-term clinical disability can be predicted from the
earliest stages of the disease. Because of the variable rate of disability
progression between patients and the overall view that immuno-modu-
latory treatment should be initiated as early as possible, this would pro-
vide important information on whether or not treatment should be
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initiated. With this in mind, identification of factors that predispose to the
development of brain atrophy early in the disease course, may give im-
portant clues to possible clinical prognosticators at long-term follow-
up. 
In chapter 4.1 we have shown that lower brain volume and, to a lesser ex-
tent, higher lesion volume at baseline partially explain the subsequent
rate of brain atrophy in patients with recently diagnosed MS in a regu-
lar hospital setting. In the future, these baseline variables could hope-
fully be used as prognostic tool for individual patients early in the disease
course. Further long-term follow-up studies on other patient groups, star-
ting in the earliest stages of the disease, using clinical disability as out-
come measures are needed to confirm the prognostic value of these
variables. 
The relationship between lower brain volume at baseline and the subse-
quent higher rate of brain atrophy, could mean that some patients have
a higher propensity to decline in brain volume. A greater understanding
of the pathological mechanisms underlying brain atrophy, might help to
identify patients that are more likely to develop brain atrophy, for exam-
ple using genetic screening. 
The question of whether the neurodegenerative changes quantified by
brain atrophy measurement are directly responsible for specific clinical
deterioration cannot be answered by studying the relationship between
overall brain atrophy and overall clinical disability. We hypothesized that,
if neurodegenerative changes are directly responsible for clinical disa-
bility, decline in specific aspects of neurological function should be re-
lated to atrophy of the associated brain regions. In the study described in
chapter 4.3, we used a novel technique to perform voxel-wise statistics
on brain edge displacement maps provided by SIENA to study the rela-
tionship between regional brain atrophy development and specific as-
pects of clinical disability. The results show that decline in ambulatory
function is related to atrophy development of the ventricles and brain-
stem, whereas decline in neurologically more complex tasks for coordi-
nated hand function are related to atrophy development of both central
and peripherally located brain structures. These findings suggest that
worsening on specific aspects of clinical disability is directly related to
the atrophy development in the associated brain regions, implying that
brain volume measurement gives a direct reflection of clinically rele-
vant pathology. 
This study only focused on regional brain atrophy development and cli-
nical disability, whereas both disability and brain atrophy can be affec-
ted by lesion activity. Future studies, using methodologies specifically
designed to analyse regional lesion load and regional brain atrophy are
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needed to elucidate these relationships. 
The analyses presented in this chapter could be improved in several
ways. The tasks used to measure clinical disability in this study rely on
the integrity of a range of neurological systems, which gives only a rough
perspective on the relationship between clinical dysfunction and atro-
phy of associated brain regions. In addition, spatial resolution was re-
duced due to dilation and smoothing effects which are necessary to
correct for brain geometry differences between patients. Future studies
might aim to identify more specific relationships between local brain
atrophy and clinical dysfunction by including tasks testing specific neu-
rological systems and by optimising spatial resolution in order to provide
more anatomical detail. 

