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General Introduction

Multiple sclerosis (MS) is a demyelinating disease of the central nervous system (CNS), currently 
affecting about 15,000 people in The Netherlands1. Most frequent age of onset is between 20 and 40 years, 
and it affects more women than men2. Several factors are involved in MS, such as genetic susceptibility, 
viruses, sun exposure, geographical area but so far there is no clear cause of MS2. One of the prominent 
features of the disease is brain atrophy and this thesis aims to shed more light on the measurement of 
brain atrophy on the MRI, its causes and its predictive value for clinical use. 
The following chapter contains a brief general description of multiple sclerosis, of some clinical and 
cognitive tests and atrophy measurement techniques, used in the studies from this thesis; it also includes 
the aim of this thesis. 

1. What is typical for Multiple Sclerosis?
The demyelinating lesions or plaques are the most prominent feature in the CNS tissue, and they are also 
visible on Magnetic Resonance Imaging (MRI) - Figure 1 (marked with blue arrows).

These lesions can appear unpredictably in any area of the 
CNS. Similarly to lesions affecting all CNS areas, symptoms 
may also concern any area of the body or CNS, ranging from 
optic neuritis to intense fatigue and cognitive complaints. 
There are several types of multiple sclerosis, defined on 
clinical grounds3: 
• Relapsing-remitting MS (RRMS) is the most frequent 
form (85% of the patients) with symptoms appearing in the 

form of relapses and disappearing spontaneously or with treatment within days or weeks. Is affects 
more women than men (2:1).

• Secondary-progressive MS (SPMS) develops after on average 15 years of RRMS. Most of the patients 
will get with fewer relapses, incomplete recovery, and accelerated progression. 

• Primary-progressive MS (PPMS) affects about 10% of the patients will have continuous progression 
of disease without relapses. These patients are somewhat older and affect men and women equally4. 

• Progressive-relapsing type appears in 5% of the patients who experience a combination of 
continuous worsening and relapses. 

2. Clinical scales 
In order to be able to compare patients’ evolution, several clinical measurement scales were developed 
for MS. The most popular is the EDSS, which represents a sum of sub-scores for different neurological 
areas of symptoms (motor and sensory functions, cerebellar and brainstem functions, visual function, 
bowel and bladder function, mental function)5. It addresses all areas that can be affected by MS, but it 
also has some problems: it is difficult, taking too long for clinical practice (about 45 minutes), it has high 
inter-rater variability and is not sensitive enough to cognitive decline, because it is only assessed by a 
general score6. 
Around half of the MS patients will suffer cognitive decline, in some cases as either the most important 
complaint or one of the most invalidating7, so it is important to be able to quantify cognitive decline. 
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Most of the time, information processing speed, memory, attention, and executive functions are 
affected, while language is most of the time preserved8. 
To asses cognitive deficits, several standardized neuropsychological tests are used such as the Brief 
Repeatable Battery of Neuropsychological Tests (BRB-N)9, consisting of five tests: 
• Selective Reminding Test SRT (testing verbal memory, in particular word span)10 
• Spatial Recall Test SPART (testing visuospatial memory and delayed recall)11

• Symbol Digit Modalities Test SDMT (testing sustained attention and concentration)12

Paced Auditory Serial Addition Task PASAT (testing sustained and divided attention and information 
processing speed)13

Word List Generation Test WLGT (testing verbal fluency)9. 
Other tests used in MS are the MS Neuropsychological Screening Questionnaire MSNQ (a score for 
general cognitive functioning)14 15, Stroop Color-Word Test (for inhibition and executive attention)16, 
the Hospital Anxiety and Depression Scale HADS (for anxiety and depression)17, and the Concept 
Shifting Test CST (for concept shifting and executive functioning)18.
Most of these tests are too time-consuming for the clinical practice and their sensitivity to learning-
effects creates problems for their clinical use19, so the need has arisen for sensitive and specific surrogate 
measures of disease evolution, which can be easily and objectively acquired. MRI measures are excellent 
candidates for surrogate markers in MS. 

3. Role of MRI in MS
The diagnosis is mainly clinical but MRI is involved in confirming it and in monitoring of patients 
over time20. On the MRI, MS is characterized by lesions both in the white matter (WM) and in the grey 
matter (GM), which are well-delimited areas appearing dark on the T1-weighted sequences and white 
on the PD-weighted, T2-weighted and FLAIR sequences (see Figure 1).

In addition to the lesions, atrophy is also visible on the MRI scans of 
MS patients, and is considered a surrogate marker of 
neurodegeneration21 (Figure 2 normal scan on the left and on the 
right atrophy of the corpus callosum and the giri - indicated by blue 
arrows). Atrophy appears early in the disease22 23, and can be 
quantified and monitored over time with reliable and reproducible 
techniques24, for the whole brain and also for WM, GM or in more 
detail for specific gyri or deep grey matter (DGM) structures. 

Whole-brain atrophy proceeds at a pace of 0.5–0.8% per year in MS patients, compared to around 0.1% 
per year in healthy subjects25. It is associated with disability and MR parameters of axonal damage24 and 
prior to the work descibed in this thesis it had been linked to short-term clinical prognosis26 27, but not 
yet conclusively to long-term clinical development.
Especially GM atrophy accrues rapidly with disease progression, driving whole-brain atrophy in later 
disease stages28 and is directly related to patients’ clinical and cognitive functioning29, so it has received 
a lot of attention as a potential marker for more subtle tissue changes. 
As indicated in several comprehensive reviews, MR measures of whole-brain atrophy are currently 
already so accepted that they have been used in clinical trials, but so far they appear to be unaffected by 
currently available medication30.
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4. Measurement of brain volume and/or atrophy
Several software are in use for measurement of brain volumes and atrophy on MR images. The following 
software and preprocessing techniques have been used throughout this thesis: 
a. Software 
FSL-SIENAX 31 32  (Figure 3) registers the individual scan to the standard space brain 

 (derived from the MNI-152 standard image), 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 grey and white matter 
and whole brain volume. 
FreeSurfer33 34 (Figure 4) performs cortical (surface-based) 

analysis for the cortical thicknesses or volumes and volume analysis for the DGM structures in the                        
native space. It transforms for each subject, the image volume to a 1x1x1 mm3 
volume, applies N3 inhomogeneity correction and segments the white matter 
mass. Following the T1 intensity gradients, it creates a mesh of the pial surface 
and corrects topological errors. The next step is the surface inflation for 
mapping the gyri and sulci and determining the curvature at each vertex and 
mapping to a spherical cortical atlas based on 40 manual parcellations. 
FreeSurfer also outputs the results within the cerebral lobes (left and right): 

frontal, temporal, insula, cingulate, parietal, occipital. 
FSL-FIRST32 35 (Figure 5) models the outer surface of each DGM structure as a mesh, and for each new 

image determines the optimal vertex positions for this mesh, by 
maximizing an overall probability function based on both the spatial 
vertex coordinates and local image intensity characteristics at the 
vertices. Finally, it assigns each voxel in the image the appropriate label 
to indicate of which structure it is a part, taking into account local 
variations in structure surface shape, as well as the presence of 
neighboring structures. In this study, we calculated the volume of each 
DGM structure from these labeled images, as recommended on the FSL-

FIRST website (http://www.fmrib.ox.ac.uk/fsl/first). 
SPM (Figure 6) - the tissue type segmentation automatically identifies and quantifies per voxel GM (in 

blue in Figure 6), WM (in yellow in Figure 6), and CSF (in 
red in Figure 6) in all scans. Based on these segmentations 
the volumes of GM, WM, and CSF voxels are determined 
separately for each scan and summed to calculate total 
intracranial volume (TIV). After this segmentation, lobar 
GM volumes were calculated by applying an anatomical 
atlas, “AAL”, which was registered to the native scan. 

b. Preprocessing techniques
“Lesion-filling”: 
The white matter MS lesions are visible on the T1-weighted images used for volume or atrophy 
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measurements by the above-mentioned software, as signal hypo-intensities mostly in the range of GM 
intensities. These hypo-intensities affect most automated image segmentation methods leading to less 
reliable quantification especially of the GM36. “Lesion-filling” improves GM segmentation by replacing 
(“filling”) the voxels marked as lesions (voxels within a lesion mask) with white matter intensities as if 
lesions were absent37-40. Lesion-filling requires a lesion mask on the T1 image. 
Brain extraction:
The first step in the brain image segmentation is the “brain extraction”, the separation of brain tissue 
from non-brain, meaning the removal of skull, neck, eyeballs, and optic nerve intensities. Several 
techniques exist, a popular one being the Brain Extraction Tool (BET) from FSL41. 

5. Brain atrophy as a valid measure in MS
Surprisingly, even if MR-derived brain GM atrophy appears to be important in MS, no studies yet had 
investigated whether MR-derived GM atrophy is a relevant measure in MS, whether it reflects actual 
pathological changes induced by the disease and whether it is consistently associated with the clinical 
and cognitive deterioration that is supposed to result from them. This theses also aimed to answer these 
two questions, focusing on grey matter atrophy because of its supposed role in advanced disease 23 28 42 43 
and its supposed effect on patients’ functioning29 44-46. 
Currently the pathological substrate of MRI-visible GM atrophy is unknown. Neuro-axonal degeneration 
and cortical demyelination may be the most likely candidates for explaining GM atrophy in MS.21 
Autopsy studies in MS have indeed revealed degenerative changes in normal-appearing GM and in GM 
lesions47-52 and degeneration of the neocortex included axonal, dendritic, glial and neuronal loss48 50-52 .
Although identifying the pathological changes occurring in regions of MR-visible GM atrophy is 
essential, it is equally important to determine the performance of these measurement methods in the in 
vivo situation in which they are and will be normally applied. The fact that studies disagree regarding 
both the anatomical distribution of MR GM atrophy23 42 53-55 and the MR GM atrophy patterns associated 
with clinical disability and cognitive impairment29 45 56-58 should give rise to some concern. Are these 
differences merely due to slight differences between the patient groups? Is the anatomical distribution 
of GM atrophy more heterogeneous than generally assumed? Or could it be that there is less agreement 
between the imaging methods used in the various studies? And with potential applications in disease 
monitoring and clinical trials in mind, one could ask: if results are so variable, then how will these 
methods provide us with the much-desired in vivo measures of clinically relevant neurodegenerative 
changes?

6. Aim of this thesis 
Brain atrophy appears to be a serious candidate for a quantitative marker for clinical practice, but not 
before several issues would be tackled: methodological aspects and pathological and clinical validation. 
The work in this thesis aimed to solve several methodological issues for more reliable brain and grey 
matter atrophy measurements, and to validate brain and grey matter atrophy measures both clinically 
and pathologically, each chapter addressing one specific hurdle for reliable whole-brain or GM atrophy 
measurements. 
Chapter 2 will address several methodological issues important for more reliable whole-brain and GM 
segmentation. 
Chapter 2.1 addresses the possibility of using pseudoT1-weighted images (derived from dual-echo 
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image pairs14) for whole-brain atrophy studies when the “true” T1-weighted images15 are not available.
Chapter 2.2 aims to identify optimal settings for the FSL-BET brain extraction software, by varying the 
parameters of FSL-BET. As the first step in measuring brain/GM/DGM volumes and atrophy, a better 
brain extraction would lead to better reliability of subsequent volume measurements. 
Chapter 2.3 investigates the question whether already available 2D manual MS lesion masks can be used 
for “lesion-filling” on 3DT1 images for reliable GM atrophy measurement. 
Chapter 3 addresses the pathological validity of GM atrophy by investigating its histopathological 
substrate in a post-mortem MS patients’ sample with rapid post-mortem imaging and histopathology. 
Chapter 4 addresses the clinical validity of GM atrophy. 
Chapter 4.1 investigates the long-term prognostic value for clinical development of whole-brain atrophy, 
central brain atrophy and lesion volumes in a large MS patient group including all disease types. 
Chapter 4.2 investigates the consistency of GM measurements between different methods, by studying 
three aspects: consistency of volume measurements, consistency of patient-control discrimination and 
consistency of the correlations with cognition. 
The results of these chapters will be summarized and discussed in Chapter 5, together with suggestions 
for future research. 





Chapter 2  Methodology
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Abstract 

Purpose: To investigate whether multiple sclerosis (MS) atrophy can be assessed by SIENA and SIENAX 
software using other image types from MS research protocols 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 agreement 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. 
Otherwise, 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.

KEY WORDS: multiple sclerosis, atrophy, image analysis, brain, magnetic resonance imaging, post-
processing.
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Introduction 
Brain atrophy is a well-known feature of multiple sclerosis (MS), considered to partly reflect the 
neurodegenerative component of MS pathology leading to persisting disability25. Brain atrophy 
measured in vivo using magnetic resonance imaging (MRI) is therefore receiving much attention as a 
surrogate outcome measure in MS studies
59-63. 
Many academic institutions now use the freely available automated techniques SIENAX (Structural 
Image Evaluation, Using Normalization, of Atrophy Cross-sectional) and SIENA (Structural Image 
Evaluation, Using Normalization, of Atrophy)31, for cross-sectional and longitudinal atrophy 
measurements, respectively. Both are part of the FMRIB software library (FSL), which is freely 
available for academic use (http://www.fmrib.ox.ac.uk/fsl). SIENA behaved favorably when compared 
to a manual segmentation method64 and has recently been shown to give highly similar results to the 
boundary shift integral method65. Some investigators have explored modifications to SIENA66, but the 
literature suggests that most investigators use the SIENA and SIENAX methods as they are supplied 
with the FSL library31 67 68. 
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 results31. However, MR contrast 
agent is often administered in MS patients. The active inflammation 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 experience 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 cohorts it would be useful 
to be able to investigate early atrophy in these patients, and to explore its relations with later clinical 
evolution. Furthermore, 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 were directly compared with the results obtained from other image types acquired in 
the same session. Two image types were chosen that we considered 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 previously with SIENA(X) in MS69. In 
addition to these readily available images, a third image type was included as a “higher-end” solution: 
(c) “pseudo-T1” weighted images70, constructed from the proton density and T2 weighted images 
obtained from the dual-echo sequence.
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Materials and methods 
Patients 
From an ongoing natural history study in MS71, we selected 46 MS patients who had undergone an 
MR scan twice, using the same MR scanner and the same extensive scanning protocol on both time 
points, with a time interval between the two scans of approximately 2 years. The natural history study 
was approved by the institutional 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 time points. 
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. 

Disease type, RR : SP : PP : PR 36 : 2 : 7 : 1 
Sex, M : F 17 : 29 
Age at baseline, years 37.5 (31.9 – 46.8) 
&ŽůůŽǁͲƵƉ�ĚƵƌĂƟŽŶ͕�ǇĞĂƌƐ� 2.1 (2.0 – 2.3) 
�ŝƐĞĂƐĞ�ĚƵƌĂƟŽŶ�Ăƚ�ďĂƐĞůŝŶĞ͕�ǇĞĂƌƐ� 2.1 (0.8 – 4.5) 
EDSS score at baseline 2.25 (2.0 – 3.0) 
EDSS score at follow-up 2.75 (2.0 – 3.5) 
T2 lesion load at baseline, cm3 3.7 (1.5 – 13.4) 
T2 lesion load at follow-up, cm3 4.7 (2.0 – 14.5) 
T1 hypointense lesion load at baseline, cm3 0.3 (0.0 – 1.2) 
T1 hypointense lesion load at follow-up, cm3 0.3 (0.0 – 1.2) 

Table 1. The rows “Disease type” and “Sex” list the number of patients in each group. Other values in this table 
are median values, with the inter-quartile range between brackets. Abbreviations: RR, relapsing-remitting; SP, 
secondary progressive; PP, primary progressive; PR, progressive relapsing; M, male; F, female; EDSS, expanded 
disability status scale.

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 1.0×1.0 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”. 
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 subtracting each T2 
image from the corresponding PD image70. Because the PD and T2 images were both obtained from 
the same dual-echo measurement, the images were already in register and therefore, no additional 
registration steps were necessary. The PD images were not analyzed because the imaging parameters 
were chosen to achieve minimum contrast between brain tissue and cerebrospinal fluid, rendering the 
images unsuitable 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 
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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 image72), 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 elsewhere31. 
We employed slightly modified pipelines to allow some manual adjustments to be made. The diagram 
in Figure 1 illustrates the sequence of processing and analysis steps. 

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 timepoint, 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.

The images for each time point of each patient were 
processed as follows: (i) conversion from DICOM to 
ANALYZE format; (ii) removal of non-brain tissue using 
BET41; (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/mricro.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 performed by continuing the standard 
SIENA pipeline, with two-class segmentation. Also for each image type, cross-sectional analysis of 
atrophy 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 baseline and follow-up images of each image type. 
Using in-house developed software (Show_Images), an experienced observer 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-gadolinium T1 results for each of the other image types, 
using a relative interpretation. 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 variability by the total variance not 
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attributable to the image type73. 
For group descriptive purposes, we performed the following additional analyses. The annualized 
atrophy rate PBVC/y was calculated by dividing 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 
coefficient, 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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Results 
Patient characteristics and correlations with atrophy 
The patient group characteristics are provided in Table 1. The average disease duration is relatively 
short, and lesion volumes and EDSS scores are within the expected ranges. SIENAX and SIENA brain 
atrophy measurements using pre-gadolinium T1 images yielded a group mean baseline 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 baseline (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 baseline (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. 
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. x 

Image type Baseline NBV [mean 
(SD)] 

Follow-up NBV [mean 
(SD)] 

PBVC 
[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) 

Table 2 Group mean values and standard deviations of the atrophy measures. Abbreviations: NBV, normalized 
brain volume; SD, standard deviation; PBVC, percentage brain volume change. 

On average, NBV results from post-gadolinium T1 and pseudo-T1 images are comparable to those 
calculated from the “gold standard” pre-gadolinium T1 images. The scatter plots of Figure 2 (a, c) show 
that there is close agreement of the baseline NBV values obtained from the post-gadolinium T1 and 
pseudo-T1 images with pre-gadolinium T1 baseline NBV. 

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 vertical 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.

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 
similar to those for baseline NBV shown in Figure 2. These 
observations were confirmed by the variance component 
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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). 

ICC of
Pre-gadolinium T1

versus

NBV PBVC

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

Table 3. 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.

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 
individual PBVC values. As for NBV, PBVC values obtained from T2 images seemed to deviate more 
from pre-gadolinium T1 results. Variance component 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).
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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 widespread application. Furthermore, the 
image contrast and signal-to-noise ratios of such pseudo-T1 images may vary greatly with the sequence 
parameter settings and consequently not all dual echo sequences may yield pseudo-T1 images that 
perform as well as those in this study. Future studies could investigate the dependence of the results on 
the MR acquisition parameter settings, particularly those of the dual echo sequence. Based on the ICC 
values, T2 images can be considered a good alternative which is only slightly inferior to pseudo-T1, and 
carries the advantage that no additional image processing is required. Overall, the fact that ICC values 
were similar for baseline and follow-up NBV provides 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 preferences of SIENA and SIENAX. In addition, there are 
other studies in which, e.g. due to time constraints, T1-weighted images without contrast agent are 
not included. In these situations, the results from the current 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 monitoring MS, this is often included in 
standard MS imaging protocols. Therefore, it can be expected that many MS datasets exist in which 
post-gadolinium T1-weighted imaging was performed consistently. Although 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 lesion 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 59). 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 
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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-related 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 between image types in controls difficult. 
We have assessed the agreement of SIENA and SIENAX results between image types with a slight 
modification to the procedure, namely the manual editing of the BET results. 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 therefore a realistic approach 
to include this in the current study. Furthermore, if brain extraction results by BET vary between image 
types, a comparison of the SIENA and SIENAX results may be heavily influenced 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 differences in BET brain extraction results were observed between the different 
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 
good73, 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 relative 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 effects 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 tissue type segmentation for SIENA 
and SIENAX. The subtraction of T2 images from PD images yields relatively noisy pseudo-T1 images, 
especially around the brain edges where partial volume effects from CSF come into play, and this affects 
the automated tissue type segmentation. SIENA uses tissue type segmentation on both time points only 
to find the approximate brain edge. It then searches the vicinity, using interpolation (which reduces the 
noise) of the original image data, to find the actual brain edge and its displacement between time points 
to sub-voxel accuracy. In other words, for SIENA, the severity of the image noise problem 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 
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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 agreement 
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 visible 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, additional differences between image types can be expected due to different results 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 interpretation of agreement, reflecting the power of these measures to discriminate 
between patient groups or detect relations of atrophy with other measures. As our analyses demonstrate, 
in spite of differences in absolute values, the discrimination between patients can nevertheless be 
comparable. 
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 available, should be the 
method of choice. Otherwise, T2-weighted images can be used since these also perform well, and do 
not need additional operator 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 research cohorts assessing brain atrophy evolution by allowing the use 
of different types of MR images acquired in the past.
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Abstract
Background: Brain atrophy studies often use FSL-BET (Brain Extraction Tool) as the first step of image 
processing. Default BET does not always give satisfactory results on 3DT1 MR images, which negatively 
impacts atrophy measurements. Finding the right alternative BET settings can be a difficult and time-
consuming task, which can introduce unwanted variability. 
Aim: To systematically analyze the performance of BET in images of MS patients by varying its parameters 
and options combinations, and quantitatively comparing its results to a manual gold standard. 
Methods: Images from 159 MS patients were selected from different MAGNIMS consortium centers, 
and 16 different 3DT1 acquisition protocols at 1.5T or 3T. Before running BET, one of three pre-
processing pipelines was applied: (1) no pre-processing, (2) removal of neck slices, or (3) additional 
N3 inhomogeneity correction. Then BET was applied, systematically varying the fractional intensity 
threshold (the “f ” parameter) and with either one of the main BET options (“B” – bias field correction 
and neck cleanup, “R” – robust brain center estimation, or “S” – eye and optic nerve cleanup) or none. For 
comparison, intracranial cavity masks were manually created for all image volumes. FSL-FAST (FMRIB’s 
Automated Segmentation Tool) tissue-type segmentation was run on all BET output images and on 
the image volumes masked with the manual intracranial cavity masks (thus creating the gold-standard 
tissue masks). The resulting brain tissue masks were quantitatively compared to the gold standard using 
Dice overlap coefficient (DOC). Normalized brain volumes (NBV) were calculated with SIENAX. NBV 
values obtained using for SIENAX other BET settings than default were compared to gold standard 
NBV with the paired t-test. Results: The parameter/preprocessing/options combinations resulted in 
20,988 BET runs. The median DOC for default BET (f=0.5, g=0) was 0.913 (range 0.321-0.977) across 
all 159 native scans. For all acquisition protocols, brain extraction was substantially improved for lower 
values of “f ” than the default value. Using native images, optimum BET performance was observed for 
f=0.2 with option “B”, giving median DOC = 0.979 (range 0.867-0.994). Using neck removal before BET, 
optimum BET performance was observed for f=0.1 with option “B”, giving median DOC 0.983 (range 
0.844-0.996). Using the above BET-options for SIENAX instead of default, the NBV values obtained 
from images after neck removal with f=0.1 and option “B” did not differ statistically from NBV values 
obtained with gold-standard.
Conclusion: Although default BET performs reasonably well on most 3DT1 images of MS patients, 
the performance can be improved substantially. The removal of the neck slices, either externally or 
within BET, has a marked positive effect on the brain extraction quality. BET option “B” with f=0.1 after 
removal of the neck slices seems to work best for all acquisition protocols.