BRAIN ATROPHY MEASUREMENT AS OUTCOME MEASURE IN
CLINICAL TRIALS

Brain volume measurement is becoming increasingly important in cli-
nical trials, especially as treatment development is increasingly focused
on prevention of neuro-axonal degeneration and neuro-axonal repair
mechanisms26. Treatment effects on brain atrophy development have
been observed in clinical trials on interferons, glatiramer acetate and
natalizumab27-31. Although these findings need to be interpreted with
caution, they suggest that immunomodulatory treatments appear to slow,
but not stop, progression of brain atrophy and thereby neuro-axonal de-
generation. As discussed previously, brain atrophy is clinically mea-
ningful, appears to be reflective of neuro-axonal degeneration and can be
accurately and robustly quantified by SIENA(X). 
It is important for clinical trials that use brain atrophy as a marker of di-
sease progression to have sufficient power to detect treatment effects.
Sample size calculations are therefore needed to ensure that an adequate
number of patients is included and to identify the best method to use in
future studies. Previous sample size estimates of four different methods
for longitudinal brain volume measurement (Brain volume difference,
Brain boundary shift Integral (BBSI), SIENA and Ventricular Enlarge-
ment) suggest that these methods are feasible for detection of treatment
effects in clinical trials on RRMS32. Relative sample sizes were lowest
for SIENA and only slightly higher for BBSI. This study was based on
serial MRI scans obtained from a single scanner and including only
RRMS patients. 
Chapter 2.3 reports sample size calculations for two different longitudi-
nal brain volume measurement methods using serial MRI scans obtained
from a large group of placebo treated SPMS patients from different
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centres. The results show that SIENA and Central Cerebral Volume
(CCV) are both feasible longitudinal brain volume measures for detec-
tion of treatment effects in clinical trials. Required sample sizes were
smaller for SIENA compared to CCV, suggesting that the former mea-
sure is the best method to use for detection of treatment effects using
longitudinal brain volume analysis. 
This study adds to the previous study32 by providing sample size esti-
mates for patients in a different stage of MS, possibly having different
dynamics with regard to brain atrophy rates, using MR scans obtained in
a multi-centre setting. Compared to current clinical trials, sample sizes
to detect treatment effects would be greatly reduced if longitudinal brain
volume measurement was used as sole outcome measure. However, brain
volume measurement is currently regarded to be a secondary outcome
measure to be used in combination with other clinical and radiological
outcome measures. In light of this, both sample size studies suggest that
SIENA should provide sufficient power to detect treatment effects with
the usual inclusion numbers and follow-up durations needed to detect
clinical and lesion effects in clinical trials. 
The relationship we found between baseline brain and lesion volume
with subsequent atrophy rates in chapter 4.1 may have implications for
the interpretation of studies using brain atrophy rate as outcome measure.
For example, the ability to detect treatment effects could be reduced
when a large number of placebo treated patients have relatively high
brain volume at baseline compared to the treated patient group. These
placebo treated patients are expected to have a low rate of brain atrophy
development, thereby reducing the ability to detect treatment induced
differences in brain atrophy rate between trial arms. Analysis of brain
atrophy rate in clinical trials could take our findings into account by, for
instance, controlling for baseline brain volume in the eventual statistical
analyses or at treatment randomisation.
As discussed previously, destructive lesion effects lead to measurable
brain tissue loss. Another way in which lesions can lead to brain volume
changes is by inflammation related oedema. Resolution of oedema is
proposed to be the cause of increased atrophy rates seen at the initiation
of interferon and natalizumab treatment27,28 and after corticosteroid
treatment33,34. This pseudo-atrophy effect is an important nuisance when
attempting to quantify actual tissue loss. Future studies will hopefully
provide adequate measures to correct for this effect. 
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FUTURE PERSPECTIVES

The results presented in this thesis provide further support that brain
volume measurement is a valuable addition to the arsenal of MRI mo-
nitoring tools in MS, by showing that it has clinical relevance, is likely
to represent neuro-axonal degeneration, represents clinically relevant pa-
thology not quantified by conventional lesion measures, and is able to
detect significant treatment effects within a reasonable sample size. In
addition, our results suggest that brain atrophy development is mainly
driven by pathology ongoing in the NABT outside of lesions. Lastly, the
results from this thesis provide solutions to a number of technical pro-
blems that could be encountered when using SIENA(X) as brain volume
measurement tool. The results from this thesis and other studies pave
the way for future research, which will be discussed in the following
paragraphs. 
In this thesis, several technical issues on brain volume analyses using
SIENA(X) were addressed. Firstly, although manual editing is a sensi-
ble strategy to correct for errors in brain volume analysis, this approach
does introduce inter-observer variability and time consuming manual la-
bour, the latter being especially relevant for high resolution 3D MR
images with a large number of slices. To solve this, a new automated
BET version has been developed that is very likely to make manual edi-
ting inappropriate in the very near future35. Secondly, several image types
seem to be feasible alternatives to T1-weighted pre-contrast images in
performing brain volume analysis. Before these alternative image types
can be used confidently, additional validation studies are necessary. 
Although brain atrophy measurements are being used in clinical trials
and although a number of trial related topics have been discussed in this
thesis, there are still a number of issues that need to be clarified regar-
ding sample size and confounding effects. Further sample size calcula-
tions are needed for PPMS and multi-scanner studies in RRMS. Most
importantly, as disease modifying treatment is currently available for
RRMS, future clinical trials will probably move towards study designs
that test the benefit of new treatments against existing treatments. This
is likely to increase required sample sizes and therefore additional sam-
ple size calculations should be obtained for patients using existing di-
sease modifying treatment. 
Pseudo-atrophy effects due to inflammation related changes in brain
water content are an important nuisance for reliable measurement of tis-
sue loss. Longitudinal studies using frequent MRI and MR measures of
brain water content are needed to further elucidate this pseudo-atrophy
phenomenon. One possible way to correct for this effect in clinical
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trials is to include an additional MRI scan after treatment initiation.
Frequent MRI studies could provide an adequate timing scheme for post-
treatment-initiation scans.
Brain atrophy is thought to be at least partly representative of neuro-axo-
nal degeneration. However other destructive changes, including effects
of de- and remyelination and gliotic effects, are also likely to contribute
to brain volume changes and should be taken into account when inter-
preting brain atrophy data. To what extent each of these destructive
changes contribute to brain volume changes is unknown and should be
an important goal for future studies using advanced MR techniques and
biological markers. 
What mechanisms underlie brain tissue destruction in MS is not well
understood. Recent pathology data suggest that inflammation and neuro-
degeneration occur in parallel and are partly interrelated, involving both
immune and non-immune pathological processes36,37. This is obviously
an important field for current and future research in close collaboration
between neuro-pathologists, neuro-immunologists, molecular biologists,
geneticists, neuro-radiologists and neurologists. Better understanding of
these mechanisms will hopefully aid in the identification of patients that
are more sensitive to destructive consequences of MS and thereby more
likely to develop progressive brain atrophy and progressive clinical
disability. 
Processes in focal white matter lesions were initially thought of as the
main contributor to destructive pathology seen in MS. Combined evi-
dence from MRI and histopathological studies from the last decade, ho-
wever, suggest that processes in the NABT contribute considerably, if
not even more, to destructive brain tissue changes than focal inflamma-
tion. More studies on NABT abnormalities are needed, elucidating their
underlying pathological mechanisms, destructive consequences and re-
lative contribution to brain atrophy. The latter goal will hopefully be
achieved with the use of advanced MRI and post-processing techniques,
like MTR, T1 mapping, diffusion weighted imaging and MR spectros-
copy, in relation to brain atrophy measures. As brain atrophy is likely to
be a resultant effect of destructive processes, these studies should, apart
from concurrent relationships, also focus on how these quantitative MRI
measures predict the subsequent rate of brain atrophy. 
The studies presented in this thesis focussed mainly on whole brain
volume, representing the net resultant effect of ongoing MS pathology.
In recent years, gray matter pathology has been recognised as an im-
portant feature of MS pathology38, and could prove to be very relevant
to disability progression and cognitive decline. Recent technical advan-
ces have provided methods to reliably study atrophy of gray matter and
white matter separately. Using these techniques, a number of studies
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have shown that cortical thickness is decreased in MS patients compa-
red to controls and is related to progression of disability39-41. Future
studies and technical developments will hopefully provide more insight
into the balance between GM and WM atrophy and their relative contri-
butions to clinical disability. 
Besides the distinction between GM and WM, specific brain structures
should also be investigated in more detail. Different regions of the brain
could be differentially affected and may therefore prove to be more sen-
sitive markers of ongoing MS pathology than overall brain volume mea-
sures. For instance, because of its highly reciprocal connections with
cortical regions throughout the brain and its well-defined anatomical
boundaries, atrophy of the thalamus could be a sensitive and reproduci-
ble marker of pathology in widespread areas of the brain. Neuronal loss
in, and decreased volume of the thalamus have been found in post-
mortem and MRI based studies42,43. 3D high resolution MRI images and
recently developed post-processing techniques44,49 may shed further light
on atrophy of specific brain structures. 
This thesis focused mainly on RRMS patients, whereas brain atrophy
measurement could be especially relevant to progressive forms of MS.
Diffuse tissue abnormalities in the NABT and diffuse spinal cord ab-
normalities are common features of PPMS, whereas focal inflammatory
lesions are less evident45-47. For SPMS, a lower frequency of active
inflammatory lesions is observed compared to RRMS, while progres-
sion of brain atrophy is still evident48. These differences in disease cha-
racteristics suggest that diffuse pathology is more relevant to disease
progression than focal inflammation. This might explain why conven-
tional immunomodulatory treatments known to specifically reduce overt
inflammatory activity, such as interferon beta and glatiramer acetate, are
found to be ineffective in clinical trials on PPMS and SPMS. In the fu-
ture, brain atrophy measurement could play a key role in the detection
of treatment effects in clinical trials, and provide valuable clinical prog-
nostic information for progressive forms of MS.  
The long-term clinical course of MS varies considerably between pa-
tients, and remains highly unpredictable. Early prognosticators for cli-
nical disability at long term follow-up may have great impact on patient
care, especially with regard to disease modifying treatment. We propo-
sed that the extent of brain tissue loss early in the disease course may
have clinical prognostic value. Future long-term follow-up studies using
clinical disability as outcome, are needed to confirm this hypothesis.
The next challenge would be to translate these findings from group level
to individual level and to simplify and standardise brain volume measu-
rement techniques to enable use in a regular hospital setting. 
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HERSENATROFIE GEMETEN MET BEHULP VAN MRI BIJ 
MULTIPELE SCLEROSE 