Keywords: brain extraction, FSL, BET, segmentation, MRI, multiple sclerosis
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/ŶƚƌŽĚƵĐƟŽŶ
The progression of disability in multiple sclerosis (MS) is believed to be strongly related to its 
neurodegenerative component30, which is reflected by brain atrophy on MRI. The degree of brain volume 
change, as well as the pace of its worsening has been found to be associated with the clinical severity of 
MS and with its evolution more closely than other MRI-derived measures of disease burden74.
Several automated brain volume change measuring techniques are available. Many have as a common 
first step the “brain extraction”, which refers to the separation of brain and non-brain tissue. The 
automated brain extraction tool (BET)41 provided as part of the FSL software package68 (http://www.
fmrib.ox.ac.uk/fsl/) is frequently used to this effect. It is an integrated part of the whole-brain volume 
change measurement techniques SIENA and SIENAX31 as well as several functional MRI processing 
packages. BET uses a tessellated mesh to model the brain surface, which is allowed to deform according 
to various dynamic controlling terms until it reaches the brain edge. Several options and parameters are 
available for optimizing BET performance. 
On 3D T1-weighted images, BET can produce unsatisfactory brain extractions, such as either including 
only part of the brain, or too much non-brain tissue. Both of these lead to incorrect results for brain 
volume change measurements, especially locally sensitive methods such as voxel-based morphometry53 
(http://www.fmrib.ox.ac.uk/fsl/fslvbm). Although the errors induced can be of the same order as the 
atrophy effects observed in MS patients, surprisingly this has not yet been systematically investigated. 
Although some studies have reported on inaccuracies of BET75-77 to our knowledge there are no studies 
that have objectively quantified its performance in MS patients using whole head 3D-T1 images and a 
fully manual gold standard, and by systematically varying the BET options and parameter values. 
This study systematically and quantitatively investigated the performance of BET in MS patients’ images 
by comparison to a manual gold standard, and assessed how the performance varies with the value of 
the main BET parameter, “f ”, the fractional intensity threshold. Furthermore, we investigated the effect 
of adding the main BET options (“B” – bias field correction and neck cleanup, “R” – robust brain center 
estimation or “S” eye and optic nerve cleanup) and of additional preprocessing strategies, namely of 
removing the neck slices, and of performing intensity inhomogeneity correction using N3 software78. 
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Materials and methods: 
Image selection and patients
Whole-head 3D T1-weighted images of MS patients were provided by the MAGNIMS centers (www.
magnims.eu). The patients had been part of the patients’ arm in an MS study that had already taken 
place in the center, thus ensuring that the scans were typical for MS studies. 
The scans represent different 3D-T1 sequence types (MPRAGE, 3D-TFE, FSPGR), with different 
sequence parameter settings (TR, TE, flip angle and, where applicable, TI) and field strengths (3.0T, 
1.5T). Table 1 lists the details of the acquisition protocols. 

Cent Prot Scanner 
Brand

Scanner 
Type

Img type Dir Res (mm) FA TR TE TI Contrast

A 1 SIEMENS Vision 1.5T MPRAGE sag 0.97 x0.97x1.0 8 9.7 4 _ No
2 SIEMENS Vision 1.5 T MPRAGE sag 1.0x1.0x1.0 8 9.7 4 300 Yes
3 GE Signa HDxt 

3T
FSPGR sag 0.97 x0.97x1.0 12 7.8 3 450 No

4 SIEMENS Sonata 1.5T MPRAGE sag 1.29x1.29x1.3 8 2700 5 950 No
B 5 PHILIPS Intera 1.5T 3D - TFE sag 1.0 x1.0 x1.2 8 8 3.7 - No

6 PHILIPS Achieva 3T 3D - TFE ax 0.89 x0.89 0.89 30 25 4.6 - No
7 SIEMENS Avanto 1.5T MPRAGE sag 0.52x0.52x0.89 12 2000 2.93 1100 No
8 SIEMENS Vision 1.5T MPRAGE sag 1.0x1.0x1.0 - 11.4 4.4 300 Yes 

C 9 SIEMENS Trio 3T MPRAGE sag 0.5x0.5x1.0 9 1900 2.19 900 No
D 10 SIEMENS Trio 3T MPRAGE sag 1.0x1.0x1.2 9 2300 2.98 900 No

11 SIEMENS Symphony 
1.5T

MPRAGE sag 1.0x1.0x1.2 10 2700 4.8 850 No

E 12 GE Signa 5X 
1.5T

FSPGR ax 1.17x1.17x1.5 - 13.3 4.2 - Yes

13 GE Signa 5X 
1.5T

IR-SPGR cor 1.2x1.2x1.2 - 2000 53 450 No

F 14 PHILIPS Achieva 3T 3D TFE sag 1.1x1.1x1.0 8 9.9 4.6 - Yes
G 15 SIEMENS Avanto 1.5T MPRAGE sag 1.2x1.0x1.2 10 2600 5.03 850 No

16 SIEMENS Sonata 1.5T MPRAGE cor 1.0x1.0x1.0 19 12 5.65 - No

Table 1. Scanner and protocol characteristics. Cent = Center, Prot = Protocol, Img = image, Dir = Direction, 
FA = Flip Angle (degrees), TR = Repetition Time (ms), TE = Echo Time (ms), TI= Inversion Time (ms), 
MPRAGE=Magnetization Prepared RApid Gradient Echo, FSPGR=Fast SPoiled GRadient Echo, 3D-TFE=3D 
Turbo Field-Echo, IR-SPGR=Inversion Recovery SPoiled GRadient Echo, sag=sagittal, ax=axial, cor=coronal, Res 
= resolution.

For each acquisition protocol we included 10 MS patients except for protocol number 1, where only 
9 images were available. Thus a total of 159 unique patients, with one scan each, were included in the 
study. All the scans were visually checked at our site for artifacts that would either importantly distort 
the brain image or interrupt the skull continuity.
Ethics committee approval was obtained for this study as well as for the original studies in which the 
patients participated. 
Creation of the manual intracranial cavity masks
Two trained observers (WSH and SCJV) used MRIcron (http://www.mccauslandcenter.sc.edu/mricro/
mricron/index.html) to create a manual intracranial cavity mask for each image volume. To do so, they 
followed a strictly defined, fully manual procedure, in which they used as input the original images 
without preprocessing.
Pre-processing and BET options
The flowchart for analysis of a single input image is presented in Figure 1. All 159 scans are processed 
using the same pipeline. The left-hand column reflects the creation of the gold standard, while the 
remaining three columns represent the BET analysis with a different pre-processing choice for each 
column. Briefly, three versions of each image were used as input to BET: 
• The native image (second column in Figure 1)
• The image preprocessed by removing neck slices (third column in Figure 1). This is achieved as 

follows: the linear registration matrix of the MNI-152 standard head to the native image is calculated 
using FSL-FLIRT, and this transformation is then applied to a rectangular standard-space ROI 
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broadly covering the brain region, using nearest-neighbor interpolation. Neck slices are removed if 
they do not contain any part of this transformed ROI (Figure 2). 

• The image after the neck removal that has also undergone a correction for intensity inhomogeneity 
using the N3 software, a widely used non-parametric method of inhomogeneity correction (fourth 
column in Figure 1).

 Figure 1: Flow-chart of cthe image processing. All 159 
scans are processed using the same pipeline. The left 
column represents the generation of the gold standard 
(grey boxes). The segmented brain mask on the left is the 
one obtained using the gold standard brain mask, and all 
the brain masks generated by BET (Brain Extraction 
Tool) with the different options will be compared to it 
using the DOC. FSL-FAST= FMRIB’s Automated 
Segmentation Tool
* After the removal of the neck slices, the images (and 
the corresponding binary brain masks) have fewer slices 
than the native image. In order to be able to apply the 
masks onto the native image, a compensatory number of 
empty slices were added to the masks. 

Each of these versions of the image (see above) 
was then used as input to 44 different BET runs. 
These runs differed systematically, first, regarding 
the main BET parameter, the “fractional intensity 
threshold” or “f ”, which sets the brain/non-brain 
intensity threshold. It ranges between 0 and 1, and 
0.5 is the default value. Lower values than default 
give larger brain outlines; higher values lead to 

smaller brain outlines. The “f ” parameter was varied from 0 to 1 in steps of 0.1, yielding 11 equally 
spaced values. 

  Figure 2: Illustration of the removal of neck slices, used to 
generate the “noneck” and “noneckN3” image volumes. 
FSL-FLIRT is used to calculate the linear registration 
matrix of the MNI-152 standard head image to the 
individual native image, and this transformation is then 
applied to a rectangular standard-space ROI broadly 
covering the brain region, using nearest-neighbor 
interpolation (copper color). Neck slices are removed 
(red) if they are below this transformed ROI (indicated by 

the green arrow in the sagittal plane).  Left=axial plane, center=coronal plane, right=sagittal plane.

Furthermore, the BET runs also differed systematically regarding the main BET option selected (no 
main option, or either option “B”, “R” or “S”). These three options are mutually exclusive, and are 
designed to accomplish the following:
1. “B”: bias field correction and neck removal. This consists of various stages involving FSL-FAST 

(FMRIB’s Automated Segmentation Tool) bias field removal and standard-space masking.
2. “R”: uses an iterative procedure to estimate the brain center more accurately, especially in images 

with a lot of non-brain tissue.
3. “S”: cleans up residual eye and optic nerve voxels using standard-space masking, morphological 

operations and thresholding79.
BET only allows one of these three options to be selected in any single run.
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The 11 values of the “f ” parameter in combination with all 4 main option choices yield 44 BET runs for 
each version of the image. 
BET also offers option “g”, the vertical gradient of “f ”, which can vary between -1 and 1 and has 0 
as default value; it is intended for use with inhomogeneous images that have substantial changes in 
intensity in the vertical direction. In this study “g” was kept at the default value of 0.
Quantification of BET performance
For each instance of BET on a given image, the Dice Overlap Coefficient (DOC)80 was used to quantify 
the voxelwise overlap of the BET result with the gold standard for that image. The DOC was also used 
for intrarater and interrater agreement. 
The DOC is defined as 2 times the intersection of two sets, divided by the sum of the two sets; it ranges 
between 0 and 1, where 1 represents perfect agreement.

BA

BA2
DOC
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  (1)

The edge of a brain mask from BET may run closer to or further from the actual brain tissue, including 
more or less peripheral subarachnoid cerebrospinal fluid (CSF). This extra CSF layer will have a limited 
influence on the segmentation of the brain tissue, thus yielding accurate brain tissue measurements. 
However, this extra CSF layer can be expected to severely impact the DOC calculation, and yield 
mediocre comparison results, even if the tissue segmentation obtained with the respective mask will be 
correct. To minimize the risk of rejecting good BET results on the basis of poor overlap in peripheral 
CSF regions, the DOC was not calculated between the binary BET mask and the manual intracranial 
cavity mask directly. Instead, we first performed FSL-FAST segmentation within each mask overlaid 
on the corresponding native image. The FSL-FAST derived brain tissue mask obtained when using the 
manual intracranial cavity mask is considered gold standard (Figure 1). The DOC was then calculated 
between the gold-standard brain tissue masks thus obtained and the brain tissue masks obtained by 
segmenting within the mask provided by BET. In order to ensure that the differences between the end-
results (brain tissue masks) stem from the differences between the binary brain masks production, 
and not from the FSL-FAST segmentation itself, this segmentation was always performed using the 
intensities of the native images, within the BET mask or gold-standard mask.  
For the image after the removal of the neck slices, an extra step had to be included (third and fourth 
column in Figure 1) to compensate for the removal of these neck slices. This is done in order to be able 
to apply the masks directly to the native image, since the image volumes (and the corresponding binary 
brain masks) have fewer slices than the native image volume without compensation. 

Intrarater and interrater agreement of the gold standard brain tissue masks were assessed, by quantifying 
voxelwise overlap using DOC for 12 scans on which the manual outlining was performed twice by each 
rater.
For each protocol and for every combination of BET options, both the median and minimum DOC 
with the gold standard across all scans within each protocol were assessed and plotted as a function of 
the “f ” values. The median reflects the central tendency of the results and gives a general impression 
on how a certain BET option performs. However, by neglecting poor outliers, the median might give a 
false impression on how well that particular combination of BET options performs. Therefore, we also 
analyzed the “worst case scenario” reflected by the minimal values. 
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The best BET options and preprocessing combinations were defined as those having the highest values 
for both the median as well as the minimum DOC with gold standard.
As a sideline, making use of our cross-sectional dataset, we tried to get a preliminary indication of 
the potential effect for brain atrophy studies of using better BET settings than the default. For this we 
calculated normalized brain volumes (NBV) from our image volumes with the SIENAX software too31, 
first using default BET settings, second using the six best BET settings as determined by this study, and 
third using the manually edited gold standard masks. No further intervention was made to the SIENAX 
pipeline. The NBV values were compared using the paired t-test. 
Calculation requirements
With 44 BET instances for each of three differently pre-processed versions of each image, and 159 scans 
in the dataset, BET had to be run a total of 44×3×159=20,988 times. Because each BET run, depending 
mainly on the options and input image size, took up to one hour to complete, and further calculations 
were required for the voxelwise comparisons with the gold standard, the total processing and analysis 
time exceeded 600 CPU days so all analyses and calculations were performed on computer clusters 
(http://www.cs.vu.nl/das3, http://neuGRID.eu) in order to have access to large amounts of computer 
time.
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Results: 
Clinical characteristics of the patients
Sixty percent of the patients were women, 59.5% had the relapsing-remitting form of MS, 21% 
the primary progressive form, 16.5% the secondary progressive form and 3% had clinically isolated 
syndrome. Median age of the patients was 42 years (interquartile range 36-51), median disease duration 
9 years (interquartile range 6-16), their median EDSS was 3.5 (interquartile range 2-5.5) and the median 
T2 lesion volume was 6 mL (interquartile range 1.16-19.36). Forty percent of the patients were under 
disease modifying treatment at the time of the scan. 

Quality of gold standard
The quality of the resulting gold standard was assessed at the voxel level by calculating the DOC of 
FSL-FAST segmented brain tissue within raters and between raters for 12 scans. Both intrarater and 
interrater agreement of the gold standard masks were excellent: median 0.995 (range 0.983-0.999) for 
intrarater DOC of rater 1; median 0.996 (range 0.982-0.998) for rater 2; and median 0.994 (range 0.975-
0.998) for interrater DOC.
Comparison of the BET results with the gold standard
Figures 3 (a and b), 4 and 5 illustrate the median and minimal DOC values respectively of the 16 
protocols with the different preprocessing versions, BET options and “f ” values.

3a. 3b. 
Figure 3: Quantitative performance of BET on native scans with none of the “B/R/S” options (including default 
BET) compared to gold standard using Dice Overlap Coefficient (DOC) across the 10 scans for each of the 16 
protocols as a function of “f ”. Each MRI acquisition protocol (1-16) is represented using the same color in all graphs 
as indicated on the far right (Prot=acquisition protocol).
3a. Median DOC values. Because the median DOC values are generally high, the scale of the vertical axis has been 
adjusted to represents only the DOC range between 0.5 and 1. Results for default BET, i.e. no “B/R/S” and f=0.5, on 
native images (without preprocessing) are highlighted by the red frame.
3b. Minimum DOC values. Because of the lower numbers observed for minimal DOC values, the whole range of 
the DOC is represented on the vertical axis (between 0 and 1). Results for default BET, i.e. no “B/R/S” and f=0.5, on 
native images (without preprocessing) are highlighted by the red frame.

Figures 3a and 3b represent the median (Figure 3a) and minimum (Figure 3b) DOC values across the 10 
scans for each of the 16 protocols as a function of “f ” on the native scans with none of the “B”,”R” or “S” 
options. Because the median DOC values are generally high, the scale of the vertical axis in figure 3a has 
been adjusted to show only the DOC range between 0.5 and 1. Because of the lower numbers observed 
for minimal DOC values, the vertical axis of figure 3b shows the whole range of the DOC on the vertical 
axis (between 0 and 1). Results for default BET, i.e. none of the “B”,”R” or “S” options with f=0.5 on native 
images (without preprocessing) are highlighted in the two graphs by the red frame.
Similarly Figure 4 shows median DOC values across the 10 scans for each of the 16 protocols as a 
function of “f ”, and Figure 5 depicts the minimal DOC values per protocol. Figure 6 shows, for each 
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combination of preprocessing and main options, the maximum, median and minimum DOC across all 
159 scans as a function of the “f ” parameter. 
Because the median DOC values are high the scale of the vertical axis in figure 4 has been adjusted to 
show only the upper DOC range between 0.5 and 1. Due to the lower numbers observed for minimal 
DOC values, Figures 5 and 6 show the whole range of the DOC on the vertical axis (between 0 and 1). 
In Figures 3a, 3b, 4, and 5 each MRI acquisition protocol (1-16) is represented using the same color in 
all graphs.

Figure 4: Quantitative 
performance of BET compared 
to gold standard using median 
Dice Overlap Coefficient 
(DOC) across the 10 scans 
for each of the 16 protocols 
as a function of “f ”. The four 
graphs in the top row represent 
the behavior of the native 
scans without preprocessing 
(“native”). The graphs in the 
middle row represent results for 
the scans with the neck slices 
removed (“noneck”), while the 
four graphs from the bottom 
row are for scans without neck 
slices and after N3 bias field 
correction (“noneck N3”). The 
first column shows results for 
BET without a main option (“no 
B/R/S”), the second column 
shows results for scans with 
option B (bias field correction 

and neck removal), third column for scans with option R (robust brain center estimation) and the last column 
for scans with option S (eye and optic nerve cleanup). Color coding of the protocols in the graphs is the same as 
indicated on the right of the graphs. Please note that for convenience the vertical axis is scaled between 0.5 and 
1. The red frame (upper row, first column) denotes the default values for BET (f=0.5, g=0). Each MRI acquisition 
protocol (1-16) is represented using the same color in all graphs as indicated on the far right (Prot=acquisition 
protocol).

 Figure 5: Quantitative 
performance of BET compared 
to gold standard using 
minimum Dice Overlap 
Coefficient (DOC) across the 10 
scans for each of the 16 protocols 
as a function of “f ”. The graphs 
follow the same distribution of 
the preprocessing steps and 
options combinations as in 
Figure 4. Each MRI acquisition 
protocol (1-16) is represented 
using the same color in all 
graphs as indicated on the far 
right (Prot=MRI acquisition 
protocol). Please note the 
different scaling of the vertical 
axis compared to Figure 4; the 
present figure shows the full 
DOC range between 0 and 1. 
The red frame (upper row, first 

column) denotes the default values for BET (f=0.5, g=0).
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Performance of default BET
Results for default BET, i.e. no “B/R/S” and f=0.5, on native images (without preprocessing) are 
highlighted in Figures 3a, 3b, 4, and 5 by the red rectangle. The DOC values range from 0.321 to 0.977, 
with a median value of 0.913 across all 159 scans (Figure 6). There are substantial differences between 
acquisition protocols: while protocol 6 has a median DOC of 0.953, protocol 10 gives a median DOC 
of 0.632. This behavior is confirmed by the minimal DOC values per protocol: there are protocols with 
a very good BET performance for example the same protocol 6 has the minimum DOC value of 0.863, 
and for protocol 4 this is even 0.931. Unfortunately this is not the case for all acquisition protocols: 
protocol 10 gives a minimum DOC of 0.528 and for 3 protocols these values are even lower (protocols 
9, 11, 15), the minimal DOC of protocol 11 being 0.236. (Figures 3b, 5 and 6). 