Het doel van dit proefschrift was het onderzoeken van de waarde van
hersenatrofie gemeten met behulp van MRI voor het vervolgen van het
ziekproces bij Multipele Sclerose (MS) patiënten.
MS is een chronische demyeliniserende ontstekingsziekte van de herse-
nen en het ruggenmerg (samen het centrale zenuwstelsel genoemd), en
de meest voorkomende neurologische oorzaak van lichamelijke beper-
kingen bij jongvolwassenen. MS wordt gekarakteriseerd door ontste-
kingsreacties gericht tegen de beschermende en isolerende laag rondom
de zenuwvezels (myelineschede). Door de schade aan de myelineschede
en de zenuwvezels, zijn de zenuwen niet goed meer in staat om impul-
sen van en naar de hersenen te verwerken. Dit vertaalt zich in neuro-
logische uitvalsverschijnselen, zoals loop- en gevoelsstoornissen, cog-
nitieve stoornissen, problemen met het gezichtsvermogen, seksuele func-
tiestoornissen en problemen met de blaas en ontlasting. 
In het grootste deel van de gevallen begint de ziekte met het zogenaamde
Relapsing Remitting (RR) beloop. Dit beloop kenmerkt zich door aan-
valsgewijs optredende neurologische uitval welke zich vervolgens weer
geheel of gedeeltelijk herstelt. Het RR beloop is een weerspiegeling van
acuut ontstane ontstekingsreacties op functioneel belangrijke plekken in
het centrale zenuwstelsel. Na een aantal jaren kan deze RR-vorm over-
gaan in een progressieve fase (de Secundair Progressieve fase (SP)), wat
betekent dat de patiënt een geleidelijke toename van beperkingen heeft
zonder tussentijds herstel. 
Het ziektebeloop is op dit moment niet goed te voorspellen en medicij-
nen om MS te stoppen zijn niet voorhanden. Het ziekteproces kan wel
gedeeltelijk geremd worden met medicijnen die de ontstekingsreacties
onderdrukken. Om meer inzicht te krijgen in het beloop van de ziekte en
nieuwe medicijnen te kunnen ontwikkelen is het van belang betrouw-
bare meetinstrumenten te hebben om het ziekteproces te vervolgen.
Een belangrijk aspect van de pathologie van MS zijn de typische ont-
stekingshaarden (ook wel MS laesies genoemd) in de hersenen en het
ruggenmerg. Uit microscopisch onderzoek blijkt dat er binnen deze ont-
stekingshaarden weefselbeschadiging heeft plaatsgevonden. Voorheen
konden deze ontstekingshaarden alleen na het overlijden worden aange-
toond. Door de komst van ‘Magnetic Resonance Imaging’ (MRI) kun-
nen de ontstekingshaarden ook tijdens het leven zichtbaar gemaakt
worden. Dit laatste heeft belangrijke gevolgen gehad voor de vroege
diagnose van MS en voor het evalueren van medicijneffecten. 
Aanvankelijk werd verwacht dat de hoeveelheid ontstekingshaarden op
het MRI-beeld sterk zou correleren met de mate van lichamelijke be-
perkingen die de patiënt heeft. Echter, uit verschillende studies blijkt dat
deze samenhang slechts gering is. Deze discrepantie wordt ook wel de
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‘klinisch-radiologische dissociatie’ genoemd. Er zijn dus andere patho-
logische aspecten van MS die aandacht verdienen. Uit microscopische
en gespecialiseerde MRI studies blijkt dat weefselbeschadigingen niet al-
leen binnen de ontstekingshaarden optreden, maar ook daarbuiten, in
het zogenoemde ‘normaal ogende hersenweefsel’.
Een belangrijke vraag is hoe je de totale schade van al deze processen
betrouwbaar kunt meten. Daarom is er de afgelopen jaren veel belang-
stelling voor het meten van hersenatrofie (de afname van het hersenvo-
lume). 
Verschillende MRI-studies hebben laten zien dat hersenatrofie bij MS-
patiënten vroeg in de ziekte begint en voortschrijdt met een gemiddelde
snelheid van ongeveer 1% per jaar. Deze snelheid van hersenatrofie is
aanzienlijk hoger dan de gemiddelde snelheid van 0.3% per jaar bij ge-
zonde mensen in dezelfde leeftijdscategorie. Hersenatrofie wordt gezien
als het netto resultaat van destructieve afwijkingen, inclusief zenuw-
schade, die ontstaan in de ontstekingshaarden en in het normaal ogende
hersenweefsel. Mede hierom wordt verwacht dat de afname van hersen-
volume beter samenhangt met de mate van lichamelijke beperkingen dan
de hoeveelheid ontstekingshaarden op het MRI beeld. 

Het doel van dit proefschrift was het onderzoeken van de waarde van
hersenatrofie gemeten met behulp van MRI voor het vervolgen van het
ziekteproces bij MS patiënten. Om dit doel te bereiken werd de relatie
tussen hersenvolumemetingen en andere radiologische, klinische en
biologische meetinstrumenten bestudeerd, en werden methodologische
aspecten van de toepassing van hersenvolumemetingen onderzocht.

Hoofdstuk 2 behandelt de methodologische aspecten van automatische
hersenvolume-metingen. 
In de afgelopen jaren zijn er accurate en goed reproduceerbare automa-
tische methoden ontwikkeld voor het meten van hersenvolume (een
meting op een enkel tijdstip, oftewel een cross-sectionele meting) en
veranderingen in hersenvolume (een meting tussen twee tijdstippen, of-
tewel een longitudinale meting) op MRI beelden. Door de MRI scanner
op verschillende manieren in te stellen en door toediening van contrast-
vloeistof (gadolinium) om actieve ontstekingen zichtbaar te maken, is
het mogelijk om verschillende typen MRI beelden te maken. De meest
gebruikte beeldtypen zijn de zogeheten T1 gewogen beelden, met of zon-
der toediening van gadolinium, T2 gewogen beelden en Proton Density
(PD) beelden. Vanwege het duidelijke contrast tussen hersenweefsel en
hersenvocht, worden T1 gewogen MRI beelden zonder toediening van
gadolinium het meest gebruikt voor hersenvolumemetingen. 
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Er is veel interesse in de voorspellende waarde van hersenatrofie voor
het ontwikkelen van beperkingen op de lange termijn. Daarom is er veel
belangstelling voor het verrichten van hersenvolumemetingen op pa-
tiëntgroepen die in het verleden zijn gescand.  Destijds was het echter
niet gebruikelijk om hersenvolumemetingen te verrichten, waardoor
deze patiënten niet altijd zijn gescand met de gewenste T1 gewogen beel-
den. Er moeten dus alternatieve MRI beelden gebruikt worden om
hersenvolumemetingen te kunnen verrichten. 
In hoofdstuk 2.1 worden hersenvolumes en hersenatrofiesnelheden, ver-
kregen met behulp van T1-gewogen MRI beelden zonder toediening van
gadolinium, vergeleken met de meetresultaten van alternatieve MRI-
beelden, te weten T1 gewogen beelden met toediening van gadolinium,
T2 gewogen beelden en een samengesteld MRI beeld. Uit deze studie
blijkt dat de metingen op T1 gewogen beelden met gadolinium toedie-
ning het meest vergelijkbaar zijn met de metingen op T1 gewogen beel-
den zonder gadolinium  toediening. Als deze beelden niet voorhanden
zijn, kunnen eventueel de T2 gewogen en samengestelde MRI beelden
worden gebruikt.    
Hoofdstuk 2.2 behandelt de handmatige correctie van fouten die kun-
nen optreden bij automatische hersenvolumemetingen. Idealiter worden
de hersenvolumemetingen volledig automatisch uitgevoerd. Echter, in
de praktijk is gebleken dat er fouten in het geautomatiseerde proces kun-
nen optreden. Meestal maakt het computerprogramma dat voor de me-
tingen gebruikt wordt, geen goed onderscheid tussen het hersenweefsel,
de ogen en delen van de nek. Handmatige correctie wordt vaak toegepast
om deze fouten te verhelpen. In hoeverre deze strategie leidt tot een gro-
tere precisie van de hersenvolumemetingen en hoeveel gebruikersaf-
hankelijke ruis dit introduceert is niet bekend. Daarbij komt dat er
tegenwoordig veel interesse is in het onderzoeken van grote patiënten-
groepen door samen te werken met meerdere centra. Omdat de hand-
matige aanpassing zeer arbeidsintensief is, zou het wenselijk zijn de
werklast te verdelen over de verschillende centra. 
Het onderzoek beschreven in hoofdstuk 2.2 laat zien dat de resultaten
van cross-sectionele en longitudinale hersenvolumemetingen met hand-
matige correctie zeer goed overeenkomen tussen verschillende centra.
Voor longitudinale metingen blijkt handmatige correctie de gevoelig-
heid van de metingen ten goede te komen. Voor de cross-sectionele me-
tingen vermindert de handmatige correctie de overschatting van het
hersenvolume. Deze bevindingen laten zien dat handmatige correctie
een goede strategie is om automatische hersenvolumemetingen te corri-
geren en dat de werklast in principe verdeeld kan worden tussen ver-
schillende centra. 
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In hoofdstuk 2.3 wordt behandeld hoe groot de onderzochte patiënten-
groepen moeten zijn om verschillen in hersenatrofiesnelheid betrouw-
baar te kunnen detecteren.  
Voor de toepassing van een meetinstrument bij een experiment of me-
dicijnonderzoek is het van belang om vooraf te weten hoe betrouwbaar
‘ware’ verschillen tussen groepen (bijvoorbeeld verschillen tussen pa-
tiënten die behandeld worden met een placebo of actieve medicatie) te
detecteren zijn. Deze betrouwbaarheid is afhankelijk van de gevoeligheid
van het meetinstrument, de variabiliteit van de meetresultaten binnen de
patiëntenpopulatie en de grootte van de steekproef uit deze patiënten-
populatie. De eigenschappen van het meetinstrument en de variabiliteit
binnen de groep zijn meestal vaststaande gegevens. Het is daarom van
belang te weten hoe groot de steekproef (sample size) ongeveer moet
zijn om groepsverschillen te kunnen detecteren met een aanvaardbare
betrouwbaarheid.  
Het onderzoek beschreven in hoofdstuk 2.3 laat zien dat twee automa-
tische technieken die specifiek zijn ontworpen voor het meten van her-
senatrofiesnelheid (SIENA en CCV), betrouwbaar groepsverschillen
kunnen detecteren binnen de gebruikelijke patiëntenaantallen in MS-on-
derzoek. 