Figure 6: Quantitative 
performance of BET compared to 
gold standard using maximum, 
median and minimum Dice 
Overlap Coefficient (DOC), 
across all 159 scans regardless 
of the MRI acquisition protocol 
as a function of the “f ” values. 
Each graph shows maximum, 
median and minimum DOC 
between BET and gold standard 
as a function of BET parameter 
f, for a specific combination of 
preprocessing and BET options 
across all 159 scans in the study. 
The graphs follow the same 
distribution of the preprocessing 
steps and options combinations 
as in Figure 4 and 5. Each MRI 
acquisition protocol (1-16) is 
represented using the same color 
in all graphs as indicated on the 

far right (Prot=MRI acquisition protocol).  The present figure shows the full DOC range between 0 and 1. In the 
graph from the upper row, first column are included the values for default BET (f=0.5, g=0).

As an illustration of the performance of BET with different options on two scans belonging to different 
acquisition protocols, Figure 7 (first row) presents a segmented brain mask obtained from default BET 
(in yellow) overlaid on the native image. 

BET with no main option on native scans (without preprocessing)
As can be seen in Figures 3a, 3b and the top left graphs of Figures 5 and 6, the different protocols vary 
greatly in their behavior of DOC as a function of “f ”. For all protocols the highest median DOC values 
for different protocols are recorded at different values of “f ” (Figure 3a, 4) and the minimal values also 
have a large range (Figure 3b, 5).  

BET Option “B” on native scans (without preprocessing)
When using option “B”, especially in the “f ” range between 0.1 and 0.3, all 16 protocols have the highest 
median and minimum DOC values compared to the other options (Figures 4 and 5). The highest DOC 
values are observed for f=0.1, f=0.2 and f=0.3 (Figure 6). As an illustration of the performance of BET 
with different options on two scans belonging to different acquisition protocols, Figure 7 (third row) 
presents a segmented brain mask obtained from BET with f=0.5, option B (in copper) on native images 
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overlaid on the native image.

Figure 7: Example of BET results on an image acquired using 
protocol 14, presented as segmented brain masks overlaid on 
the native image. Each row shows the results of axial direction 
(first column), coronal direction (second column) and 
sagittal direction (third column). First row shows in yellow 
the segmented brain masks obtained from BET with default 
settings (DOC with gold standard=0.631). The second row 
shows in copper the segmented brain masks obtained from 
BET with f=0.7 option S on images after neck removal and 
N3 preprocessing (DOC with gold standard=0.848). The third 
row shows in blue the segmented brain masks obtained from 
BET with f=0.2, option B on native images (DOC with gold 
standard=0.973). The fourth row shows in blue the segmented 
brain masks obtained from BET with f=0.1, option B on 
images after neck removal (DOC with gold standard=0.984).

BET Options “R” and “S” on native scans (without 
preprocessing)
With either option “R” or “S” selected for the native 
images, the DOC values are in general lower than those 
for option “B”. For option “S”, values range between 
0.45 and 0.8 for most protocols, while 6 protocols have 
median DOC values below 0.80. If option “R” is used, 
the highest median DOC values occur at f=0.7 (Figure 
4), for most of the protocols, but at the same time for 
four protocols, the minimal DOC values with option 

“R” range down to 0 at f>0.6, indicating no overlap at all with the gold standard (Figure 5).  
Effects of neck removal and N3 inhomogeneity correction 
With no “B/R/S” option the highest values after neck removal occur, for all protocols, at f=0.3 or 0.4 as 
displayed in Figures 4, 5 and 6. Adding the N3 bias field correction has a small influence on top of the 
removal of the neck slices (Figures 4, 5 and 6). 
Option “B” on the images after neck removal yields comparable results with option “B” on the native 
images. For f=0.1 the median is 0.983 and range 0.844-0.996; and the ranges for f=0.2 and for f=0.3 
are also similar, although the values are lower for the last 2, as depicted in Figure 4, 5 and 6. With N3 
preprocessing added, the curves are similar but the DOC values are slightly lower (Figures 4, 5 and 6). 
Options “R” and “S” seem to perform better on the images without the neck slices and the images with 
the extra N3 correction than on the native images: the DOC values are high for option “S” with f=0.5 
for all but one protocol and have the best median DOC values for f=0.4 on the images without the neck 
slices, both with and without N3 correction (Figures 4, 5 and 6). As an illustration of the performance of 
BET with different options on two scans belonging to different acquisition protocols, Figure 7 (second 
row) presents a segmented brain mask obtained from BET with f=0.8 option R on images after neck 
removal overlaid on the native image.

Effect on the NBV calculations
To get a preliminary indication of the possible effect that an improved brain extraction may have in 
clinical studies and pharmaceutical trials, but making use of our cross-sectional dataset, we calculated 
the normalized brain volume (NBV). 
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Figure 8: The normalized brain volume (NBV, liters) values obtained 
with SIENAX using default BET settings and the options combinations 
that scored best f=0.1, 0.2, 0.3 with option B on both the native images 
(native) as well as the images after removal of the neck slices (noneck). 
The whiskers of the boxplots cover the whole range of the data.

The NBV was calculated using SIENAX with default BET settings, 
as well as using the manual intracranial cavity masks, and finally 
using the BET settings that performed best across all 16 protocols in 
the study: f=0.1, 0.2, 0.3 with option “B” on both the native images 

and the ones after the neck slices were removed. No other intervention was performed in the SIENAX 
pipeline. Figure 8 shows the box-plots of NBV across all scans if gold standard masks, default settings or 
the best BET settings are used. Compared to NBV values obtained when using the manual intracranial 
cavity masks, the brain volume appears to be underestimated by the default BET, and increases with 
improved BET. Furthermore, the inter-patient variability of NBV was smaller for optimized BET settings 
than for default BET: the standard deviation of NBV across all image volumes was 338.13 mL for default 
BET and between 99.95 and 167.03 mL for the six best BET options combinations and the gold standard 
NBV. Importantly, although the improved BET settings all lead to NBV values closer to those obtained 
with the manual intracranial cavity masks, they still differed significantly, giving p-values below 0.02 for 
all paired t-test comparisons. The only exception to this were the NBV values obtained using option B 
and f=0.1 after removal of the neck slices, which did not display this statistically significant difference 
compared to gold standard NBV (paired t-test: t(158)=-0.605, p=0.546). 
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Discussion: 
This is the first study that systematically investigated the performance of BET on 3D T1 images by 
comparison to a fully manual gold standard in multiple sclerosis. Some of the observed DOC were 
very low, which confirmed previous qualitative observations of the researchers, in a quantitative and 
objective way. 
We observed that default BET performs reasonably well for some acquisition protocols, but not for all. 
The DOC values with gold standard have a very good median value of 0.913, but individual DOC values 
range as low as 0.321 for some acquisition protocols (as visible in Figures 3a and 3b). This is most likely 
due to differences in the scanning protocols: the amount of neck slices present in the image, and the 
spatial intensity inhomogeneity across the image.
By removing the neck slices a substantial improvement is seen for all scanning protocols (Figure 4 second 
row, Figure 5 second row illustrate this for all protocols and Figure 7 second row left illustrates this for 
one image), especially at “f ” values lower than default. On normal axial 2D images, BET performs very 
well, in part because of the absence of neck slices. Similarly the 2 protocols scanned in an axial direction 
in this study (6 and 12) seem to perform well, even without preprocessing and without any additional 
options. Figure 7 on the right illustrates several different BET masks on an MRI scan from protocol 6 
(scanned in an axial direction) compared to one scanned sagittally (protocol 14). This is most likely 
due to the fact that in one of its first steps, BET uses the histogram of the intensities within the image 
to calculate the brain/background threshold. The neck slices have an important contribution to these 
intensities and thus might impair the BET performance. It may therefore be advantageous to include 
the removal of the neck slices as a standard preprocessing step, as it is also technically simple and takes 
little time to perform.  
The spatial intensity inhomogeneity across the image also has a large influence on the performance of 
BET, especially for the 3T scanners, as it increases with the field strength. Our best results were obtained 
with option “B”; Figure 7 depicts the influence of using the “B” option on a scan belonging to protocol 
14 and a scan belonging to protocol 6. By using option “B” which performs bias-field correction (in dark 
blue on the third row), the results visibly improve compared to default (in yellow on the first row) or 
only the neck removal (in copper on the second row) even if the f parameter was kept at 0.5. The bias 
field correction with N3 had little effect on top of the neck removal as can be seen in figures 4 and 5 
(third row). Possibly this is because in this study default N3 was used (4 iterations); we cannot exclude 
that modifying the N3 parameters may also lead to improved BET performance. 
By contrast, a major effect is observed for the “B” option, which performs bias field correction using 
FSL-FAST and also cleans up the neck. At “f ” coefficients between 0.1 and 0.3 the overlap with gold 
standard improves dramatically. For all 16 acquisition protocols, all scans have very high DOC, as 
reflected by the high median and minimal DOC values, and visible in Figures 4, 5 and 6. The minimal 
DOC value is 0.847 and as few as 4 out of 159 DOC values are under 0.940. 
The best DOC values were found within a range of “f ” values between 0.1-0.3, deviating substantially 
from the default value of 0.5. This might be explained by the “f ” parameter being the crucial parameter 
in BET. It is calculated for each vertex of the tesselated mesh by using the intensities of that vertex and 
the neighboring vertices to distinguish between background and brain. Decreasing the “f ” value means 
decreasing this local threshold and the strength of the intensity force in the model. The effect of this is 
that it increases the size of the overall brain surface, since it is more influenced by the outward force and 
vertices will extend outward until they reach a lower intensity41. While this parameter was optimized 
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for the brains of healthy subjects, the presence of brain atrophy in MS patients can cause some parts of 
the mask surface generated by BET to find a suitable boundary at the bottom of the sulci. In this case the 
mask surface must be displaced towards the outside to avoid removing brain tissue; by decreasing the 
“f ” value we allow this to happen. This explanation seems to be supported by the findings of Leung and 
colleagues, who in an ageing, MCI and AD population, where substantial brain atrophy is also expected, 
also observed superior performance for low “f ” values77. 
The difference between the mean NBV values calculated with default BET and the best BET setting 
(option B with f=0.1 on the images after removal of the neck slices) is about 14%. If errors in BET induce 
errors of this size in the cross-sectional brain volume measurement with SIENAX, then it is possible 
that these errors could have considerable influence on atrophy rates. This may be especially important 
in diseases like MS, where the brain atrophy rate is 0.6-1% per year25, lower than the 2.1% encountered 
in Alzheimer’s disease81. The higher standard deviation observed for NBV with default BET compared 
to gold standard or optimized BET settings, suggests that the errors introduced by default BET can 
contribute substantially to interpatient variability in an atrophy outcome measure. This may imply 
that improved BET settings could increase power in clinical studies, but targeted studies are needed to 
confirm this for specific atrophy measures.
The large effect observed on global volume measurements suggests that even larger effects can be 
expected to occur in anatomically specific analyses that rely on BET, such as FSL-VBM53 (http://www.
fmrib.ox.ac.uk/fsl/fslvbm). The results of the processing pipeline following BET will give inaccurate 
results especially if BET had also removed part of the actual brain tissue that will thus not be taken into 
account in the analysis, but also if non-brain tissue had not been removed by BET and might be included 
in the analysis as grey or white matter. The currently observed optimally performing BET settings may 
greatly improve the sensitivity of such analyses.
This study used different unique scans of unique patients, 10 for each of the 16 scanning protocols. The 
MRI scans were retrospectively selected from the archives of 7 different centers, and were acquired on 
14 different scanners with 16 different acquisition protocols, as they were actually used in real clinical 
studies or clinical trials. By this broad selection we are confident to be able to provide a good assessment 
of the performance of BET across most 3DT1 acquisition protocols currently in use for brain atrophy 
studies, both in MS and in other diseases. At the same time we cannot directly compare protocols, 
because of the different patients scanned with each protocol. Ideally the same patients should have been 
scanned on all the different scanners, but this was not feasible due to the patients’ burden. 
Several other studies have compared BET to a gold standard and/or different brain extraction tools75-77 

82-86 but these had different approaches, using images of patients with dementia and mild cognitive 
impairment76 77 83 84, depression76, healthy controls75 76 82 85 86, using only a limited number of BET 
settings75-77 82-86, and lacking the ability to compare against a truly objective whole-brain gold standard 
independent of any automated method77 82-86. By contrast our study specifically tested BET in multiple 
sclerosis patients on a large dataset against a fully manual gold standard and by systematically varying 
the “f ” parameter, main options and preprocessing versions combinations. Using this approach we were 
able to take a step beyond previous evaluation of BET performance: we were able to identify a specific 
combination of settings, namely of BET option “B” and an “f ” parameter value between 0.1 and 0.3 (with 
or without the removal of the neck slices), that seems to yield good results for most, if not all, 3DT1 
image types typical of those currently in use in MS in clinical studies and clinical trials. 
We have performed the comparisons on the segmented brain mask produced by tissue-type segmentation 
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with FSL-FAST within all the BET and gold standard masks. The tissue-type segmentation may be 
influenced by the MS specific pathology (grey and white-matter lesions) and generate inaccurate grey 
and white matter volumes. However their effect on the outcome measure used in this study can be 
expected to be very small. This is because we did not investigate subvoxel partial volume estimates 
of individual tissue types, but used a binary separation into brain and non-brain tissue to assess the 
quality of the brain extraction. By using binarized brain tissue classification masks for our comparisons, 
we have tried to minimize sensitivity to these possible small changes in the partial volume estimates 
generated by the segmentation. In addition, because the segmentation was run on the native image 
intensities, the influence of a patient’s particular pathology on segmentation was the same for all the 
BET options compared. 
Obviously we also had to restrict the present study in view of feasibility. Therefore the number of values 
of f that were included was only 11. By using these 11 samples we have obtained a reasonable assessment 
of the behavior of BET across the full range of the possible “f ” values. Similarly we excluded from 
the present study any non-default values of the g parameter (default=0). We aim to further investigate 
its influence. However the fact that this parameter was deigned for scans with a very specific type of 
inhomogeneity, namely one along the vertical axis, and the very high DOC values from the currently 
examined option combinations of BET (minimal DOC of 0.844 for all of the “B” options with f=0.1-0.3) 
together suggest that any further substantial improvement is unlikely to be obtained from varying “g”. 
This study focused on MS, and it is reasonable to ask whether our results might be extrapolated to other 
diseases. We cannot exclude that specific imaging aspects of other diseases may cause BET to provide 
optimal performance with other options or parameter values than those observed here. However, 
patients with MS also exhibit atrophy as may similarly be encountered in populations in ageing and 
dementia. By using binarized brain tissue classification masks to compare the various BET outputs 
to the gold standard, we have tried to minimize sensitivity to small changes in the segmentation that 
might be induced by e.g. cortical or white matter lesions in MS. Therefore we are confident that results 
would be very similar in other diseases. In view of our current findings in MS, it is both interesting and 
encouraging that Leung and colleagues in their study on Alzheimer disease, mild cognitive impairment 
patients and healthy controls have also shown option B with a low “f ” value (0.3) as the best BET 
settings77. This suggests that in fact the currently observed optimum may also hold to a large degree 
in other diseases or for healthy controls, but targeted studies are needed to investigate this hypothesis.
Although there are slight differences in the DOC values, it seems that choosing an “f ” value within the 
range 0.1-0.3 will generally give close to optimal BET performance. Within these settings, which all 
yielded high DOC values, the option B with f=0.1, applied to images after neck removal, was the only 
option investigated here that produced NBV values that were statistically indistinguishable from those 
obtained when using the manual intracranial cavity masks. Therefore, we would cautiously conclude 
that option B with f=0.1, applied to images after neck removal, is the best combination investigated here.
Conclusion: Although default BET performs reasonably well on most 3DT1 images of MS patients, 
the performance can be improved substantially. The removal of the neck slices, either externally or 
within BET, has a marked positive effect on the brain extraction quality. BET option “B” with f=0.1 after 
removal of the neck slices seems to work best for all acquisition protocols.
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Abstract 
Background: In multiple sclerosis (MS), brain atrophy quantification is affected by white matter lesions. 
LEAP and FSL-lesion_filling, replace lesion voxels with white matter intensities; however, they require 
precise lesion identification on 3DT1-images. 
Aim: To determine whether 2DT2 lesion masks co-registered to 3DT1 images, yield grey and white 
matter volumes comparable to precise lesion masks. 
Methods: 2DT2 lesion masks were linearly co-registered to 20 3DT1-images of MS patients, with 
nearest-neighbor (NNI), and tri-linear interpolation. As gold-standard, lesion masks were manually 
outlined on 3DT1-images. LEAP and FSL-lesion_filling were applied with each lesion mask. Grey (GM) 
and white matter (WM) volumes were quantified with FSL-FAST, and deep gray matter (DGM) volumes 
using FSL-FIRST. Volumes were compared between lesion mask types using paired Wilcoxon tests.
Results: Lesion-filling with gold-standard lesion masks compared to native images reduced GM 
overestimation by 1.93mL (p<.001) for LEAP, and 1.21mL (p=.002) for FSL-lesion_filling. Similar effects 
were achieved with NNI lesion masks from 2DT2. Global WM underestimation was not significantly 
influenced. GM and WM volumes from NNI, did not differ significantly from gold-standard. GM 
segmentation differed between lesion masks in the lesion area, and also elsewhere. Using the gold-
standard, FSL-FAST quantified as GM on average 0.4% of the lesion area with LEAP and 24.5% with 
FSL-lesion_filling. Lesion-filling did not influence DGM volumes from FSL-FIRST.
Discussion: These results demonstrate that for global GM volumetry, precise lesion masks on 3DT1 
images can be replaced by co-registered 2DT2 lesion masks. This makes lesion-filling a feasible method 
for GM atrophy measurements in MS.
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Introduction
In the multiple sclerosis (MS) brain, volume loss or “atrophy” of the grey (GM) and white matter (WM) 
has been observed24 25 27 28 87. While 3DT1-weighted images with thin sections are highly suitable for 
quantifying the GM and WM volumes, the white matter MS lesions are also visible on these images 
as signal hypo-intensities, affecting most automated image segmentation methods37-40. Three recent 
methods circumvent this problem by replacing (“filling”) lesion voxels with white matter intensities37 

38 40 on images with simulated lesions, yielding segmentations as if lesions were absent. Although these 
methods are able to reduce the WM lesion influence on atrophy measurements, they require outlining 
of the lesions on 3DT1 images. In the absence of satisfactory automated WM lesion segmentation 
methods88 89, these outlines have to be generated manually on the large number of sections for each 
3DT1 image volume, which is labor-intensive and therefore too costly for large studies. As a result, the 
lesion-filling methods are currently not used to their full potential. By contrast, many clinical trials 
and academic studies do generate manual lesion masks for 2D dual-echo images, which normally have 
thicker slices (e.g. 3mm compared to 1mm of the 3DT1 sections). If these 2D lesion masks could be 
used instead of manual 3D lesion masks, lesion-filling could be applied in large studies to achieve 
improved quantification of tissue-specific atrophy without the prohibitive cost of precise 3D manual 
outlining.
Therefore, in the present study, we assessed the performance of MS lesion-filling with co-registered 
WM lesion masks from 2DT2-weighted images. By using two interpolation methods and a range of 
thresholds, we created different versions of the co-registered 2DT2 lesion masks. We then applied lesion-
filling to the corresponding regions of the 3DT1 images, using two methods: the “LEAP” method38 and 
FSL-lesion_filling37. For each resulting image we quantified tissue volumes using FSL-FAST and FSL-
FIRST, and assessed agreement of the resulting global GM and WM volumes and deep GM volumes 
with those obtained using gold-standard 3D lesion masks. Additionally, we investigated whether the 
observed differences on the voxelwise GM segmentations from FSL-FAST occurred inside lesion areas, 
in other regions, or both.
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Materials and Methods
The flowchart in Figure 1 illustrates our workflow. FSL version 5.0.4 was used for the processing. 

Figure 1. Flow-chart of the image processing.

Patients and Images
Previously acquired 3DT1 image volumes were 
selected from a total of 20 MS patients (center 
A: 10 patients, 3T; center B: 10 patients, 1.5T). 
Ethics committee approval and informed 
consent were obtained from the patients for the 
original study in which they participated. The 
image acquisition parameters and clinical data 
of the patients are listed in Table 1.

2DT2 lesion masks
We collected the 2DT2 lesion masks that had 

already been manually outlined for the original study in the participating centers. Using FLIRT90, the 
2DT2-weighted images were linearly registered to 3DT1 images, both with nearest neighbor (NNI) and 
tri-linear interpolation (TLI) and the transformation matrix applied to the lesion masks obtained on 
the 2DT2-weighted scans. To the registered TLI masks, we additionally applied a range of thresholds 
between 0 and 1, with a step size of 0.1, giving 11 different TLI lesion masks. Together with the NNI 
lesion masks, this yielded 12 different versions of 3DT1-co-registered lesion masks derived from the 
2DT2 lesion masks. All the registered masks were visually checked for registration errors.  