Hoofdstuk 3 behandelt de relatie tussen hersenatrofie en de concentra-
tie van een aan de zenuwen gerelateerde stof in het hersenvocht. 
De hersenen en het ruggenmerg worden omgeven door het hersenvocht
(ook wel liquor cerebrospinalis genoemd). Dit hersenvocht kan worden
afgenomen via een punctie laag in de rug (lumbaalpunctie), waarna het
onderzocht kan worden op de aanwezigheid en concentratie van stoffen
die samenhangen met ziekteprocessen en structurele veranderingen in
het centrale zenuwstelsel. N-acetylaspartaat (NAA) is een stof die bijna
uitsluitend voorkomt in zenuwen; de concentratie van NAA in het her-
senvocht zou daarom een beeld kunnen geven van de mate van zenuw-
schade in het centrale zenuwstelsel.
Hoofdstuk 3.1 beschrijft de resultaten van een eerste oriënterende stu-
die die laat zien dat een lagere concentratie NAA in het hersenvocht sa-
menhangt met een latere fase van de ziekte, een hogere mate van
lichamelijke beperkingen, een groter aantal ontstekingshaarden en een
lager hersenvolume. Waarschijnlijk vormt de mate van zenuwschade de
verklaring voor deze verbanden. De relatie tussen de concentratie van
NAA en het hersenvolume kan een aanwijzing zijn dat hersenatrofie ge-
deeltelijk samenhangt met de mate van zenuwschade in het centrale ze-
nuwstelsel van MS patiënten. 
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De relaties tussen hersenatrofie, mate van lichamelijke beperking en ont-
stekingshaarden wordt bestudeerd in hoofdstuk 4. 
Hoofdstuk 4.1 laat zien dat een kleiner hersenvolume en, in mindere
mate, een grotere hoeveelheid ontstekingshaarden ten tijde van de di-
agnose MS, gedeeltelijk voorspellend is voor een hogere snelheid van
hersenatrofie. Deze bevindingen suggereren dat er slechts een gering
verband is tussen de ontstekingshaarden en hersenatrofie. Waarschijnlijk
is een deel van de onverklaarde atrofiesnelheid het gevolg van schade die
zich voordoet in het normaal ogende hersenweefsel. Het is aannemelijk
dat een hogere snelheid van hersenatrofie samenhangt met de ontwik-
keling van lichamelijke beperkingen op de lange termijn. Daarom is het
mogelijk dat de geïdentificeerde voorspellers voor hersenatrofiesnelheid
ook voorspellend zijn voor de ontwikkeling van lichamelijke beperkin-
gen. Lange termijn vervolgstudies zijn nodig om dit verder te onder-
zoeken.
Hoofdstuk 4.2 laat zien dat het meten van afwijkingen op MRI, waar-
onder ontstekingshaarden in de hersenen, ruggenmergontstekingen en
hersenatrofie, toegevoegde waarde heeft ten opzichte van klinische va-
riabelen voor het voorspellen van lichamelijke beperkingen op korte ter-
mijn. Hersenatrofiesnelheid bleek de belangrijkste voorspeller te zijn
voor deze lichamelijke beperkingen. Om de relatie tussen de snelheid
van hersenatrofie en lichamelijk functioneren verder te onderzoeken
wordt in hoofdstuk 4.3 een nieuwe MRI-analysemethode toegepast om
te kijken op welke plaatsen in de hersenen de snelheid van hersenatro-
fie samenhangt met enkele specifieke lichamelijke beperkingen. Hieruit
blijkt dat achteruitgang in loopfunctie samenhangt met atrofie van de
centrale delen van de hersenen. Achteruitgang in het uitvoeren van een
complexe taak voor gecoördineerde handfunctie is gerelateerd aan vo-
lumeverlies van zowel centrale als meer perifeer gelegen hersendelen.
Deze bevindingen suggereren dat lichamelijke beperkingen direct gere-
lateerd zijn aan volumeverlies van de geassocieerde neurologische sys-
temen.  

In hoofdstuk 5 worden de resultaten uit het proefschrift samengevat en
bediscussieerd, waarbij suggesties worden gedaan voor toekomstig
onderzoek. 
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Concluderend laten de onderzoeken beschreven in dit proefschrift zien
dat: 
- automatische hersenvolumemetingen betrouwbaar groepsverschillen

kunnen detecteren binnen haalbare patiëntenaantallen.
- technische problemen van automatische hersenvolumemeting oplos-

baar zijn.
- hersenatrofie waarschijnlijk samenhangt met zenuwschade in het

centrale zenuwstelsel.
- de mate van hersenatrofie bij MS een duidelijker relatie heeft met de

ontwikkeling van lichamelijke beperkingen dan de hoeveelheid
onstekingshaarden.