Amsterdam London

Eƌ͘ �WĂƟĞŶƚƐ�;ǁŽŵĞŶͿ 10 (4) 10 (5)

Age (years) median (IQR) 44 (32-48) 34 (30-44)

Disease type 9 RRMS, 1 SPMS 10 RRMS

�ŝƐĞĂƐĞ�ĚƵƌĂƟŽŶ�;ǇĞĂƌƐͿ�ŵĞĚŝĂŶ�;/YZͿ 8 (8-9) 2 (1.5-2.5)

EDSSb 1.5 (1-4.25) 1.5 (1-2)

Disease modifying treatment ϱ�ƉĂƟĞŶƚƐ -

E�s�ŽŶ�ŐŽůĚͲƐƚĂŶĚĂƌĚ�ĮůůĞĚ�ŝŵĂŐĞƐ�;>Ϳc 
median (IQR)

1.43 (1.48-1.53) 1. 54 (1.48-1.58)

Lesion load (mL) median (IQR)d 1.2 (0.52-4.55) 6.27 (2.21-15.99)

Lesion numbers median (IQR)d 21 (16-40) 15 (10-22)

3DT1 hypointense lesion volume (mL) 
median (IQR)

1.55 (0.9-4.3) 6 (2-11.1)

3DT1 hypointense lesion numbers 
median (IQR)

20 (16-42) 15 (9-31)

Field strength (T) 3.0 1.5

3D-T1 voxel size (mm) ^ĂŐŝƩĂů�Ϭ͘ϵϳͬϬ͘ϵϳͬϭ �ǆŝĂů�ϭ͘ϭϳͬϭ͘ϭϳͬϭ͘ϱ
PDT2 voxel size (mm) Ϭ͘ϱͬϬ͘ϱͬϯ Ϭ͘ϵͬϬ͘ϵͬϱ

Table 1. Descriptive values per center reported as median (interquartile range IQR).
a. RRMS=relapsing-remitting multiple sclerosis SPMS=secondary progressive multiple sclerosis
b. EDSS=Expanded Disability Status Scale
c. NBV=Normalized Brain Volume (calculated with FSL-SIENAX)

Lesion load (lesion numbers) = lesion volume (lesion numbers) on the 2DT2 lesion masks that had already been 
manually outlined for the original study in the participating centers.
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3D lesion masks
Gold-standard 3D lesion masks were manually outlined by a single observer (NCGR) on 3DT1 images 
by adjusting the contours of the 2DT2 lesion masks after registering them to the 3DT1 images. In the 
rare occurrence where a 2D lesion did not correspond to a 3DT1 hypointense area, the lesion contour 
was not deleted, but still considered a lesional area. The lesion masks were all inspected for correctness 
by VP.

Lesion filling
For each of the 13 different lesion masks versions (12 co-registered and the gold standard set), images 
underwent lesion-filling with two methods.
The first lesion-filling method is LEAP, described in detail elsewhere38. Briefly, LEAP separates brain from 
non-brain tissue41, corrects image non-uniformity using N378, generates a simulated WM image without 
any lesions based on the noise and signal inhomogeneity of the original image, and finally replaces 
the original intensity values within the lesion masks with intensity values taken from corresponding 
locations in the simulated WM image. 
The second method used for lesion-filling was FSL-lesion_filling37. Briefly, this fills lesion mask voxels 
with intensities based on the neighboring non-lesion voxels of the lesion masks. 

Quantification of volumes
For each patient, brain tissue volumes were quantified from the following 27 image volumes: the native 
(non-filled) 3DT1 image volume; the set of thirteen 3DT1 image volumes obtained after lesion-filling 
with LEAP using the different lesion masks; and the set of thirteen 3DT1 image volumes obtained after 
lesion-filling with FSL-lesion_filling using the different lesion masks (see Figure 1 for the flowchart 
illustrating this).
In each case, we first removed non-brain tissue using BET, with optimized parameters as previously 
described91. Next, global GM and WM volumes were quantified using the partial volume estimation 
within FSL-FAST68; and deep grey matter (DGM) volumes were calculated using FSL-FIRST35; 
specifically, volumes were obtained for the following structures: brainstem, and bilateral putamen, 
caudate nucleus, thalamus, putamen, hippocampus, amygdala, and nucleus accumbens. Bilateral 
volumes of GM structures were averaged. The GM and WM volumes obtained on the native images are 
calculated with default FSL-FAST so they would also include the misclassified voxels. 
Brain tissue volume, normalized for subject head size (NBV), was estimated with SIENAX31 part of 
FSL68. 

Statistics
For each of the two lesion-filling methods (LEAP and FSL-lesion_filling), we compared the GM, WM 
and DGM volumes obtained using each version of the co-registered lesion masks and the native images 
to the corresponding values obtained when using the gold-standard lesion masks using paired Wilcoxon 
signed ranks test. The significance level was p<0.05.
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Results
Figure 2 shows an example MRI image before lesion filling with no lesion masks, with superimposed 
gold-standard masks, NNI registered lesion masks and TLI registered lesion masks with different 
thresholds. As expected, co-registered lesion masks do not overlap perfectly with 3DT1 lesion areas. 

Figure 2: Axial view of 3DT1 image and different lesion 
masks for a 47-years old, male RRMS patient scanned at 
3T. From left to right: Image with no lesion masks. Image 
with precise manual lesion masks (yellow). Image with 
nearest neighbor registered lesion masks (dark blue). 
Image with trilinearly registered lesion masks with 
different thresholds: light blue: threshold = 0.2; red: 

threshold = 0.5; pink: threshold = 0.8
Global GM and WM volumes from FSL-FAST voxelwise PVE segmentation
The native images, images after lesion filling (with LEAP and FSL-lesion_filling) and the GM and WM 
segmentation of these images are depicted in Figure 3. 

Figure 3: Images after lesion filling with LEAP (row 1) and FSL-lesion_
filling (row 2). Row 3 and 4: grey matter (GM) segmentation after lesion 
filling with LEAP (row 3) and FSL-lesion_filling (row 4). Row 5 and 6: 
white matter (WM) segmentation after lesion filling with LEAP (row 5) and 
FSL-lesion_filling (row 6). From left to right: no lesion masks; Image with 
precise manual lesion masks; Image with nearest neighbor registered lesion 
masks; Image with trilinearly registered lesion masks threshold = 0.5. The 
color scales are the same for all images and are depicted below).

Figure 4 shows boxplots of the global GM and WM volumes for each 
of the lesion mask types and for the native images. Supplementary 
eTable 1 lists these results and supplementary eTable 2 the DGM 
volumes. Lesion-filling with LEAP using gold-standard lesion 
masks resulted in smaller global GM volumes compared to native 
images (1.93mL, p<.001). Conversely, global WM volumes were 
not different using lesion filling with gold-standard lesion masks 
compared to native images (0.2mL, p=.7). For lesion filling with 
FSL-lesion_filling, very similar results were observed for both GM 

and WM volumes (supplementary eTable 1).
For both LEAP lesion filling and FSL-lesion_filling, GM volumes from FSL-FAST measured on images 
filled with NNI masks were not statistically different from the GM volumes obtained from the gold-
standard segmentation (p=.232 and p=.279 respectively). For FSL-lesion_filling, lesion masks obtained 
through tri-linear interpolation and subsequent thresholding showed a trend towards underestimation 
of global GM volume for low thresholds, and overestimation of global GM volume for higher thresholds. 
For LEAP, these same lesion masks resulted in less consistent behavior regarding the resulting global 
GM volumes (Figure 4).

Figure 4: Boxplots of the relative error in grey matter (GM) volumes (a, 
b) and white matter (WM) volumes (c, d) from segmentation of images 
after filling lesions obtained with different lesion masks using LEAP for 
lesion filling (a, c) and FSL lesion_filling (b, d). The GM and WM volumes 
are reported as percentual difference relative to the GM volume obtained 
after filling the gold-standard (manual) lesion masks and then applying 
FSL-FAST segmentation. Native= native (unfilled) images. NNI=after 
filling with nearest-neighbor co-registered masks. TLI= after filling with 
trilinearly co-registered masks and then thresholding with the indicated 
value.
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Deep GM volumes from FSL-FIRST
In this sample, the DGM volumes quantified by FSL-FIRST did not differ between the native mages 
and the images filled using gold-standard lesion masks (supplementary eTable 2), neither for LEAP 
nor for FSL-lesion_filling. In line with this, there were also no differences for any of the co-registered 
lesion masks for either lesion filling method (supplementary eTable 2): p-values for the different DGM 
structures were between .232 and .526 for LEAP, and between .145 and .911 for FSL-lesion_filling. To 
illustrate this, Figure 5 shows boxplots of the relative error in mean bilateral thalamic volumes. 

Figure 5: Boxplots of the relative error in mean bilateral thalamic volumes 
from segmentation of images after filling lesions obtained with different 
lesion masks using LEAP for lesion filling (a) and FSL lesion_filling (b). 
The thalamic volumes are reported as percentual difference relative to the 
thalamic volume obtained after filling the gold-standard (manual) lesion 
masks and then applying FSL-FAST segmentation. Native= native 
(unfilled) images. NNI=after filling with nearest-neighbor co-registered 
masks. TLI= after filling with trilinearly co-registered masks and then 
thresholding with the indicated value. These graphs are similar to the 

behavior of the other DGM structures both with LEAP lesion filling as well as with FSL-lesion_filling.
Location of differences in voxelwise FSL-FAST PVE segmentations
Because significant global GM volume differences were observed from the analysis of FSL-FAST 
voxelwise segmentations, we analyzed whether these differences were mainly localized in lesion areas, 
or also elsewhere in the brain. 

Figure 6. Location of grey matter (GM) differences (mm3) to gold-
standard lesion-filling with LEAP (left column) and FSL-lesion-filling 
(right column) as a function of the gold-standard lesion volume. Above 
the native images compared to gold-standard and below the images filled 
with nearest-neighbor registered masks (NNI) compared to gold-standard. 
In blue with diamond-shaped markers is depicted the total GM difference 
from gold-standard, in red with square markers the difference within the 
lesion area and in green with triangular markers the difference outside of 
the lesion area.
The differences were located both inside and outside of the lesion 
area as visible in Figure 6. With increasing lesion volumes, the 
overestimation of total GM volume increases. Interestingly, 
GM overestimation inside lesion areas is partially offset by an 
underestimation outside the lesion areas. Both effects show 

a tendency to increase with increasing lesion volumes (Figure 6 panels A and B). These effects were 
observed for both lesion filling methods, though to a slightly smaller extent for FSL-lesion_filling. 
When using NNI masks these effects were markedly reduced and much better agreement with gold-
standard results was achieved across the range of lesion volumes (Figure 6 panels C and D). 
The NNI lesion masks did not overlap perfectly with 3DT1 lesion areas; there were 42% false positive 
voxels (averaged across patients) compared to gold-standard and 60% false negative voxels (averaged 
across patients) compared to gold-standard. But after FSL-FAST segmentation only 0.17% of the 
segmented GM was found within the false negative voxels and 0.03% within the false positive voxels 
(Figure 7). 

Figure 7. Percentage of grey matter (GM) segmented within the false 
negative and false positive voxels of the images filled with nearest-
neighbor registered masks (NNI) after lesion-filling with LEAP (left) 
and FSL-lesion-filling (right) as a function of the gold-standard lesion 
volume. In blue with diamond-shaped markers is depicted the 
percentage of GM segmented within the false negative voxels and in 
green with triangular markers the the percentage of GM segmented 
within the false positive voxels.
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The percentage of false positive voxels compared to gold-standard was not significantly correlated with 
gold-standard lesion volume (Spearman’s rho=0.08 p=0.74), the percentage of false negative voxels had 
a significant negative correlation with gold-standard lesion volume (Spearman’s rho=-0.63, p=0.003), 
indicating that for higher lesion volumes, there are less false negative voxels.
Finally, on native images on average 49.8% of the lesion area is quantified as GM. After lesion-filling 
this percentage is highly improved:  when using the gold-standard, on average 0.4% of the LEAP-filled 
lesion area is quantified as GM, and 24.5% of the FSL-lesion_filling filled lesion area is quantified as GM 
(Figure 3). 
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Discussion
This study demonstrates that when co-registered lesion masks from 2D images are used for lesion filling 
on 3DT1 images of patients with MS, the quantitative GM volumes obtained are very similar to those 
obtained using manually outlined 3D lesion masks.
Quantification of GM volumes has become an important goal in MS research and evaluation of 
therapeutic efficacy. Without lesion filling, the error in global GM volume can be substantial, but lesion 
filling reduces this GM quantification error36 37 39. In the current study, this GM quantification error 
from the native images amounted to an average overestimation of 0.3% and in individual cases was as 
high as 1%. These effects are sizable in MS, where GM atrophy rates are approximately 0.2-0.6% per 
year28. This confirms the need for a practical solution to this GM quantification problem caused by the 
WM lesions.
However, despite technical developments in recent years, the lesion-filling solution to atrophy 
quantification in MS has so far not achieved its full potential. An important reason is that in the absence 
of satisfactory automated lesion segmentation methods88 89 92, lesion-filling requires labor-intensive 
precise manual outlining on high-resolution 3D images which is usually prohibitively costly and this 
crucial practical aspect of the method has so far received limited attention. The present study provides a 
viable solution to this problem, by demonstrating that lesion-filling using co-registered lesion outlines 
from 2D images with the nearest neighbor method (NNI) produces accurate volumetric results for 
global GM and WM, as well as for DGM structures.
Among the interpolation methods for the registration of the lesion masks, NNI most consistently 
provided volumetric results comparable to gold-standard. This was visible with both lesion-filling 
methods, indicating that our result is not lesion-filling method dependent. 
Although the NNI masks do not overlap perfectly with the gold-standard masks, they significantly 
improve the GM segmentation, due to changes in segmentation not only in the lesion area but also 
outside of the lesion area (Figure 6). Registering PDT2 lesion-masks proves as expected not to be perfect, 
but a feasible approach for significant improvement in global GM volumetry when more precise lesion 
masks are unavailable. 
The white matter segmentation as well as the DGM segmentation proved to be less sensitive to the 
influence of the lesions, as the results before and after lesion-filling with any lesion mask were not 
statistically different. This is in contrast with another study in MS with a comparable sample size 
and a lesion filling method similar to FSL-lesion_filling where the DGM volumes were significantly 
smaller after lesion filling than before93. Also in the study of Chard et al38 the white matter volume was 
significantly increased after lesion-filling. This may be due to the fact that our patients have a relative 
low lesion load compared to these two studies. In light of the results of these studies, and recalling that 
with higher lesion loads the percentage of false negative lesional voxels compared to gold-standard 
decreases, it is likely that the effect of lesion-filling using masks from T2-weighted images will have a 
proportionally greater beneficial effect on brain segmentation as the brain lesion load increases.
Direct comparison of the two filling methods showed that significantly more voxels of the areas filled 
with FSL-lesion_filling were segmented as GM than after filling with LEAP. FSL-lesion_filling uses 
neighboring voxels for lesion-filling and as such the neighboring CSF and GM intensities will also be 
used for filling, resulting in GM being segmented within the lesion masks even after filling. On the 
other hand the LEAP method does not account for the neighboring voxels, which can create intensity 
differences between the filled lesions and the surrounding WM, as visible in Figure 3. In the current 
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study, this boundary did not have a negative effect on FSL-FAST or FSL-FIRST segmentation, but it 
cannot be excluded that its presence may influence other segmentation methods. This may also account 
for the segmentation of the FSL-lesion_filling images yielding results closer to the segmentation of 
native images. Studies that utilize lesion-filling with different software platforms should ideally assess 
the effect of different lesion filling methods on the results. 
Current segmentation algorithms (including FSL-FAST) often used in MS research may misclassify 
lesion voxels as GM due to the labeling of lesion voxels according to their intensities (falling within 
the GM intensity range) and the dependence on its neighbors68. Compared with the native images, 
the misclassification within the lesion area is markedly improved by lesion-filling with both methods. 
Still, the effect of lesion filling extends beyond the limits of the lesions and influences the whole GM 
segmentation, probably due to the changes in the whole image intensity histogram, used by FSL-FAST. 
This effect was marked on GM areas outside lesions, in line with previous studies38 93 on simulated 
images. Here we have confirmed and quantified this effect on a multi-center MS patients’ dataset. The 
NNI registered lesion masks used for lesion filling proved to markedly reduce these effects (both inside 
and outside the lesion area) and produced results very similar to using gold standard lesion masks. 
Limitations: 
The data in this study consists of 20 patients from two different sites, with different MRI acquisition 
protocols, including a different magnetic field strength, and lesion outlining protocols. The fact that 
GM quantification using NNI co-registered lesion masks is accurate across all images is an initial 
demonstration of the robustness of this approach. It suggests that the NNI registered lesion masks could 
also be used for lesion filling in multi-center studies, but more research on larger sample sizes is needed 
to confirm this.
The gold-standard lesion masks were manually outlined on 3DT1 images by adjusting the contours of 
the 2D dual-echo lesion masks after registering them to the 3DT1 images, and were not primarily drawn 
on the 3DT1 images. Our aim was to include the same lesions in the gold-standard masks as in the 
registered mask, which allowed the comparison to be fair. Aiming for a practical and easy to use solution 
for lesion-filling we have registered the 2D dual-echo lesion masks “as-is”, so no specific correction 
has been made for regional DGM and cortical lesions. It cannot be excluded that these lesions would 
influence the registration and lesion-filling as well as the segmentation after lesion-filling, however we 
did not see any difference in the DGM volumes before and after lesion-filling, and we were also able 
to identify the NNI registration method as being similar to gold-standard. Future studies should also 
investigate the influence of lesion location on lesion-filling. 
Conclusion: Lesion-filling with MS lesion masks outlined on PDT2 images and co-registered to 3DT1 
images using nearest neighbor interpolation yields accurate GM atrophy quantification in MS. The 
proposed approach combines the high resolution of 3DT1 for atrophy quantification, and the time and 
cost efficiency of lesion outlining on 2D images.
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d. 
LEAP )6/�OHVLRQB¿OOLQJ

GM volume WM volume GM volume WM volume

1DWLYH�,PDJHV 615151 (578427-671592) 539971 (485961-622700) 615151 (578427-671592) 539971 (485961-622700)

Gold standard 613648 (577209-667445) 540249 (484954-622103) 614037 (578422-669160) 539990 (486254-621899)

NNI 613611 (577962-669911) 540318 (486937-622356) 614101 (578088- 669551) 540163 (487145-622175)

TLI threshold 0 613812 (577822-669526) 541008 (487605-621833) 613508 (577780-669673) 540848 (488681-623185)

TLI threshold 0.1 613718 (577616-669183) 540601 (487424-622986) 613900 (577752-669018) 540247(487125-621938)

TLI threshold 0.2 613578 (578045-668139) 540551 (486335-622487) 614313 (577815-669056) 539912 (486656-622741)

TLI threshold 0.3 613650 (577715-669437) 540416 (485959-622595) 613978 (578197-669013) 539889 (486158-622448)

TLI threshold 0.4 613888 (578429-669307) 540157 (485597-621892) 614126 (578012-668671) 539955 (486225-622053)

TLI threshold 0.5 613733 (578477-667366) 540605 (485160-621941) 614211 (578511-669946) 539785 (485661-621832)

TLI threshold 0.6 613653 (578409-669278) 540333 (485004-621996) 614047 (578509-669597) 539913 (485519-622735)

TLI threshold 0.7 614257 (578062-670584) 539949 (484517-621541) 613892 (578507-671200) 539877 (484391-621396)

TLI threshold 0.8 614045 (578115-668055) 539997 (485229-622086) 614168 (578752-669313) 539903 (486342-621432)

TLI threshold 0.9 613834 (578423-669182) 540128 (484716-622494) 614826 (578627-670121) 539973 (485053-622864)

TLI threshold 1 614451 (578300-669883) 540282 (487530-622623) 615007 (578344-670970) 539599 (486278-622876)

Supplementary e-table 1. Grey (GM) and white matter (WM) volumes (mm3) per lesion mask version/type using 
LEAP as lesion-filling method and FSL-lesion_filling. The data are expressed as median (IQR). NNI= nearest 
neighbor registered lesion masks. TLI= trilinearly registered lesion masks.