- hersenatrofie voor het grootste deel gedreven wordt door processen
buiten de ontstekingshaarden, oftewel in het normaal ogende hersen-
weefsel.
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en goede adviezen!
Hugo (was ik toch bijna vergeten je in mijn dankwoord te zetten ;-), wat
fijn om jou als copromotor te hebben! Onze discussies over onder-
zoeksopzetten, analyses, algoritmen, scriptjes, artikelen en noem-maar-
op, waren altijd zeer waardevol en hebben mij veel plezier gebracht in
het doen van onderzoek. Bedankt voor jouw kritische commentaren op
de manuscripten en jouw behulpzaamheid in de laatste fase van mijn
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kende werksfeer, de gezelligheid op de congressen en het aanhoren van
mijn gepraat tegen gekleurde lettertjes op het computerscherm. Jack, ik
geloof dat wij bekend stonden als het MS-basketbalteam. Femke, het is
een genot om jou met de slappe lach te zien. Laura vd P, I always get my
sin! Alexandra, nu moet je het toch zonder de ‘Dutch slang course’ doen.
Libertje, wat heeft Bert nou ook alweer? Brigit, pas op met die namen
hè. Laura vd V, ik moet Paco nog steeds die kaart sturen! Madeleine,
wanneer is de volgende sushi-sessie? Machteld, start spreading the
news... Judith, wat wordt iedereen toch altijd blij van jouw prachtige
gulle lach. Erwin, gaan we nog eens een biertje drinken in het Utrechtse?
Lisa, is het Bert en Ernie bandje al grijs? 
Jolijn en Jessica, naast goede collega’s zijn we in de loop der tijd ook
goede vrienden geworden. Jolijn, wij waren vanaf dag één goede maat-
jes. Bedankt voor alle fijne discussies over klinische schalen versus MRI
en de gezelligheid, lol, steun en betrokkenheid op de werkvloer, de con-
gressen en in de kroeg. Jessica, dat wij het zo lang met z’n tweeën op een
kamer hebben uitgehouden zegt genoeg! Tussen de fikse wetenschap-
pelijke discussies door hebben we daar samen veel lol gehad, bedankt!
(...en toch hebben jullie me niet aan het salsadansen gekregen :-p). 

Dr. Nynke Kalkers, mijn illustere voorganger. Nynke, bedankt voor jouw
betrokkenheid en de nuttige (en gezellige) besprekingen om de onder-
zoeksbalans weer eens op te maken en te brainstormen over de te
bewandelen wegen.  

De MS neurologen: Dr. Joep Killestein, Dr. Bob van Oosten en
Dr. Bregtje Jelles: Bedankt voor de leerzame supervisies en MS bespre-
kingen. Joep, bedankt voor jouw geestige relativerende opmerkingen!
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De radiologie onderzoekers: Arjan, Jeroen, Tijmen, Stefan, Ivo en
Bastiaan: Bedankt voor de prettige samenwerking, humor en goede
sfeer. Arjan, onze brainstorm-sessies over onderzoeksopzet waren altijd
leuk, nuttig en enthousiasmerend. Bedankt voor de evenwichtige en
stimulerende samenwerking. Het heeft een aantal mooie artikelen op-
geleverd. Jeroen, bedankt voor alle interessante wetenschappelijke dis-
cussies en minder wetenschappelijke mailboxvulling ;-). Ik hoop dat
jouw nieuwe kat net zulke prettige eigenschappen heeft als zijn naam-
genoot ;-)! Leuk dat je in mijn promotiecommissie zit. Dear Tim, dank
voor de fijne samenwerking aan de MAGNIMS projecten en de gezel-
ligheid bij de meetings. Ik vind het ongelooflijk knap hoe jij al die
internationale projecten in de lucht hebt weten te houden. 

Dr. Vincent de Groot van de afdeling revalidatiegeneeskunde. Vincent, ik
heb grote bewondering en respect voor het werk dat jij verricht hebt aan
de early groep. Dankzij jouw goede samenwerking speelt deze groep
een belangrijke rol in dit proefschrift. Bedankt voor al jouw hulp en ik
vind het ontzettend leuk dat je nu in mijn commissie zit. 

Dr. Dirk Knol van de afdeling Medische Epidemiologie en Biostatistiek.
Dirk, hartelijk dank voor je deskundige adviezen op the vlak van statis-
tische analyse. 

Drs. Veronica Neacsu. Veronica (123 monkey!), thank you for your
excellent and hard work on the ‘intersequence’ paper. I wish you the best
of luck in your future career.

Prof. Dr. Steve Smith and the FMRIB analysis group at the University of
Oxford, United Kingdom. Thank you for providing the state-of-the-art
and user friendly MRI analysis tools that made this thesis possible. Dear
Steve, thanks for all your good advice on statistical inference and soft-
ware matters. It is always a great pleasure to work with you! Cheers!

All members of the MAGNIMS study group: Thank you for the pleasant
and inspiring meetings and productive collaborations. Prof. Dr. Nicola
de Stefano, Dr. Marco Rovaris, Dr. Paola Valsasina,  Prof. Dr. Massimo
Filippi, Drs. Antonio Giorgio, Prof. David Miller, Dr. Valerie Anderson,
Dr. Stefan Ropele and Dr. Christian Enzinger: Thank you for all your
efforts and intellectual input on the SIENA(X) intercenter paper. 