Supplementary e-table 2. FSL-FIRST volumes (mm3) for LEAP and FSL-lesion_filling. The data are expressed as 
median (IQR) of the average of the bilateral structures. Img = Image. NNI= nearest neighbor registered lesion 
masks. TLI= trilinearly registered lesion masks and the correspronding threshold. Acc = Nuccleurs Accumbens. 
Amy = Amygdala, Caud = Caudate Nucleus. Hipp = Hippocampus. Pall = Pallidum. Puta = Putamen. Thal = 
Thalamus. 
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LEAP &^>ͲůĞƐŝŽŶͺĮůůŝŶŐ

BrainStem Acc. Amy Caud Hipp Pall Puta Thal BrainStem Acc. Amy Caud Hipp Pall Puta Thal

Native 
Img

2 0 4 1 1 
( 1 7 4 5 8 -
22628)

4 2 0 
(298-
494)

1 1 9 3 
(1070-
1377)

3 2 5 5 
(2911-
3593)

3 6 9 3 
(3078-
3989)

1 6 9 5 
(1566-
1793)

4 7 2 4 
(4127-
5330)

7 4 6 6 
(6610-
7930)

2 0 4 1 1 
( 1 7 4 5 8 -
22628)

4 2 0 
( 2 9 8 -
494)

1 1 9 3 
(1070-
1377)

3 2 5 5 
(2911-
3593)

3 6 9 3 
(3078-
3989)

1 6 9 5 
(1566-
1793)

4 7 2 4 
(4127-
5330)

7466 (6610-
7930)

G o l d 
std

2 0 1 8 4 
( 1 7 9 1 5 -
22482)

4 2 9 
(294-
488)

1 2 0 8 
(1021-
1362)

3 1 8 1 
(2867-
3596)

3 7 1 1 
(3025-
3997)

1 7 2 0 
(1569-
1806)

4 7 0 6 
(4127-
5262)

7 5 0 6 
(6583-
7913)

2 0 2 4 2 
( 1 7 6 0 9 -
22809)

4 2 8 
( 2 8 7 -
503)

1 1 9 5 
(1006-
1366)

3 3 0 8 
(2964-
3589)

3 7 0 2 
(3081-
4031)

1 7 3 5 
(1567-
1802)

4 7 6 4 
(4114-
5270)

7476 (6664-
7912)

NNI 2 0 1 1 6 
( 1 7 7 6 7 -
22855)

4 1 8 
(317-
477)

1 1 7 7 
(1014-
1359)

3 1 9 4 
(2914-
3608)

3 7 3 5 
(3088-
4003)

1 7 3 7 
(1568-
1793)

4 6 9 2 
(4105-
5276)

7 5 0 0 
(6648-
7950)

2 0 1 9 9 
( 1 7 3 8 6 -
22758)

4 2 5 
( 2 9 2 -
463)

1 1 8 6 
(1058-
1358)

3 2 7 9 
(2940-
3585)

3 7 0 7 
(3091-
4003)

1 6 6 7 
(1566-
1820)

4 7 5 2 
(4105-
5307)

7475 (6610-
7942)

TLI 0 2 0 2 4 1 
( 1 7 7 2 4 -
22727)

4 2 7 
(292-
500)

1 1 7 4 
(1025-
1363)

3 2 5 5 
(2925-
3598)

3 7 1 7 
(3113-
4026)

1 6 8 8 
(1561-
1839)

4 7 3 3 
(4074-
5268)

7 4 9 7 
(6636-
7970)

2 0 1 7 7 
( 1 7 7 6 3 -
22633)

4 4 7 
( 3 0 4 -
507)

1 1 7 8 
(1030-
1357)

3 1 2 3 
(2840-
3584)

3 7 2 1 
(3119-
4032)

1 6 7 5 
(1549-
1804)

4 7 8 0 
(4103-
5320)

7456 (6593-
7963)

TLI 0.1 2 0 3 0 2 
( 1 7 7 7 7 -
22729)

4 3 9 
(338-
493)

1 1 9 2 
(1024-
1349)

3 0 1 9 
(2794-
3580)

3 6 9 6 
(3127-
4007)

1 6 6 8 
(1554-
1793)

4 7 1 2 
(4135-
5331)

7 4 6 2 
(6590-
7970)

2 0 2 7 8 
( 1 7 8 7 2 -
22770)

4 2 1 
( 3 0 2 -
486)

1 1 7 5 
(1026-
1359)

3 1 7 1 
(2895-
3611)

3 7 2 7 
(3122-
4021)

1 7 3 9 
(1562-
1805)

4 7 0 9 
(4123-
5296)

7482 (6569-
7954)

TLI 0.2 2 0 0 4 5 
( 1 7 7 7 1 -
22785)

4 2 7 
(331-
494)

1 1 8 9 
(1046-
1357)

3 0 3 8 
(2848-
3565)

3 7 1 7 
(3121-
4013)

1 7 3 5 
(1550-
1824)

4 7 2 9 
(4068-
5283)

7 4 9 0 
(6653-
7951)

2 0 0 8 6 
( 1 7 8 3 5 -
22700)

4 3 8 
( 2 9 5 -
490)

1 2 0 9 
(1067-
1374)

3 2 3 5 
(2946-
3613)

3 7 5 6 
(3098-
4033)

1 7 3 1 
(1550-
1813)

4 7 4 1 
(4093-
5319)

7484 (6605-
7955)

TLI 0.3 2 0 2 7 4 
( 1 7 7 6 7 -
22732)

4 2 0 
(299-
505)

1 2 2 0 
(1034-
1372)

3 1 9 9 
(2911-
3571)

3 7 2 4 
(3099-
4029)

1 7 1 4 
(1554-
1824)

4 7 4 2 
(4107-
5329)

7 4 8 2 
(6660-
7933)

2 0 2 2 9 
( 1 7 5 8 1 -
22609)

4 2 3 
( 3 0 2 -
489)

1 1 6 3 
(1001-
1405)

3 2 5 9 
(2942-
3596)

3 7 2 6 
(3079-
4038)

1 7 2 3 
(1573-
1814)

4 7 4 8 
(4082-
5285)

7477 (6636-
7905)

TLI 0.4 2 0 2 3 9 
( 1 7 8 1 3 -
22591)

4 3 1 
(283-
504)

1 1 8 5 
(1028-
1367)

3 1 9 6 
(2933-
3583)

3 7 1 1 
(3114-
4009)

1 7 3 4 
(1560-
1813)

4 7 5 2 
(4144-
5284)

7 5 0 4 
(6612-
7909)

2 0 2 4 0 
( 1 7 7 0 5 -
22856)

4 3 0 
( 2 8 9 -
508)

1 2 0 3 
(1063-
1364)

3 2 9 2 
(2940-
3589)

3 7 1 3 
(3071-
3996)

1 6 8 6 
(1572-
1791)

4 7 4 4 
(4144-
5362)

7507 (6651-
7968)

TLI 0.5 2 0 3 1 9 
( 1 8 0 6 7 -
22806)

4 2 6 
(299-
498)

1 1 9 5 
(1028-
1374)

3 2 6 1 
(2910-
3581)

3 7 1 8 
(3102-
4002)

1 7 3 1 
(1556-
1792)

4 7 3 9 
(4041-
5291)

7 4 6 8 
(6624-
7974)

2 0 1 7 3 
( 1 7 8 3 0 -
22472)

4 3 1 
( 2 9 8 -
491)

1 2 0 2 
(1071-
1369)

3 2 6 9 
(2920-
3593)

3 7 2 4 
(3030-
4004)

1 7 3 2 
(1561-
1798)

4 7 2 8 
(4114-
5318)

7473 (6658-
7939)

TLI 0.6 2 0 0 2 6 
( 1 7 7 8 6 -
22671)

4 1 9 
(309-
483)

1 1 5 8 
(1034-
1358)

3 2 3 4 
(2911-
3595)

3 7 2 3 
(3112-
4010)

1 7 2 8 
(1565-
1796)

4 7 3 9 
(4065-
5303)

7 5 2 7 
(6635-
7917)

2 0 2 2 6 
( 1 7 7 0 2 -
22787)

4 1 8 
( 2 9 5 -
481)

1 1 8 7 
(1046-
1363)

3 2 7 3 
(2939-
3571)

3 7 1 8 
(3094-
4037)

1 7 4 1 
(1571-
1827)

4 7 5 6 
(4079-
5290)

7455 (6673-
7971)

TLI 0.7 2 0 1 3 4 
( 1 7 6 7 5 -
22874)

4 1 6 
(309-
493)

1 2 1 5 
(1039-
1386)

3 2 2 6 
(2918-
3581)

3 7 1 2 
(3080-
4023)

1 7 2 1 
(1556-
1816)

4 6 8 5 
(4084-
5319)

7 4 6 6 
(6609-
7941)

2 0 1 0 4 
( 1 7 7 6 7 -
22670)

4 2 2 
( 2 8 9 -
476)

1 1 7 6 
(1064-
1379)

3 2 7 6 
(2924-
3577)

3 7 1 5 
(3072-
3997)

1 7 2 1 
(1549-
1812)

4 7 2 6 
(4101-
5283)

7482 (6581-
7911)

TLI 0.8 2 0 3 9 9 
( 1 7 6 5 8 -
22589)

4 1 9 
(300-
486)

1 1 9 3 
(1068-
1356)

3 2 6 1 
(2920-
3584)

3 7 3 7 
(3068-
4025)

1 6 9 0 
(1572-
1800)

4 7 3 3 
(4089-
5309)

7 4 5 7 
(6675-
7975)

2 0 0 7 9 
( 1 7 6 5 1 -
22808)

4 3 8 
( 2 9 9 -
482)

1 1 9 1 
(1039-
1363)

3 2 6 1 
(2914-
3583)

3 7 3 7 
(3020-
4012)

1 7 3 8 
(1552-
1810)

4 7 5 3 
(4112-
5264)

7514 (6596-
7949)

TLI 0.9 2 0 1 0 9 
( 1 7 5 1 5 -
22765)

4 2 6 
(285-
488)

1 1 8 1 
(1040-
1341)

3 2 5 0 
(2924-
3599)

3 7 1 3 
(3058-
3993)

1 7 2 6 
(1573-
1799)

4 7 5 3 
(4135-
5327)

7 4 5 8 
(6635-
7913)

2 0 1 1 1 
( 1 7 7 1 8 -
22724)

4 2 7 
( 3 0 6 -
488)

1 2 1 1 
(1056-
1360)

3 2 5 2 
(2906-
3556)

3 6 9 3 
(3085-
4036)

1 7 3 6 
(1572-
1815)

4 7 7 0 
(4144-
5300)

7468 (6625-
7928)

TLI 1 2 0 0 9 2 
( 1 7 7 1 0 -
22623)

4 2 7 
(302-
481)

1 1 8 0 
(1035-
1363)

3 2 5 9 
(2918-
3576)

3 7 0 8 
(3058-
4017)

1 7 3 8 
(1572-
1818)

4 7 2 1 
(4096-
5312)

7 4 7 4 
(6624-
7903)

2 0 0 8 6 
( 1 7 9 2 3 -
22635)

4 2 4 
( 2 9 5 -
501)

1 1 9 3 
(1036-
1370)

3 2 5 4 
(2909-
3567)

3 7 3 1 
(3057-
3995)

1 7 3 9 
(1554-
1797)

4 7 1 1 
(4106-
5310)

7456 (6604-
7921)
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Abstract 
Background: Cortical atrophy, assessed with magnetic resonance imaging (MRI), is an important 
outcome measure in multiple sclerosis (MS) studies. However, the underlying histopathology of cortical 
volume measures is unknown. 
Objective: We investigated the histopathological substrate of MRI-measured cortical volume in MS 
using combined post-mortem imaging and histopathology. 
Methods: MS brain donors underwent post-mortem whole-brain in-situ MRI imaging. After MRI, tissue 
blocks were systematically sampled from the superior and inferior frontal gyrus, anterior cingulate gyrus, 
inferior parietal lobule, and superior temporal gyrus. Histopathological markers included neuronal, 
axonal, synapse, astrocyte, dendrite, myelin, and oligodendrocyte densities. Matched cortical volumes 
from the aforementioned anatomical regions were measured on the MRI, and used as outcomes in a 
nested prediction model. 
Results: Forty-five tissue blocks were sampled from 11 MS brain donors. Mean age at death was 68±12 
year, post-mortem interval 4±1 hours and disease duration 35±15 years. MRI-measured regional 
cortical volumes varied depending on anatomical region. Neuronal density, neuronal size and axonal 
density were significant predictors of GM volume. 
Conclusions: In patients with long-standing disease, neuronal and axonal pathology are the predominant 
pathological substrates of MRI-measured cortical volume in chronic MS.



64

Introduction
Magnetic resonance imaging (MRI) in multiple sclerosis (MS) reveals inflammatory demyelinating 
lesions in the white matter (WM), but these lesions alone insufficiently explain clinical disability.74 
Brain atrophy, whether whole-brain or region-specific, can be quantified and monitored over time with 
reliable and reproducible brain volume analysis techniques.94 Both WM and grey matter (GM) atrophy 
play an important role from the earliest stages of the disease,46 but especially GM atrophy accrues 
rapidly with disease progression,28 and is directly related to patients’ cognitive functioning.29 Currently 
the pathological substrate of MRI-visible GM atrophy is unknown. Neuro-axonal degeneration and 
cortical demyelination may be the most likely candidates for explaining GM atrophy in MS.21

Autopsy studies in MS have indeed revealed degenerative changes in normal-appearing GM and in GM 
lesions.47-52 For example, demyelinated hippocampi exhibited extensive synaptic loss, with relatively 
intact neuronal numbers.47 Degeneration of the neocortex included axonal, dendritic, glial and neuronal 
loss.48 50-52

Which of these factors, or combination thereof, is responsible for cortical volume loss as measured 
with MRI in MS? To answer this question, we prospectively acquired in-situ post-mortem MRI scans 
with a very short post-mortem delay and calculated regional cortical volumes from these MRI data. 
After rapid autopsy, we systematically studied five cortical areas for signs of neurodegenerative changes, 
myelin loss and glial changes using immunohistochemistry.
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Materials and Methods
Tissue was collected by MRI-guided dissection in collaboration with the Netherlands Brain Bank (http://
www.brainbank.nl/). Only autopsies with very short post-mortem delay (≤7 hours) were included. 
The MRI protocol comprises both whole-brain in-situ MRI, and MRI of 10-mm thick coronal brain 
slices, cut at autopsy, as described in more detail before.95 Briefly, after arrival in the hospital, the patient 
undergoes an MRI scan with the brain in-situ, similar to in-vivo MRI scanning.  Subsequently, the brain 
is removed from the skull and cut into 10-mm thick coronal brain slices, which each undergo a second 
MRI scan, including double inversion recovery (DIR) sequences used for identifying GM lesions and 
NAGM. Guided by DIR, tissue blocks are removed from the brain slices and fixed in 10% formalin. 
Figure 1 contains a schematic representation of our workflow. 

Figure 1. Study Flow Chart MRI = Magnetic Resonance 
Imaging; WM = white matter; GM = grey matter; NAGM = 
normal-appearing grey matter; DIR = Double Inversion 
Recovery; ROI = region of interest

Standard protocol approvals, registrations, and patient 
consents.
The study was approved by the institutional ethics 
review board. Before death, the donors or their next 
of kin provided written informed consent for the use 
of their tissue and clinical information for research 
purposes to the Netherlands Brain Bank.

MR imaging and image processing
MR imaging was performed using 1.5T Siemens 
Sonata and Avanto MRI scanners, depending on the 

availability at the time of autopsy. The in-situ image acquisition protocol included, for lesion volumetry: 
a dual-echo T2-weighted sequence (TR=5640ms, TE=22/98ms, FA=150, 3mm axial slices, in-plane 
resolution=1x1mm); and for atrophy measurements: a sagittal 3DT1-weighted imaging sequence 
(TR=2700ms, TE=5.1ms, TI=950ms, FA=8, voxel size=1.2x1.2x1.3mm) and a sagittal 3D-FLAIR 
sequence (TR=6500ms, TE=355ms, TI=2200ms, voxel size=1.2x1.2x1.3mm). The brain slice image 
acquisition protocol included DIR images (TR=2350ms, TE=355ms, TI=350ms FA=180, voxel 
size=1.2x1.2x1.3mm).

In situ image analyses
The 3DT1 images were used to measure cortical volume globally, and in specific cortical regions 
corresponding with the tissue samples extracted (Figure 1). 
MS lesions may appear hypointense on 3DT1-images and may hamper automated GM segmentation.37 
Therefore, lesion masks were manually outlined on the 3DT1-images using MIPAV (http://mipav.cit.
nih.gov/) and lesion-filling36 was performed using LEAP.38 All subsequent analyses used lesion-filled 
3DT1-images.
Cortical reconstruction was performed on 3DT1-images with the FreeSurfer image analysis suite version 
5.3, which is documented and freely available for download online (http://surfer.nmr.mgh.harvard.
edu/). Briefly, this processing includes removal of non-brain tissue, automated Talairach transformation, 
segmentation of the subcortical structures, intensity normalization, tessellation of the GM/WM 
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boundary, automated topology correction, and surface deformation following intensity gradients to 
optimally place the GM/WM and GM/CSF borders at the location where the greatest shift in intensity 
defines the transition to the other tissue class. Once the cortical models are complete, the surface will be 
inflated and registered to a spherical atlas and the cerebral cortex will be parcellated into units based on 
gyral and sulcal structure.33 34 The 3D-FLAIR images were used for refining the pial surface as available in 
the last versions of the FreeSurfer pipeline (https://surfer.nmr.mgh.harvard.edu/fswiki/ReleaseNotes), 
and the brain masks and WM masks were manually edited for correctness. The final GM segmentation 
was visually checked for correctness. The volumes of the superior and inferior frontal gyrus, anterior 
cingulate gyrus, superior temporal gyrus, and inferior parietal lobule were normalized for intracranial 
volume (to correct for differences in head size) and these normalized volumes were used as outcome 
measure in the statistical analyses.
For the general description of our sample, FSL-SIENAX 31 was used on the  3DT1-images. SIENAX 
calculates the total volume of brain tissue and separate estimates of volumes of GM and WM. WM 
lesions were also manually outlined using MIPAV on the short echo of the dual-echo images, and WM 
lesion volumes were quantified. 

Pathological tissue sampling
At autopsy, cortical regions were sampled using a standardized protocol using brain slice DIR images as 
reference. The following anatomical regions were sampled: superior and inferior frontal gyrus, anterior 
cingulate gyrus, inferior parietal lobule, and superior temporal gyrus. Tissue blocks were excluded if 
they contained macroscopic or DIR-visible MS lesions following standard guidelines.96 Hence, only 
normal-appearing GM was sampled as part of the standardized autopsy procedure. 

Histopathology
Tissue blocks were fixed in 10% buffered formalin, embedded in paraffin, cut 10μm-thick and mounted 
on Superfrost Plus glass slides (VWR international; Leuven, Belgium). Sections were deparaffinized 
and dehydrated in graded series of xylene and ethanol. Consecutive sections were stained for Nissl 
(thionin) stained for neurons (anti-NeuN), axons (anti-SMI312), dendrites (anti-MAP2), synapses 
(anti-synaptophysin), astrocytes (anti-GFAP), oligodendrocytes (anti-olig2), myelin (anti-PLP) and 
microglia/macrophages (anti-HLA-DR). Details of the stainings can be found in Table 1. The staining 
conditions were kept constant during the study, by using standardized staining protocols.

Stai ing Supplier Clone �ŝůƵƟŽŶ �ŶƟŐĞŶ�ZĞƚƌŝĞǀĂů Marker

Nissl (Thionin)
Thermo Fisher 
^ĐŝĞŶƟĮĐ - - - General cell marker

�ŶƟͲEĞƵE Millipore A60 1:1000 �ŝƚƌĂƚĞ�ďƵīĞƌ�Ɖ,�ϲ͘Ϭ Neurons

�ŶƟͲ^D/ϯϭϮ Covance
SMI
312

1:2000 �ŝƚƌĂƚĞ�ďƵīĞƌ�Ɖ,�ϲ͘Ϭ Axons

�ŶƟͲD�WϮ Sigma HM-2 1:800 �ŝƚƌĂƚĞ�ďƵīĞƌ�Ɖ,�ϲ͘Ϭ Dendrites
�ŶƟͲ
Synaptophysin

^ǇŶĂƉƟĐ�^ǇƐƚĞŵƐ 7.2 1:1000 �ŝƚƌĂƚĞ�ďƵīĞƌ�Ɖ,�ϲ͘Ϭ Synapses

�ŶƟͲ'&�W Sigma GA5 1:500 TBS pH 7.8 Astrocytes
�ŶƟͲW>W Serotec plpc1 1:500 - Myelin
�ŶƟͲKůŝŐϮ Millipore - 1:500 Tris-EDTA pH9.0 KůŝŐŽĚĞŶĚƌŽĐǇƚĞƐ
�ŶƟͲ,>�Ͳ�Z 'ŝŌ�Ěƌ͘ �,ŝůŐĞƌƐ LN3 1:500 �ŝƚƌĂƚĞ�ďƵīĞƌ�ƉŚ�ϲ͘Ϭ DŝĐƌŽŐůŝĂͬ

MacrophagesTable 1 Technical details of the (immuno)histopathological stainings performed for this study.
NeuN Neuronal Nuclei neuron-specific protein, SMI312 pan-axonal neurofilament marker, MAP2 microtubule 
associated protein, GFAP glial fibrillary acidic protein, PLP proteolipid protein, EDTA ethylene-diamino tetra-
acetic acid, olig2 oligodendrocyte transcription factor 2, HLA-DR Human Leukocyte Antigen locus DR, TBS Tris-
Buffered Saline
For Nissl staining, sections were stained with thionin (Thermo Fisher Scientific Inc, Waltham, MA, 
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USA) solution (1.5g in 300 mL distilled water) for 5 seconds, rinsed in distilled water and differentiated in 
ethanol and 3 mL acetic acid for 10 seconds, dehydrated with ethanol, placed in xylene and coverslipped 
using Entellan (Merck, Darmstadt, Germany) mounting solution.
Where indicated, antigen retrieval was performed by heating the slides in a vegetable steamer at 95°C for 
30 min (Table 1). Sections were then blocked with normal goat serum and incubated 1 to 2 days at 4°C 
with primary antibodies. 
For primary immunostaining with anti-NeuN, -SMI312, -MAP2, -GFAP, -PLP, and -HLA-DR, the 
sections were incubated with biotin-labeled secondary antibodies (1:500; DAKO, Glostrup, Denmark) at 
room temperature (RT) for 1 hour. Subsequently, sections were rinsed and incubated with streptavidin-
biotin-peroxidase complex (1:200; Vectastain; Vector Laboratories Inc., Burlingame, CA, USA) at RT for 
1 hour. 
For anti-synaptophysin and -olig2 staining, the sections were rinsed after incubation with primary 
antibodies and incubated with Envision horseradish peroxidase (HRP) complex (DAKO, Glostrup, 
Denmark) at RT for 30 min. Finally, sections were rinsed and the peroxidase reaction was developed with 
3,3’diaminobenzidine-tetrahydro-chloridedihydrate(DAB; DAKO, Glostrup, Denmark) as a chromogen. 
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Digitization and Morphometric analyses
Region of interest selection. Based on the Nissl staining, regions of interest (ROI) were selected based on 
a grid with frames of 4x4 mm, starting from a random first frame. The random first frame was selected 
by throwing a six-sided die, counting the top left corner frame as the first to determine the starting 
point. Every subsequent third frame was checked for the presence of GM and selected as a ROI only if it 
contained all cortical layers. Depending on the size of the tissue block, 2-16 ROIs were selected. For each 
specific tissue block, all measurements were performed within the same ROIs in all consecutive stained 
sections originating from that block.
Digitization Images of the ROIs for all stainings were digitized using a Leica DM/RBE photomicroscope 
with a Xillix MicroImager digital camera (1280×1024 pixels) attached to a MCID (Microcomputer 
Imaging Device) Elite image analysis system (Imaging Research Inc, Ontario, Canada). During 
digitizing, the exposure conditions were kept constant. Images were taken as vertical stacks of 6 µm at 
50x magnification (PLP), 100x (NeuN, SMI312 and synaptophysin), and 200x (MAP2, GFAP and olig2). 

Figure 2. Dendrite and neuronal density measurements using 
measuring templates. Image A shows an original image of an anti-
MAP2 staining and image B shows the quantification of dendrites 
using a measuring template. The proportional surface area was 
15.1%¬¬¬. Image C shows an original image of an anti-NeuN 
staining and image D the quantification. Neuronal density was, 
after the Abercrombie correction, 114 neurons/mm2. All red 
objects were included in the analysis and all blue objects were 
excluded based on size and shape

Morphometric analyses. Axonal density, synaptic density 
and myelin density were measured in Relative Optical 
Density (ROD) units. The relative optical density is the 
optical staining density (“greyscale” of the image) corrected 

for the background intensity and is a measure of the amount of stained structures in the measured area.97

The neurons, neuronal size (proportional surface area of neuronal cell bodies of the scan areas total 
surface area), dendrites and astrocytes were measured using MCID segmentation scripts, which 
construct measuring templates based on local thresholding and clustering. These templates were used to 
measure the object of interest (e.g. dendrites) in the original, non-modified, images. The quantification 
using measuring templates is illustrated in Figure 2.

The number of oligodendrocytes were quantified using ImageJ 1.47 (freely available at http://rsbweb.
nih.gov/ij/), and using segmentation scripts based on local thresholding and clustering. The sensitivity 
and specificity of the segmentation scripts were checked on a subset of slides with different staining 
intensities. ROD as a density measure is a validated technique and used before by other studies. 97 For 
neuronal, astrocyte and oligodendrocyte counts the Abercrombie correction98 was used, using the 
measured section thickness of 6 µm and the average diameter of 50 cells per staining. The Abercrombie 
correction is less accurate compared to 3D stereological cell counts,99 but it similarly affect all 
measurements in all samples. Density measures were obtained, by dividing the measurements by the 
size of region of interest. The density measurements were subsequently used in the statistical analysis.
HLA-DR positive microglia/macrophages were visually quantified on a scale from 0 to 4 (0 - no activated 
microglia/macrophages, 4 - numerous activated microglia/macrophages). 
Statistical analysis
All statistical analyses were performed in SPSS version 20. Significance was considered at p<0.05. The 
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observations in the study consisted of regional MRI cortical volume and multiple histopathological 
measurements from several brain areas for each patient. These observations are not independent, which 
is an assumption often used statistical methods like ANOVA or t-test.100 101 Generalized estimating 
equations (GEE) was used to analyze the relationship between histopathological measurements and 
normalized regional GM volume. GEE takes into account that the outcome variable was measured 
in different brain areas within one patient and that therefore the observations within one patient are 
dependent of each other. Separate GEE analyses were run with each histopathological measurement as 
predictor. The effect size was expressed as the increase of GM volume per 10% increase of the predictor’s 
median. This was calculated as follows: 

where β is calculated with the GEE analysis. The median value was used instead of the mean, because 
the median is less sensitive to outliers. Histopathological measurements between analyzed anatomical 
regions were compared using one-way ANOVA.



70

Results
Data were collected from eleven MS autopsies between 2010 and 2012. Seven patients were male, and the mean age 
at death was 68 years with a mean post-mortem interval of 4 hours, and an average disease duration of 35 years. Ten 
patients had suffered from secondary progressive MS and one from primary progressive MS, and the FSL-SIENAX 
derived mean normalized total brain volume was 1.27L with a mean T2-lesion volume of 19 mL. The clinical and 
radiological data of the MS patients are summarized in Table 2. 
WĂƟĞŶƚ Sex Age 

(y)
MS Disease 

�ƵƌĂƟŽŶ�;ǇͿ
Post-mortem 
Delay (h)

Cause of 
Death

NBV (L) NGMV (L) T2LV (mL)

1 M 51 SP 20 4 Pneumonia 1.34 0.66 28.8

 2 F 57 SP 25 3.5 Euthanasia 1.38 0.66 10.8

 3 F 84 SP 50 3.3 Euthanasia 1.25 0.65 9.3

 4 M 86 SP 61 3.5 Pneumonia 1.28 0.64 28.3

 5 M 56 SP 14 5 DK�^ 1.32 0.65 17.4

 6 M 75 SP 50 7 Pneumonia 1.26 0.63 32.3

 7 M 53 SP 25 4 Euthanasia 1.27 0.61 32.1

 8 F 56 SP 32 4 Pneumonia 1.26 0.65 25.5

 9 F 71 SP 34 2.5 DK�^ 1.13 0.57 16.1

 10 M 80 SP 45 4.5 Pneumonia 1.24 0.62 6

 11 M 70 PP 26 4 DK�^ 1.29 0.64 6
Table 2: Clinical and radiological characteristics of the patients. MS multiple sclerosis, NBV normal appearing brain 
volume obtained with FSL-SIENAX, NGMV normal appearing grey matter volume obtained with FSL-SIENAX, 
T2LV T2-weighted lesion volume obtained with MIPAV, M male, F female, SP secondary progressive multiple 
sclerosis, PP primary progressive multiple sclerosis, MOD Multiple Organ Dysfunction Syndrome.
Five standard anatomical regions were sampled from every patient, taking care to exclude macroscopically or MRI-
visible lesions. Two to five tissue blocks were sampled per patient, with a total of 45 tissue blocks. Table 3 lists the 
average regional cortical volumes and histopathological measurements within the measured cortical samples. 

Region
IFG
(mean±SD)

SFF 
(mean±SD)

ACG
(mean±SD)

IPL
(mean±SD)

STG 
(mean±SD)

Cerebral 
cortex
(mean±SD)

Median Range

GM Volume 
(mm3) 
(FreeSurfer)

7,044 ± 
1,088

15,325 ± 
2,323

3,324 ± 
718

8,999 ± 
2,305

7,840 ± 871
8,751 ± 
4,595

4.971
2,544 - 
19,424

Normalized 
GM volume 4.44±0.62 9.77±1.16 2.09±0.51 5.61±1.02 5.16±0.44 5.57±2.87 4.97

1.61-
11.42

Neur. dens*
;ηͬŵŵϮͿ

109.0 ± 
20.0

103.2 ± 
14.8

104.0 ± 
16.2

122.1 ± 
21.5

118.1 ± 
21.4

110.4 ± 
19.3

112.3
74.1 - 
164.1

Neuronal 
surface area 
(%)

5.38 ± 0.77 5.65 ± 0.86 4.88 ± 0.88 5.51 ± 1.45 5.58 ± 1.29 5.40 ± 1.05 5.360
3.04 - 
7.47

Ax. dens.
;ZK�Ϳ 0.20 ± 0.04 0.20 ± 0.04 0.18 ± 0.04 0.20 ± 0.05 0.19 ± 0.05 0.20 ± 0.04 0.179

0.12 - 
0.30

Dendr. surf. 
area (%)

11.43 ± 
2.41

11.05 ± 
1.94

10.13 ± 
3.07

9.12 ± 2.67
11.38 ± 
4.02

10.6 ± 2.9 10.11
6.02 - 
17.8

Syn. dens.
;ZK�Ϳ 0.38 ± 0.07 0.40 ± 0.08 0.39 ± 0.06 0.39 ± 0.07 0.38 ± 0.04 0.39 ± 0.06 0.381

0.23 - 
0.52

Astr. dens.
;ηͬŵŵϮͿΎ 18.9 ± 9.4 20.6 ± 6.5 26.2 ± 6.8 19.2 ± 6.1 19.0 ± 4.4 21.1 ± 7.1 5.235

9.1 – 
36.2

Myel. dens.
;ZK�Ϳ 0.20 ± 0.06 0.22 ± 0.05 0.21 ± 0.04 0.21 ± 0.06 0.24 ± 0.05 0.22 ± 0.05 0.220

0.13 - 
0.32

KůŝŐ͘�ĚĞŶƐ͘Ύ
;ηͬŵŵϮͿ 107.7 ± 6.7

108.0 ± 
10.7

120.8 ± 
15.1

108.3 ± 6.3
112.4 ± 
13.1

111.5 ± 
11.8

25.46
94.0 – 
145.5

Microglia
(0=none, 
4=lots)

1.33 ± 
0.77

1.20 ± 
0.64

1.50 ± 
0.55

1.26 ± 
0.70

1.27 ± 
0.67

1.31 ± 
0.64

1.355 0 – 4

Table 3: Regional cortical volume and immunohistochemical measurements expressed as mean and standard 
deviations (SD) across all patients. SD standard deviation, Cerebral cortex average value across all investigated 
anatomical regions and all patients, Range minimal and maximal values across all investigated anatomical regions 
and all patients, ROD relative optical density units.* corrected using Abercrombie correction



71

MRI-measured normalized regional cortical volumes (FreeSurfer) ranged between 2.09±0.51 (mean±SD) 
in the anterior cingulate gyrus and 9.77±1.15 in the superior frontal cortex. The mean normalized 
regional cortical volume was 5.57±2.87. The variation in normalized GM between anatomical regions is 
higher (SD=2.79) than the variation within anatomical regions (averaged SD=0.75), and largely caused 
by intrinsic anatomical diversity. On the other hand, the variation in histopathological values between 
anatomical regions was lower than the variation within anatomical regions, which is likely due to 
subject differences and/or variation inherent to the method. Accordingly, none of the histopathological 
measurements differed significantly between the analyzed anatomical regions. Table 4 lists the within 
and between regions standard deviations of the MRI and histopathological measurements. 

SD within region SD between regions
Normalized GM volume 0.75 2.79
Neuronal density* ;ηͬŵŵϮͿ 18.76 8.49
Neuronal surface area (%) 1.05 0.30
�ǆŽŶĂů�ĚĞŶƐŝƚǇ�;ZK�Ϳ 0.04 0.01
Dendrite surface area (%) 2.82 0.99
^ǇŶĂƉƐĞ�ĚĞŶƐŝƚǇ�;ZK�Ϳ 0.06 0.01
�ƐƚƌŽĐǇƚĞ�ĚĞŶƐŝƚǇ�;ηͬŵŵϮͿΎ 6.64 3.12
DǇĞůŝŶ�ĚĞŶƐŝƚǇ�;ZK�Ϳ 0.05 0.02
KůŝŐŽĚĞŶĚƌŽĐǇƚĞ�ĚĞŶƐŝƚǇΎ�;ηͬŵŵϮͿ 10.38 5.54
Microglia (0=none, 4=numerous) 0.67 0.11

Table 4: The within and between region standard deviations of the MRI and histopathological measurements. 
SD standard deviation, ROD relative optical density

Neuronal density, neuronal size and axonal density predict GM volume as measured by MRI
The immunohistopathological values described above were used to predict normalized GM volume. 
A GEE analysis was performed to determine the best histopathological predictors of the GM volume. 
Neuronal density (β= 0.010, p=0.047), neuronal size (β=0.218, p=0.019) and axonal density (β=4.655, 
p=0.010) were separately significant predictors of the GM volume. Within our sample, an increase of 
~10 neurons predicts a 2.1% increase in GM volume. An ~1% increase in neuronal size predicts a 4.7% 
increase in GM volume. While an increase of axonal density by factor 0.1 predicts a GM volume increase 
by 1.8%. 

Figure 3. Axonal loss is related to grey matter atrophy in the inferior frontal 
gyrus / Coronal structural magnetic resonance images of a male subject (A), 
with a relatively low volume of the inferior frontal gyrus (7,510 mm3) and a 
male subject (B) with a relatively high volume of the inferior frontal gyrus 
(8,131 mm3). Image C and D show the matching SMI312 staining (pan-axonal 
marker) in the upper layers of the cortex, where SMI312 differences were found 
to be most pronounced. Relative optical densities for axons of subject A and B 
were, respectively, 0.16 and 0.18 in the inferior frontal cortex. The subjects had 
a normalized brain volume of 1.28L (A) and 1.32L (B) and a T2 lesion volume 
of 28 mL (A) and 17 mL (B).

Interestingly, myelin density was not a significant predictor (β= 0.093, 
p=0.971). When added to the models, age, post-mortem delay, disease duration, gender, and T2 lesion 
volume (T2LV) did not significantly predict GM volumes. 

Discussion 
This translational study is the first to systematically investigate the possible pathological substrates of 
MRI-measured cortical volume in MS. We show that cortical volume is predominantly explained by 
neuronal density, neuronal size and axonal density, which suggests that in MS patients with relatively 
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long disease duration, GM atrophy is related to neurodegeneration. 
Axonal and neuronal loss are prominent features of MS histopathology and have long been suggested to 
be a plausible substrates for GM atrophy.21 Autopsy studies have found substantial axonal and neuronal 
loss in GM lesions, but also in normal-appearing GM, when compared to healthy controls.48-52 102In 
addition, MR spectroscopy studies have repeatedly reported significant reductions of N-acetylaspartate 
(NAA) levels in GM of MS patients, suggesting substantial neuro-axonal dysfunction or loss.103 104 The 
current study now more definitively demarcates neurodegeneration as the major determinant of cortical 
atrophy, as measured with MRI, in MS.
Interestingly, cortical volume was not related to myelin density or the oligodendrocyte density, which 
suggests a less important role for myelin density in explaining cortical volume. Previous studies also 
reported cortical thinning to be largely independent of the presence of GM lesions;52 while GM lesions 
were excluded from our current analyses, the absence of a relation between cortical volume and myelin 
density is in line with those observations for GM lesions. The same might be true for synaptic and 
dendrite densities. Several studies found significant synaptic loss in cortical lesions52 and in demyelinated 
hippocampi47 or in hippocampal regions that receive input from demyelinated areas.49 Others found a 
remarkable number of transected dendrites in cortical lesions.50 In our study, synaptic and dendrite 
density were not a significant predictor of grey matter volume, possibly due to our samples with only 
normal-appearing GM. Future studies with larger sample sizes may be able to clarify also the role of 
these components. 
Total WM lesion load was not related to cortical volume in our patients. In the earlier phases of MS, it 
might be hypothesized that the process of GM atrophy is triggered mostly by axonal transection in WM 
lesions,105 promoting Wallerian or “dying back” degeneration of axons, and subtle neuronal damage 
in the connected GM areas as a result. In progressive MS, however, GM atrophy may proceed largely 
independently from WM damage, as suggested before by MRI studies and by our current data in chronic 
MS cases.28 106

The present study has some limitations. The sample used in the current study consists of patients with 
long-standing disease. This limits generalization of our conclusions to the whole MS population. 
We performed a substantial number of histopathological measurements, which required a relatively 
complex statistical model, with a nested design.100 101 Future studies using a larger number of post-
mortem cases will have to investigate the relation between these variables in predicting GM volume, as 
well as other factors such as synapse, dendrite and oligodendrocyte number density, which now appear 
to be less significant, but may still be relevant. In addition, density measures may not be ideal, as general 
tissue loss with relative sparing of for example neurons may artificially reduce correlations between 
atrophy and neuronal pathology.
We were interested in the underlying histopathological substrate of GM volume changes in MS. As 
focal GM lesions might disproportionately influence local GM volume, GM lesions were avoided where 
possible, and only MRI-defined NAGM was included in the study. The tissue selection was performed 
based on DIR MR imaging. DIR is superior to other, more standard sequences, in detecting GM 
lesions.107 However, prospective sensitivity of the technique is still low. 108 As such, GM lesions that were 
not visible on DIR form part of the analyzed tissue blocks. However, taking into account that myelin 
density was not a significant predictor of GM volume, the effect of these included lesions on cortical 
volume changes is likely limited.
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Also, the rapid autopsy protocol used for this study yields very high quality MS tissue, but unfortunately 
does not include controls. The NBV and NGMV in our sample (NBV=1.27±0.06L, NGMV=0.6±0.02L) 
are lower than those measured in-vivo in long-standing disease in patients (NBV=1.39±0.08L,NGMV
=0.73±0.05L) and age-matched controls (NBV=1.49±0.07L, NGMV=0.8±0.05L), scanned on a 3T GE 
scanner.109 Comparison to living controls or with post-mortem controls with different post-mortem 
delays and different MRI acquisition protocols and tissue preparation (including non-standardized 
cutting directions) would yield poor a priori conditions for comparability. We therefore exclusively 
focused on the predictive power of the investigated histopathological parameters on GM atrophy within 
MS cases. This approach provided us the unique opportunity to identify precisely those histopathological 
factors that explain cortical volume changes best. Admittedly, it also prevented us from making any 
inferences about the effect size or percentual deviation of identified histopathology predictors. This too 
shall have to be addressed in future studies, if possible. 
In conclusion, we showed that in patients with long-standing disease, neuronal and axonal pathology are 
the predominant pathological substrates of MRI-measured cortical volume in chronic MS.
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Abstract
Objective: To determine whether brain atrophy and lesion volumes predict subsequent 10-year clinical 
evolution in multiple sclerosis (MS).
Design: From eight MAGNIMS centers, we retrospectively included 261 MS patients with MR imaging 
at baseline and after 1-2 years, and expanded disability status scale (EDSS) scoring at baseline and after 
10 years. Annualized whole-brain atrophy, central brain atrophy rates, and T2 lesion volumes were 
calculated. Patients were categorized by baseline diagnosis as primary progressive MS (N=77), clinically 
isolated syndromes (N=18), relapsing-remitting MS (N=97) and secondary progressive MS (N=69) 
groups. Relapse-onset patients were classified as being minimally impaired (EDSS=0-3.5, N=111) 
or moderately impaired (EDSS=4-6, N=55) according to their baseline disability (and regardless of 
disease type) relapse-onset patients. Linear regression models tested whether whole-brain and central 
atrophy, lesion volumes at baseline, follow-up and lesion volume change predicted 10-years EDSS and 
MS Severity Score (MSSS). 
Results: In the whole patient group, whole-brain and central atrophy predicted EDSS at 10 years, 
corrected for imaging protocol, baseline EDSS and disease modifying treatment. The combined model 
with central atrophy and lesion volume change as MRI predictors predicted 10-year EDSS with R2=0.74 
in the whole group and R2=0.72 in the relapse-onset group. In subgroups, central atrophy was predictive 
in the minimally impaired relapse-onset patients (R2=0.68), lesion volumes in moderately impaired 
relapse-onset patients (R2=0.21), and whole-brain atrophy in PPMS (R2=0.34).
Conclusion: This large multicenter study points to the complementary predictive value of atrophy and 
lesion volumes for predicting long-term disability in MS.
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Introduction
In multiple sclerosis (MS), neurodegeneration, measured by brain atrophy, is associated with short- 
and medium-term clinical progression more strongly than other magnetic resonance imaging (MRI) 
measures of disease burden22 24-27 57 110-113. The longer-term clinical prognostic value of brain atrophy 
measures and lesion volumes has been studied less extensively. A recent study in relapsing-remitting MS 
(RRMS) found that neither atrophy or lesions predicted clinical outcomes 11 years later114, while atrophy 
rates have been found predictive in primary-progressive MS (PPMS) over 10 years115, but data on large 
groups across MS subtypes are lacking.
Large and long-term prospective studies on the predictive value of imaging are difficult to carry out, 
therefore multi-center and retrospective studies may represent an efficient and quick way to collect MRI 
data on large patients’ cohorts to understand the role of brain atrophy in determining clinical outcome. 
However, not all sequences are suitable for such retrospective studies. Many old datasets contain only 
dual-echo imaging, while analysis software, such as SIENA31 is designed for T1-weighted images. 
However, previous work has shown that SIENA(X) analysis on pseudoT1-weighted images (derived 
from dual-echo image pairs70) compares well to “true” T1-weighted images116.
This study aimed to determine the prognostic value for 10-year disability, of whole-brain atrophy 
(WBA), central brain atrophy (CBA) and T2 lesion volumes (T2LV), in a large MS patient group, taking 
into account disease type, disease modifying treatment (DMT) and initial clinical status.
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Materials and Methods
This study was longitudinal, retrospective, with short-term serial MRI data and long-term clinical 
follow-up. We aimed for clinical follow-up at 10 years after the first MRI scan, and included cases with 
at least eight years clinical follow-up. Ethics committee approval was obtained for this study and the 
original studies in which patients participated. 
Inclusion criteria were: two MRI scans performed using the same protocol with a 1-2 years interval, 
baseline scan before 01-01-2000, and MS diagnosis at 10-years follow-up according to McDonald 
criteria117. Exclusion criteria were: insufficient MRI image quality for reliable measurements and age 
under 18.

Clinical data
The following clinical data were collected: gender; EDSS (Expanded Disability Status Scale) scores at 
baseline and at 10-years follow-up; disease onset date; disease type. We included patients who died after 
the second MRI if the cause of death was related to MS; these patients were assigned EDSS=10.
For most patients, the 10-years follow-up EDSS was assessed during routine clinical review. For 70 
Amsterdam patients who had undergone MRI scans, but had not been clinically assessed close to the 
10-years time-point, an experienced investigator (HEH) performed a telephone EDSS interview118.
From EDSS scores at 10 years, MSSS scores were calculated119. 
Disease modifying treatment was administered according to clinical criteria, and was analyzed as a 
dichotomous variable indicating whether the patient had ever received DMT.  