Prof. Dr. David Miller and Dr. Dan Altmann of the NMR Research Unit
at the Institute of Neurology, Queen square, London, United Kingdom.
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Many thanks for your excellent work and collaboration on the SP
sample size paper. 

Prof. Dr. Heimans en de staf neurologie van het VU medisch centrum wil
ik bedanken voor de klinische ervaring. Het was niet mijn ding, maar ik
heb wel veel geleerd.  
De arts-assistenten en verpleegkundigen van de afdeling neurologie:
bedankt voor de fijne, collegiale samenwerking.

Prof. Dr. Krestin wil ik hartelijk danken voor de mogelijkheid om de
opleiding tot radioloog te volgen in het Erasmus Medisch Centrum
Rotterdam. Ik heb er zin in!

De Alzheimer, Parkinson, Neuro-oncologie en de ‘slaapgroep’ onder-
zoekers wil ik bedanken voor alle gezelligheid en de soms verrassende
samenwerkingen die zijn ontstaan. 
Dr. Georgios Karas. Georgios, bedankt voor jouw hulp bij mijn eerste
stappen in de wereld van bash-scripting en MRI post-processing tech-
nieken. Dr. Ernesto Sanz-Arigita. Ernesto, I had a great time at our
friday-afternoon sessions on the mechanics and implementation of non-
parametric statistical inference, thanks for all the Eureka moments! 

De onderzoekers van de moleculaire celbiologie en immunologie,
bedankt voor de gezelligheid op de MS uitjes en MS dagen. Dr. Char-
lotte Teunissen. Charlotte, het was een genoegen om met je samen te
werken aan het NAA paper, hou me op de hoogte van de verdere
ontwikkelingen! 

De medewerkers van de polikliniek neurologie. Salah, Marion, Caro-
lien en Sylvia: bedankt voor het opvragen van de zoveelste patienten-
status. Herma, Karin, Anita, Brenda, Marian: bedankt voor alle
secretariele ondersteuning en natuurlijk alle dropjes. Ina, Marijke, Sas-
kia, Kim, Merel, Danielle en Hoda: jullie weten overal een mouw aan te
passen of een knoop aan te zetten! Bedankt voor jullie hulp bij alle
clinical trials, Tysabri-infusen en regelen van kuren en patienten-
afspraken. 

Regina Wijhenke-Rakim, secretaresse van het MS-MRI centrum, dank
voor al jouw hulp, met name in de laatste fase van het proefschrift. 
Els van Deventer van de neurologie bibliotheek wil ik bedanken voor
alle ISI’s en het opzoeken van artikelen. 
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De medewerkers en studenten van het Image Analysis Center wil ik
graag bedanken voor het nauwgezet meten van MRI afwijkingen en het
boekhouden van de data. Tineke, Elly en Antoine: Die trial was een taaie
klus, maar we hebben het toch voor mekaar gekregen (met als mooie af-
sluiter een door slaapgebrek ontstane vreugde-dansje!). 
Ronald van Schijndel, Huub van Eijndhoven, Ingrid Sluimer en Tabe
Kooistra: Dank voor jullie hulp bij het oplossen van netwerk- en per-
missie-problemen, alsmede al jullie tips en truuks voor het werken met
Linux/Unix systemen. 

De laboranten en administratie van de MRI afdeling: Ton, Dulcy, Jose,
Karin en Karin: Bedankt voor het inplannen, het maken van de MRI
scans volgens het juiste protocol en het opdiepen van scanprotocollen uit
een grijs verleden.

Mijn vrienden wil ik bedanken voor hun luisterende oren, belangstel-
ling voor mijn werk en het brengen van ontspanning en relativering. De
vele gesprekken, stap-avonden, etentjes, zeilavonturen, muzikale uit-
spattingen, concerten en alle andere activiteiten zijn voor mij altijd heel
belangrijk om mijn gedachten te verzetten en om weer op te laden.  

Het proefschrift-team: Joeri Opdam, Eric Schulten, Daan Hocks en
Nicole Jasperse: Bedankt voor jullie geweldige inzet voor de vorm-
geving van dit proefschrift. Door jullie creatieve input en deskundigheid
is het een prachtig boek geworden!

Mijn Paranimfen en goede vrienden Hans Daniels en Sjoerd Kingma:
Dudes! Bedankt voor alle film- stap- en braaisessies en alle steun die
jullie mij hebben gegeven. Ik vind het geweldig dat jullie mijn para-
nimfen zijn.

Roos, bedankt voor alle liefde, warmte en gezelligheid die je me hebt
gegeven. Je bent een fantastische vrouw!

Mijn zusje: Nicole, bedankt voor jouw belangstelling, hulp en betrok-
kenheid bij al mijn activiteiten. 

Mijn ouders: Ik kan jullie niet genoeg bedanken voor al jullie steun en
belangstelling door de jaren heen. Jullie hebben mij altijd de vrijheid en
mogelijkheden gegeven om mijn eigen weg te volgen, waarvoor ik
jullie zeer dankbaar ben. Daarom draag ik dit proefschrift aan jullie op. 
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