MRI data acquisition
68 (24%) of the patients were scanned on 1T scanners, the rest on 1.5T MRI scanners, in-plane pixel 
size was approximately 1x1 mm2, and slice thickness varied between 3 (203 patients – 74%) and 5 mm 
(for 74 patients – 26.5%); some protocols with a 5 mm slice thickness (27 patients - 10%) included a 0.5 
mm gap between slices. 

Brain atrophy measurements
All MRI analyses were performed centrally. We used SIENAX and SIENA13 for cross-sectional and 
longitudinal atrophy measurements respectively. Both are part of the FMRIB software library (FSL) 
(http://www.fmrib.ox.ac.uk/fsl) and are described in detail elsewhere31. Briefly, SIENAX registers 
the individual scan to the standard space brain, and then converts the individual brain volume to a 
normalized brain volume (NBV). SIENA performs halfway registration between the images from the 
two time-points and calculates whole-brain atrophy as percentage brain volume change (PBVC) from 
the mean brain edge displacement between the two scans. PBVC was divided by the interval between 
scans to obtain the annualized whole-brain atrophy rate. 
Using a local adaptation of SIENA, we calculated central atrophy rate as percentage ventricular volume 
change (PVVC), where only brain/non-brain edge points on the ventricular edges were selected and 
their mean edge displacement was calculated26 120. PVVC was divided by the interval between scans to 
obtain the annualized central atrophy rate.
Because dual-echo images were most consistently available, we used pseudoT1 images created by 
subtracting the T2-weighted images from the PD-weighted images for atrophy measurements, after 
lesion filling36 37. 
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Lesion volumes 
T2 lesion volumes were measured by one experienced investigator (VP) on all images using the JIM5 
analysis package, (Xinapse Systems Ltd., Northants, UK, www.xinapse.com). Baseline and follow-up 
lesion volumes were measured by the same rater in separate sessions with up to 6 months in between for 
individual patients. Patients were presented to the rater in a pseudorandom order. Lesion volumes were 
normalized for head-size using the “vscaling” measure obtained from SIENAX. The difference in lesion 
volumes was divided by the interval between scans to obtain annualized lesion volume change.

Grouping of patients for analysis
The total group was split into PPMS and relapse-onset patients. The relapse-onset group was subdivided 
by baseline disease type into clinically isolated syndrome (CIS), RRMS, and SPMS patients, regardless 
of baseline disability. The total relapse-onset group was also subdivided into two subgroups according to 
their baseline disability as (1) minimally impaired relapse-onset MS (EDSS=0-3.5), and (2) moderately 
impaired relapse-onset MS (EDSS=4-6). The different patient groups studied are indicated in Figure 1. 

Figure1. Splitting of the groups

Statistical analysis
Statistical analyses were 
performed using SPSS15. 
Linear regression was used 
to model 10-years EDSS 
and MSSS scores in each 
group listed above. A “base 
model” was built with fixed 
factors: imaging protocol 
(8 levels), use of DMT (yes/
no), disease type (CIS/
RRMS/SPMS/PPMS), and 
baseline EDSS score, if these 

were statistically significant. Statistical significance was considered at p<0.05 level. Each possible MRI 
predictor listed in Table 2 was then added to the “base model” in a separate model. If several MRI 
predictors were significant in these models, then regression analysis with backward selection procedure 
was used to build a combined model, starting from the full set of predictors. The models were compared 
based on the squared multiple correlation coefficient (R2), the R2 change and the general linear test 
performed using SPSS. Standardized residuals were checked for normality.
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Results
We identified 359 candidate patients from eight MAGNIMS consortium centers (www.magnims.eu). 
Ninety-eight patients were excluded: 65 because of insufficient image quality or artifacts, 15 patients 
were lost-to-follow-up, 12 patients died from causes other than MS, three did not comply with the 
minimum follow-up duration, two patients were aged under 18 at baseline, and one was still CIS at 
10-years follow-up. Characteristics of the remaining 261 patients included in the study, and of all 
subgroups are listed in Tables 1 and 2. 

Whole 
group

Relapse-
onset MS

Minimally 
impaired 
Relapse-onset 
MS 
EDSS 
baseline=0-3.5

Moderately 
impaired 
Relapse-onset MS 
EDSS 
baseline=4-6

CIS RRMS SPMS PPMS

EŽ�ŽĨ�ƉĂƟĞŶƚƐ 261 184 111 55 18 97 69 77
Women 148 (57%) 111 (60%) 69 (59%) 33 (60%) 13 (72%) 62 (64%) 36 (52%) 37 (48%)
Center 
Ams
Bar
Bas
Gra
Lon
Mil
KǆĨ
Sie

42%
29%
4%
1%
2%
14%
2%
6%

45%
16%
6%
1%
-
21%
3%
8%

43%
4%
11%
1%
-
27%
3%
11%

38%
36%
-
2%
-
14%
4%
6%

17%
-
-
-
-
83%
-
-

46%
2%
12%
2%
-
21%
3%
14%

51%
41%
-
-
-
4%
3%
1%

35%
58%
-
-
7%
-
-
-

Baseline age (y)* 43 (35-52) 38 (31-46) 35 (28-40) 46 (37-53) 29 (24-34) 35 (29-40) 46  (40-52) 52 (47-58)
Disease type at 
baseline

CIS
RRMS
SPMS
PPMS

7%
37%
26%
30%

10%
53%
37%
-

13.5%
73%
13.5%
-

-
24%
76%
-

- - _  _

DD at baseline* 8 (4-12) 6 (3-11) 4 (1-8) 11 (7-18) 0 (0-0) 5 (2-8) 11 (8-17) 10 (6-13)
EDSS baseline* 4 (2-6) 2.5 (1.5-4.5) 1.5 (1-2.5) 5.5 (4.5-6) 0 (0-1) 2 (1-3) 5.5 (4-6) 5.5 (3.5-6.5)
EDSS at 10Y* 6 (4-7.5) 5 (2.5-6.5) 3.5 (1.5-5.5) 6.5 (6-7.5) 1.5 (1-3) 3.5 (2-5.5) 7 (6-7.5) 7 (6-8)
MSSS baseline* 5.4 (3.3-

7.6)
4.6 (2.8-6.3) 2.9 (2.1-4.9) 6.1 (5-7.6) 2.8 (2.8-

3.8)
3.3 (2.1-5.4) 5.8 (4.9-7.2) 7.5 (5.4-8.5)

MSSS at 10Y* 5.8 (3.3-
8.1)

4.6 (2.3-7.3) 3 (1.5-5.2) 6.3 (4.8-8.2) 1.5 (1.1-
3.5)

3 (1.7-5.1) 7.4 (5.5-8.2) 7.5 (5.7-9)

Table 1: Demographic and clinical characteristics of the patients. The columns represent the results for the: 
whole group, relapse-onset MS, minimally impaired group (relapse-onset patients with baseline EDSS=0-3.5), 
moderately impaired group (relapse-onset patients with baseline EDSS=4-6), CIS, RRMS, SPMS, and PPMS 
patients at baseline. The CIS, RRMS, SPMS and PPMS groups include all patients regardless of their baseline EDSS 
value. EDSS=Expanded Disability Status Scale MSSS=Multiple Sclerosis Severity Scale DD=disease duration. 
DMT=disease modifying treatment. * Data reported as (median (IQR))

Whole group Relapse-onset 
MS

Minimally 
impaired 
Relapse-onset 
MS 
EDSS 
baseline=0-3.5

Moderately 
impaired 
Relapse-onset 
MS 
EDSS 
baseline=4-6

CIS RRMS SPMS PPMS

No of 
ƉĂƟĞŶƚƐ

261 184 111 55 18 97 69 77

NBV baseline 
liters*

1.37 (1.3-
1.43)

1.37 (1.3-1.43) 1.38 (1.35-
1.45)

1.31 (1.27-
1.41)

1.43 (1.39-
1.46)

1.38 (1.33-
1.43)

1.33 (1.29-
1.41)

1.36 (1.3-1.42)

WBA rate* -0.69 (-1.17- 
-0.19)

-0.69 (-1.17- 
-0.19)

-0.61 (-1.15-
-0.11)

-0.74 (-1.22 –
-0.25)

-0.31 
(-0.49-0.15)

-0.69 (-1.2-
-0.19)

-0.81 (-1.2-
-0.23)

-0.64 (-1.2-
-0.19)

CBA rate* 2.58 (0.42-
5.1)

2.59 (0.39-
4.78)

2.6 (0.38-4.41) 2.05 (0.13 – 
5.14)

0.76 (-0.84-
3.02)

2.87 (0.81-
5.24)

1.92 (0.12-
4.86)

2.47 (0.58-5.69)

T2LV baseline 
(mL)*

5.91 (2.07-
13.82)

5.89 (1.96-
13.68)

3.56 (1.45-
7.77)

10.44 (4.54 – 
19.66)

2.28 (1.43-
3.92)

3.75 (1.44-
7.39)

12.55 (5.68-
23.75)

6.25 (2.42-15.7)

1 year T2LV 
(mL)*

9.03 (4.29-
19.59)

9.23 (4.36-
19.71)

6.51 (3.9 – 
13.12)

14.72 (7.72 
-26.28)

4.56 (3.92-
8.36)

6.73 (3.63-
13.6)

14.88 (9.3-
27.11)

8.62 (3.83-18.78)

T2LV 
ĚŝīĞƌĞŶĐĞͬǇ

1.94 (0.59-
3.99)

1.92 (0.62-
3.96)

1.76 (0.6-3.6) 2.51 (0.85-
5.61)

2.36 (1.72-
3.52)

1.88 (0.63-
3.97)

1.91 (0.2-
3.98)

1.98 (0.54-4.34)

Table 2: MRI characteristics of the patients. The columns represent the results for the: whole group, relapse-onset 
MS, minimally impaired group (relapse-onset patients with baseline EDSS=0-3.5), moderately impaired group 
(relapse-onset patients with baseline EDSS=4-6), CIS, RRMS, SPMS, and PPMS patients at baseline. The CIS, 
RRMS, SPMS and PPMS groups include all patients regardless of their baseline EDSS value. NBV=normalized 
brain volume. WBA rate=whole-brain atrophy rate (percentage brain volume change/year). CBA rate=central brain 
atrophy rate (percentage ventricular volume change/year). T2LV=T2 lesion volumes. * Data reported as (median 
(IQR))
Over the follow-up period (median 10 years, inter-quartile range IQR 9.5-11), the median EDSS score 
change was 1.5 (IQR 0.5-3) points. Eight patients who died due to a cause related to MS within 10 years 
had significantly higher baseline EDSS and MSSS scores compared to the other 253 patients (Mann-
Whitney U test, p-values <0.001 for both EDSS and MSSS scores); other baseline values did not differ. 
Use of DMT could be reliably established retrospectively for 173 patients (124 had DMT). In these 
patients, DMT was administered with variable durations (median 3 years, IQR 0-8) and using different 
types of treatment. 
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Predictors of EDSS and MSSS at 10 years 
(i) Base models
Imaging protocol, use of DMT and baseline EDSS predicted 10-years EDSS in the whole patients group, the 
relapse-onset group, the minimally impaired relapse-onset group and RRMS, therefore these predictors were 
retained into the final base model. In the moderately impaired relapse-onset group, the base model included 
only disease type. The PPMS group base model included only baseline EDSS (Table 3).
Imaging protocol, baseline disease type and baseline EDSS predicted 10-years MSSS in the whole group, 
relapse-onset group, and minimally impaired group, therefore these predictors were retained into the final 
base model. The RRMS group base model consisted of imaging protocol, and baseline EDSS. The SPMS and 
PPMS group base model included only EDSS baseline (Table 4). 
No significant predictors were found to be significant for predicting EDSS and MSSS in the base models for 
CIS and for predicting MSSS in moderately impaired relapse-onset patients. 
(ii) Combined models
In the whole group (N=261), whole-brain atrophy, central atrophy and 1-year lesion volumes significantly 
predicted 10-year EDSS (Table 3), and whole-brain atrophy, central atrophy and lesion volume change 
significantly predicted 10-year MSSS (Table 4).
In the final combined model, central atrophy and lesion volume change significantly predicted EDSS; 
the model explained 74.3% of the variance in the clinical outcome (Table 5). Whole-brain atrophy was 
the only MRI predictor of 10-year MSSS and the combined model explained 64.1% of the variance in 
MSSS (Table 5). 
In the relapse-onset group (N=184), central atrophy and lesion volumes at baseline and at 1-year 
significantly predicted 10-year EDSS (Table 3), and central atrophy and lesion volume change significantly 
predicted 10-year MSSS (Table 4).
In the final combined model central atrophy and lesion volume change significantly predicted EDSS; the 
model explained 72.4% of the variance in the clinical outcome (Table 5). In the final combined model 
central atrophy and lesion volume change significantly predicted MSSS; the model explained 66% of the 
variance in the clinical outcome (Table 5). 

Whole group N=261 Relapse-onset MS N=184 Minimally impaired Relapse-onset MS EDSS 
baseline=0-3.5 N=111

EDSS 
R2 of the 
model=0.74** 
(adjusted R2=0.71)

MSSS 
R2 of the 
model=0.64** 
(adjusted R2=0.61)

EDSS 
R2 of the 
model=0.72** 
(adjusted R2=0.69)

MSSS 
R2 of the 
model=0.66** 
(adjusted R2=0.62)

EDSS 
R2 of the 
model=0.68** 
(adjusted R2=0.63)

MSSS 
R2 of the 
model=0.63** 
(adjusted R2=0.56)

b (95% 
CI)

R2 
change

b (95% 
CI)

R2 
change

b (95% 
CI)

R2 
change

b (95% 
CI)

R2 
change

b (95% 
CI)

R2 
change

b (95% 
CI)

R2 change

Imaging 
protocol

0.71** 0.62** 0.70** 0.64** 0.66** 0.59**

Use of 
DMT

-0.79 
(-1.45- 
-0.13)

-0.86 
(-1.6- 
-0.12)

-1.32 
(-2.28- 
-0.4)

Disease 
type
Baseline 
EDSS

0.8 
(0.66-
0.94)

0.76 
(0.59-
0.92)

0.86 
(0.7-
1.02)

0.84 
(0.63-
1.06)

0.9 
(0.56-
1.24)

0.89 
(0.4-
1.37)

WBA rate -0.39 
(-0.62- 
-0.16)

0.02*

CBA rate 0.07 
(0.03-
0.11)

0.03* 0.06 
(0.01-
0.1)

0.02* 0.07 
(0.01-
0.12)

0.02* 0.07 
(0.02-
0.13)

0.02* 0.1 
(0.03-
0.16)

0.04*

T2LV 
ĐŚĂŶŐĞͬ
year

0.04 
(0.005-
0.06)

0.03 (0-
0.06)

0.05 
(0.01-
0.08)

Table 5.  Linear regression analysis within the groups where several radiological predictors were statistically 
significant. The columns represent the results for the: whole group, relapse-onset and minimally impaired patients, 
Values are reported as R2 of the model (adjusted R2 within brackets), regression coefficients (95% CI within brackets) 
and R2 change. The models were compared based on the squared multiple correlation coefficient (R2) and the R2 

change and with the general linear test performed using SPSS. The normal Q-Q plots of the residuals for all models 
in the table are depicted in the web-only figure. R2=squared multiple correlation coefficient. b=(unstandardized) 
regression coefficient. WBA rate=whole-brain atrophy rate (percentage brain volume change/year). CBA 
rate=central brain atrophy rate (percentage ventricular volume change/year). T2LV=T2 lesion volumes. *significant 
at p<0.05 **significant at p<0.001.
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In the minimally impaired relapse-onset group (N=111), central atrophy was the only MRI predictor 
of 10-year EDSS (Table 3) significantly predicted 10-year MSSS (Table 4). 
In the final combined model central atrophy and lesion volume at 1-year significantly predicted EDSS; 
the model explained 68.2% of the variance in the clinical outcome (Table 5). Central atrophy was the 
only MRI predictor of 10-year MSSS and the combined model explained 63.1% of the variance in MSSS 
(Table 5).
In the moderately impaired relapse-onset group (N=55), lesion volumes at baseline and at 1-year 
predicted 10-year EDSS (Table 3), and MSSS (Table 4); these two lesion volumes measures were not 
entered into multiple regression together. For predicting EDSS both models explained 21.4% of the 
variance in the clinical outcome (Table 3). For predicting MSSS, baseline T2LV explained most of the 
variance in the clinical outcome (10%) (Table 4).
In the small CIS group (N=18), baseline brain volume was the only MRI predictor of 10-year EDSS  
explaining 24.2% of the variance in the clinical outcome (Table 3), and central atrophy displayed a 
trend at p=0.052 for predicting 10-year MSSS and explained 30% of the variance in the clinical outcome 
(Table 4). 
In the RRMS group (N=97), lesion volumes at 1-year were the only MRI predictor of 10-year EDSS; 
the model explained 56.2% of the variance in the clinical outcome (Table 3) and both lesion volumes at 
1-year and lesion volume change were predictors of 10-year MSSS (Table 4); these two lesion volumes 
measures were not entered into multiple regression together. For predicting MSSS, the model including 
lesion volumes at 1-year explained most of the variance in the clinical outcome (51.5%) (Table 4). 
In the SPMS group (N=69), no MRI variables were significant in linear regression. The only variable 
that was significant was baseline EDSS (R2=20.5% for EDSS and 14.1% for MSSS) (Tables 3, 4).
In the PPMS group (N=77), whole-brain atrophy was the only MRI predictor of 10-year EDSS and 
10-years MSSS. For predicting EDSS the model explained 34% of the variance in the clinical outcome 
(Table 3) and for predicting MSSS 21.8% of the variance (Table 4).
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Discussion
This study investigated long-term clinical associations with retrospective MR disease measures in a large 
multicenter MS patients group with all major disease subtypes and clinical follow-up at 10 years. Despite 
the characteristic variability among MS patients, and that the most prominent predictive value could 
be attributed to clinical variables (baseline EDSS, disease type, treatment, imaging protocol) we still 
noted associations between MR measures (both cross-sectional and longitudinal) and clinical status 10 
years later. Differences were found between subgroups, with brain atrophy rates predictive of subsequent 
disability in the relapse-onset, minimally disabled relapse-onset and PPMS patients, while lesion 
volumes were predictive in the entire relapse-onset group, in RRMS and in moderately disabled relapse-
onset patients. Considering the entire, clinically heterogeneous group of 261 patients, whole-brain and 
central atrophy, lesion volumes and lesion volume change were predictive of subsequent disability and 
disease severity, and the best model predicting clinical status at 10 years included as MR measures both 
central atrophy and lesion volume change, suggesting that both relate to long-term clinical outcome. 
We also performed separate analyses for the different subgroups although some caution is warranted 
in interpreting these results, given the smaller sample sizes. These subgroup analyses revealed first a 
predictive value of central atrophy in minimally impaired relapse-onset patients and the entire relapse-
onset group, but not in any other group. Central atrophy was previously found to differ between MS 
disease subtypes121 122. In early RRMS, central atrophy was related to subsequent clinical progression 
over 5.5 years26. The present study suggests that early central atrophy is predictive of subsequent clinical 
progression in relapse-onset MS patients with a larger and more diverse sample, a longer clinical follow-
up (10 years), and using final EDSS scores directly as outcome measure.
In the present study, central atrophy was a better predictor than whole-brain atrophy. This may possibly 
be due to a higher sensitivity of the central atrophy measurement compared to the whole-brain atrophy 
measurement as has been suggested61. Alternatively, periventricular atrophy may truly be more closely 
related to long-term clinical decline than is peripheral brain atrophy, in relapse-onset disease, as 
periventricular pathological processes seem to start earlier in the disease course123. Interestingly, in 
progressive onset disease, only whole-brain atrophy was predictive of 10-years disability. A previous 
study on PPMS long-term prognosis found whole-brain atrophy over two years a significant predictor 
of EDSS change over 10 years115. In the same cohort, lesion volume change had predictive value for 
medium-term clinical deterioration, but lost significance for long-term prediction124. Our study confirms 
their findings on lesion volumes and whole-brain atrophy, but adds to them by predicting directly the 
EDSS and MSSS scores and by showing that whole-brain atrophy is more important than central atrophy 
for long-term clinical outcome in PPMS. This suggests a possible different anatomical distribution of 
clinically relevant brain atrophy in PPMS compared to relapse-onset disease. Cortical atrophy in PPMS 
was found to be important and strongly correlated with whole-brain volume, suggesting that in PPMS 
neocortical neurodegeneration may be more relevant to the clinical development than other disease 
processes125. 
In addition to atrophy measures, lesion volumes measures were also predictive of 10-years disability. 
Specifically, lesion volume change was predictive of EDSS in the whole group, minimally impaired 
relapse-onset, and RRMS; and of MSSS in the whole group, relapse-onset and RRMS patients and as part 
of the multiple regression models (together with central atrophy) in the whole group and relapse-onset 
group. The measured lesion volume change over the 1-2 years period was relatively large compared to the 
baseline volumes. Extensive visual inspection showed that this cannot be attributed to lesion volumetry 
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errors, thus suggesting that patients in this sample were having a relatively active disease course. Cross-
sectional lesion volumes were also predictive: 1-year lesion volume was a predictor of EDSS in the whole 
group, the RRMS group, and of MSSS in the moderately impaired group. In the moderately impaired 
group, only baseline and 1-year lesion volumes were predictive, and lesion volume change was not 
significant as individual predictor, possibly due to the lower statistical power of prediction in this group 
(only 55 patients). 
Earlier studies found that brain atrophy was related to clinical evolution in RRMS111 126, but this was not 
confirmed by our study. In RRMS only 1-year lesion volume predicted the EDSS, while 1-year lesion 
volume and lesion volume change predicted the MSSS. In a recent RRMS study, neither brain atrophy 
nor lesion volumes or black-hole ratio predicted MSSS 11 years later114.
In SPMS, we observed no significant MRI predictors, while a predictive role for brain atrophy has been 
reported121 127. Our SPMS group was relatively small (N=69) and had median baseline EDSS score of 
5.5, leaving a limited range for possible further EDDS increase, which hampers prediction. In addition, 
for the relation of lesion volumes to subsequent worsening, a plateau-effect has been reported for EDSS 
scores over 4.5128. Interestingly, the SPMS patients included a larger proportion of men (52%), and at a 
slightly longer disease duration than the PPMS group in our sample, had comparable baseline EDSS. It 
cannot be excluded that to some extent these patients had a relatively severe disease course. 
In the small CIS group (N=18), the cross-sectional baseline brain volume, rather than a measure of atrophy 
rate, predicted 10-years EDSS. Similarly, a previous study on early patients found that brain volume was 
correlated with the 2-years EDSS more strongly than whole-brain atrophy or lesion volumes27; central 
atrophy was not investigated in that study. Central atrophy showed a trend (p=0.052) for predicting 
MSSS, in line with the observed clinical value of central atrophy in early RRMS26. In a seminal study 
that started with CIS patients, baseline lesion volumes and lesion volume change correlated with EDSS 
scores in a CIS cohort at 14 years follow-up129 and after 20 years130; atrophy measures were not included 
in either of these studies. Taken together, these results suggest that even at the earliest phase of relapse-
onset disease, both atrophy and lesion measures may be predictive of clinical development. Larger 
studies should investigate their potential value in prognostic models for CIS patients.
Models predicting EDSS and MSSS scores contained slightly different sets of predictors, which is not 
unexpected since EDSS is a measure of disability, while MSSS is a measure of how one patient’s evolution 
compares to other patients with similar EDSS scores and disease durations119. Nevertheless, the sets of 
MRI predictors included in the best models were almost identical in each case (Tables 3, 4). The only 
notable exception was the whole group analysis, in which 10-years EDSS score was predicted by central 
atrophy and lesion volume change, while 10-years MSSS score was predicted by whole-brain atrophy 
(Table 5). Differences between models for EDSS and MSSS mainly concerned the use of DMT which 
was predictive for EDSS, but not for MSSS. A previous study on 195 patients followed-up for two years 
showed that the effect of treatment on MSSS was limited131. The group of patients used as reference in 
the MSSS algorithm contained 30% patients who did have disease modifying treatment119; therefore the 
modulating effect of the treatment on disease course is to some extent taken into account in the MSSS 
calculation, while this is not the case for EDSS scores.
Limitations
One limitation of this study concerns the use of pseudoT1 images instead of pre-contrast T1-weighted 
for atrophy measurements, to maximize patient numbers. Standard 2D T1-weighted images would have 
been optimal, but these were not available for a large proportion of patients with the long clinical follow-
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up duration requested by our current study protocol. Our earlier comparison of different image types116 
showed that pseudoT1 images produced SIENA(X) results closest to those from “true” T1-weighted 
images. 
In the present study, whole-brain measures of lesions and atrophy demonstrated predictive value. One 
may expect improved prediction from anatomically detailed atrophy measurements such as cortical 
thickness or deep grey matter volume measurements132-135, and future studies should therefore exploit 
high-resolution images that are currently being obtained once enough time has passed to allow long-
term clinical follow-up of those patients. Future prospective studies should preferably be able to include 
large samples of patients with consistent imaging for state of the art quantitative analyses. Ideally such an 
analysis would be performed by splitting the group into a prediction and a validation set. However, the 
group of patients we were able to accumulate for this study, although large for this type of long follow-up 
research, was limited from a statistical viewpoint and therefore, the sample sizes would have become too 
small. The adjusted R2 values are provided as a gauge of the generalizability of the models, as well as the 
similarity of our findings with the published literature. 
The multicenter nature of this study introduced some unavoidable limitations. Most notably, MR 
scanners and image acquisition protocols differed between patient groups. It cannot be excluded that the 
measured atrophy rates might have varied slightly between image types. Similarly, lesion volumes may 
differ between the different types of dual echo images. These potential imaging-related differences were 
to some extent accounted for by including a combined “imaging protocol” categorical variable in the 
statistical models (if significant). Still the multicenter nature of the study allowed the collection of a large 
dataset including all MS disease types and varied disease durations that would have been unavailable 
in most single centers. Due to the retrospective nature of the study, some information could not be 
collected. A major limitation is the fact that more information on the administration and duration of 
the disease modifying treatments was unavailable, so this parameter had to be coded as a dichotomous 
variable instead of more comprehensively. Also, we had to restrict ourselves to EDSS scores for disability 
information. Although EDSS may be a suboptimal outcome measure6, it is the accepted MS disability 
standard, is easy to record, and can be acquired by phone when patients are unable or unwilling to come 
for a visit118. Cognitive evaluation might have also provided valuable insights, but it was unavailable to 
us. We could also not assess relapse rates or detailed information about the treatment (which had been 
administered on clinical reasons), as these were unavailable to us for most patients; future (prospective) 
studies should include the putative prognostic value of relapses in their designs136, as well as detailed 
information on the type of treatment and the time on treatment. Another limitation is the absence of 
information on atrophy and lesions in the spinal cord. Since three out of the seven functions evaluated 
by the EDSS have their pathways running through the spinal cord, spinal cord damage as reflected by 
MS lesions and spinal cord atrophy might have a large impact on disability as expressed by the EDSS126 
although not all studies agree137. Unfortunately, due to the retrospective nature of our study, spinal cord 
imaging was not available for our dataset. Future prospective studies should include spinal cord imaging 
and measurements of spinal cord lesions and atrophy if possible.
In conclusion, this large multicenter study suggests that early brain atrophy rates are related to subsequent 
long-term disability in MS, and that atrophy and lesion volumes have a complementary predictive value. 
Our findings may help develop predictors of future disability in MS, which could be used in clinical 
trials and eventually also for predicting the evolution of individual patients30.
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Abstract
Background: Studies disagree on the location of grey matter (GM) atrophy in the multiple sclerosis 
(MS) brain.
Aim: To examine the consistency between three software packages for GM atrophy measurement (FSL, 
FreeSurfer, SPM) for volumes, patient/control discrimination, and correlations with cognition. 
Materials and Methods: 127 MS patients and 50 controls were included and cortical and deep grey 
matter (DGM) volumetrics were performed. Consistency of volumes was assessed with Intraclass 
Correlation Coefficient/ICC. Consistency of patients/controls discrimination was assessed with Cohen’s 
d, t-tests, MANOVA and a penalized double-loop logistic classifier. Consistency of association with 
cognition was assessed with Pearson correlation coefficient and ANOVA. Voxel-based morphometry 
(SPM-VBM and FSL-VBM) and vertex-wise FreeSurfer were used for group-level comparisons. 
Results: The highest volumetry ICC were between SPM and FreeSurfer for lobar GM regions, and the 
lowest between SPM and FreeSurfer for DGM regions. The caudate nucleus and temporal lobes had 
high consistency between all software, while amygdala had lowest volumetric consistency. Consistency 
of patients/controls discrimination was largest in the DGM for all software, especially for the thalamus 
and pallidum. The penalized double-loop logistic classifier most often selected the thalamus, pallidum 
and amygdala for all software. DGM volumes had stronger correlations with cognition than cortical 
volumes. Bilateral putamen and left insula volumes correlated with cognition using all methods. 
Conclusion: GM volumes from FreeSurfer, FSL and SPM are different, especially for cortical regions. 
While group-level separation between MS and controls is comparable, correlations between regional 
GM volumes and clinical/cognitive variables in MS should be cautiously interpreted.



96

Introduction
Brain atrophy in multiple sclerosis (MS), can be quantified and monitored over time with reliable and 
reproducible techniques163. Especially grey matter (GM) atrophy seems to be correlated to clinical and 
neuropsychological measures164, and it also becomes more prominent in advanced disease stages28, 138,. 
GM atrophy seems to be unevenly distributed across the brain in MS, with possible preference for 
insular cortex and thalamus, but studies disagree regarding not only the anatomical distribution of GM 
atrophy23,42,53,55 but also regarding the clinical correlations of GM atrophy29,45,56-58. Drawing a conclusion 
from the body of published studies is difficult due to the heterogeneity of both patient groups, and the 
software packages used for segmentation. Our study investigated the agreement between three software 
used frequently in MS GM atrophy literature. A study comparing methods directly in MS is so far 
lacking. 
The goal of this study was to examine the consistency of GM atrophy measurements in MS using 
three software packages (FSL, FreeSurfer and SPM) used frequently in MS GM atrophy literature in a 
large cohort of MS patients with similar disease duration. We analyzed for each structure separately: 
the consistency between methods for regional GM volumes, consistency of the patients/controls 
discrimination, and associations with neuropsychological measures.
 
Materials and Methods:
Descriptives and clinical measures. As part of their 6-years follow-up for an ongoing inception cohort 
study (PRESTO) in which MS patients were included six years prior, just before or at diagnosis, subjects 
underwent an MRI scan between October 2010 and December 2012139. Age-, gender- and education-
matched healthy controls from the Amsterdam area were also recruited from existing databases. The 
study was approved by the institutional ethics review board, and all subjects gave written informed 
consent prior to participation. Physical disability was measured using the Expanded Disability Status 
Scale (EDSS) and was relatively mild (median EDSS 2.0, range 0.0–6.0). Patients were relapse-free and 
without steroid treatment for at least 2 months.
Subjects underwent a comprehensive neuropsychological assessment of seven cognitive domains 
(executive functioning, verbal memory, information processing speed, visuospatial memory, working 
memory, attention, and psychomotor speed)139 and an “average cognition” Z score was calculated by 
averaging Z scores of all separate domains, as previously described139. This average cognition Z-score 
will be referred as “cognition”. 

Magnetic resonance imaging. Subjects received structural 3T-MR scans (GE Signa HDXT, 
V15M), using a sagittal 3D-T1 FSPGR sequence (TR=7.82ms, TE=3ms, TI=450ms, FA=12, voxel 
size=0.98x0.98x1mm3), sagittal 3D-FLAIR (TR=8000ms, TE=128ms, TI=2348ms, FA=90, voxel 
size=0.98x0.98x1.2mm3) and axial 2D dual-echo PD-T2 (TR=9680ms, TE=22/112ms, FA=90, voxel 
size=0.6x0.6x3mm). All scans were visually inspected for quality.

Image preprocessing. The analyses were performed using the cluster computer of the Neuroscience 
Campus Amsterdam running under Linux CentOS (http://www.neurosciencecampus-amsterdam.nl/
en/news-agenda/news-archive/2013/NCAGRID-cluster-computer.asp). Brain volumes were analyzed 
on the 3D-T1 sequence, after removal of excessive neck slices and lesion-filling. 
The lesions were first automatically segmented on the 3D-FLAIR images using an in-house developed 
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kNN-TTP technique140, the resulting lesion masks being registered to the 3DT1 images. These lesion 
masks were used for lesion-filling with LEAP38, in order to diminish the effect of the white matter (WM) 
lesions on the segmentation of the GM. To avoid filling the DGM with WM intensities, the DGM lesions 
were removed from the masks before lesion-filling. The workflow is depicted in Figure 1.

Figure 1. Workflow

The T2-hyperintense lesions were marked on the 
dual-echo images by an experienced rater, and lesion 
volumes were measured using a local thresholding 
technique using Alice software (Hayden Image 
Processing Group/Parexel International Corp, 
Waltham, MA).

Image processing: GM volumetrics. The following 
regional GM segmentation algorithms were used 
(details of the implementation are given in the sections 
below) for lobar GM volumes and DGM volumes. 
FSL: SIENAX31 registers the individual scan to the 
standard space brain (derived from the MNI-152 

standard image), using the skull as a scaling constraint, and uses FAST for automated tissue-type 
segmentation. The Harvard-Oxford atlas delivered with FSL was non-linearly registered (using FNIRT) 
and used on the GM partial volume estimates for calculating the lobar cortical GM volumes. Volumetry 
of DGM structures was performed using FIRST35, which models the outer surface of each DGM 
structure as a mesh, and finally, it assigns each voxel in the image the appropriate label to indicate of 
which structure it is a part, taking into account local variations in structure surface shape, as well as the 
presence of neighboring structures.
FreeSurfer33,34 performs cortical (surface-based) analysis for the cortical thicknesses and volumes, and 
volume analysis for the DGM structures in the native space. FreeSurfer also outputs the results within 
the cerebral lobes (left and right): frontal, temporal, insula, cingulate, parietal, occipital. FreeSurfer was 
used both with and without the FLAIR images for pial-surface refinement (https://surfer.nmr.mgh.
harvard.edu/fswiki/ReleaseNotes).  
SPM8 (Statistical Parametric Mapping Functional Imaging Laboratory, University College London, 
London, UK) accessed through the VBM8 toolbox (http://dbm.neuro.uni-jena.de/vbm/), automatically 
identifies and quantifies per voxel GM, WM, and CSF in all scans. The AAL atlas delivered with SPM 
was registered with FSL-FLIRT and FSL-FNIRT to the native scans and then used for calculating the 
lobar GM volumes. This atlas does not map the nucleus accumbens. 
Inspection of segmentation quality: All outputs were inspected for quality, and excluded if gross errors 
were visible.  
Influence of atlas: IIn order to separate the influence of the segmentation algorithm from that of the 
atlases used in this study for each algorithm, the volumes of the cortical lobes were also calculated from 
the FSL and SPM segmentation by overlaying for each subject the FreeSurfer brain lobes parcellation on 
the GM partial volume estimates. Here, to avoid exclusion of GM voxels due to partial volume effects 
in the FAST and SPM segmentations, the lobar parcellation for each subject was dilated using a 3x3x3 
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kernel four times, using modal dilation to avoid intersections between structures. As an extra analysis, 
the AAL atlas registered to the SPM segmentation was also dilated using a 3x3x3 kernel four times, 
using modal dilation to avoid intersections between structures. 

Image processing: Voxelwise and vertexwise statistical analyses: Voxel-based morphometry (SMP-
VBM8 toolbox and FSL-VBM) and vertex-wise FreeSurfer were used to map the local GM differences 
between patients and controls, and compare the results between these three methods. In FSL-VBM14, the 
GM images are registered to the MNI 152 standard space and averaged to create a left-right symmetric, 
study-specific grey matter template. In SPM-VBM8 toolbox, a DARTEL template of the GM142 of all 
scans was created by nonlinearly aligning the GM images to a common space of 1.5x1.5x1.5mm3. For 
both methods an 8mm Gaussian kernel was used for smoothing. Voxelwise GLM was applied using 
permutation-based parametric (for SPM) and non-parametric (for FSL) testing, correcting for multiple 
comparisons across space. Vertex-wise FreeSurfer analysis was used to create a study-specific template 
from the cortical parcellations of the subjects, and vertex-wise comparisons were performed using 
10mm FWHM for smoothing. 
As gender was previously shown to greatly influence atrophy in this cohort of MS patients139, the voxel-
wise and vertex-wise statistical comparisons between patients and controls aimed at localizing GM 
differences were run both with and without gender and age as covariates. 

Statistical analysis
The consistency of GM volumes was assessed in SPSS20 with the Intraclass Correlation Coefficient 
(ICC) (consistency) for each measured lobar GM and DGM volume. 
For each anatomical structure separately, the consistency of patient/control discrimination was assessed 
in SPSS20 with Cohen’s d, t-tests, and MANOVA with age and gender included. To investigate the 
consistency with which structures contributed to patient-control separation in a combined model, a 
penalized double-loop logistic classifier143,144 was used in R for each segmentation software separately. 
The double-loop classifier used L1 penalization based logistic regression for classifying the binomial 
response. The model parameters were estimated using the inner loop cross-validation and the prediction 
accuracy for the estimated model parameters was estimated using the outer cross-validation loop. This 
division of the classifier into two cross-validation loops was done to avoid over-fitting and to reduce the 
number of false positives. 
The consistency of the association with cognition was assessed in SPSS20 with Pearson correlation 
coefficient between normalized lobar GM and DGM structure volumes and cognition. Additionally, 
multiple regression was also performed with age and gender included, using cognition as outcome 
measure. 
Significance was considered at p<.05, after appropriate correction for multiple comparison. 
Statistical analyses for FSL-VBM were performed in FSL using Randomise, for SPM-VBM in SPM, 
and FreeSurfer vertex-wise statistics were performed in FreeSurfer with, and without age and gender as 
covariates. 
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Results
A total of 127 RRMS patients (91 women) and 50 healthy controls (30 women) were included. Clinical 
data are detailed in Table 1. In order to use the same images for all analyses, 33 scans of patients (but no 
controls) had to be excluded after visual inspection for segmentation errors. The errors were as follows: 
for 17 patients the cortex was severely underestimated in FreeSurfer (the pial surface ran through the 
cortex), for 15 patients gyri were missed at the segmentation, and for one patient with severe pathology 
and asymmetric ventricles the segmentation failed for both FreeSurfer and FSL-FIRST. After excluding 
these subjects, 94 patients and 50 controls remained in the analyses.
The differences between the excluded patients and the patients still in the study are presented in Table 1. 
The excluded patients group contained more men; the mean age was higher, with lower total grey matter 
volume and higher WM lesion volumes. 
Using t-tests MS patients scored significantly lower than controls on most cognitive domains: executive 
functions (p=.001), information processing speed (p=.002), working memory (p<.001), attention 
(p<.001), psychomotor speed (p=.001) and general cognition (p<.001).

Controls WĂƟĞŶƚƐ�/ŶĐůƵĚĞĚ WĂƟĞŶƚƐ�ǁŝƚŚ�/ŵĂŐĞ�
Errors

ƉͲǀĂůƵĞ�;ƉĂƟĞŶƚƐ�ŝŶ�ƚŚĞ�ƐƚƵĚǇ�
ĂŶĚ�ƉĂƟĞŶƚƐ�ĞǆĐůƵĚĞĚͿ

EŽ�ŽĨ�ƉĂƟĞŶƚƐ 50 94 33
Women 36 72 19 .038
Mean age (y) (standard 
ĚĞǀŝĂƟŽŶͿ

43 (9) 39 (8) 42 (9) .044

DĞĂŶ�ĚŝƐĞĂƐĞ�ĚƵƌĂƟŽŶ�;ǇͿ�
;ƐƚĂŶĚĂƌĚ�ĚĞǀŝĂƟŽŶͿ

- 7 (2) 8 (3) .103

Right-handed 80 25 .056
EDSS* 2 (1) 2.5 (1) .597
NBV* 1.53 (0.06) 1.49 (0.06) 1.47 (0.07) .143
NGMV* 0.83 (0.05) 0.82 (0.04) 0.8 (0.05) .027
Median T2LV (mL) (IQR)* - 3 (3.3) 5.5 (5.9) .031

Table 1. Clinical and radiological characteristics of all patients’ groups in this study. The columns represent the 
results for the: patients and the  healthy controls.  DD=disease duration. DMT=disease modifying treatment. NBV= 
normalized brain volume. NGMV=normalized grey matter volume. T2LV=T2 lesion volume. * Data reported as 
(median (IQR))
A segmentation example for all techniques is presented in Figure 2. 
 

Figure 2. Segmentation obtained through different 
methods with the lobes (upper row) and DGM 
(lower row) overlay, from left to right: FSL (FSL 
GM segmentation and GM segmentation+overlay), 
FreeSurfer (brain and brain+overlay) and SPM (SPM 
GM segmentation and GM segmentation+overlay).

The normalized brain volumes from FSL were lower in patients compared to controls (1.49±0.06L vs. 
1.53±0.07L, p<.001), as well as the normalized grey matter volumes from FSL (0.81±0.05L vs. 0.83±0.05L, 
p=.02). Tables 2 and 3 present the regional GM volumes obtained with each method. 

FSL FreeSurfer FLAIR FreeSurfer no FLAIR SPM
WĂƟĞŶƚƐ Controls WĂƟĞŶƚƐ Controls WĂƟĞŶƚƐ Controls WĂƟĞŶƚƐ Controls

L-Insula 6.5 (0.7)  6.5 (0.7) 6.6 (0.7) 6.5 (0.7) 6.7 (0.8) 6.5 (0.7) 7.5 (0.9) 7.5 (0.9)
R-Insula 6 (1) 6 (0.6) 6.7 (0.9) 6.7 (0.8) 6.7 (0.9) 6.7 (0.8) 7.3 (0.9) 7.3 (0.8)
L-Parietal 39 (6) 39 (4) 56 (6) 55 (6) 57 (6) 56 (6) 44 (5) 43 (5)
R-Parietal 43 (7) 42 (5) 57 (6) 56 (6) 58 (6) 57 (6) 42 (5) 41 (5)
L-Temporal 59 (6) 59 (6) 53 (6) 53 (6) 56 (6) 55 (6) 47 (6) 46 (5)
R-Temporal 60 (7.5) 59 (6) 52 (6) 51 (5) 54 (6) 54 (6) 52 (6) 51 (6)
>ͲKĐĐŝƉŝƚĂů 50 (7) 50 (6) 23 (3) 22 (3) 23 (3) 23 (3) 45 (5) 44 (5)
ZͲKĐĐŝƉŝƚĂů� 55 (8) 55 (6) 23 (3) 22 (3) 23 (3) 23 (3) 40 (4.7) 40 (5)
L-Cingulate 8 (1) 7.8 (0.9) 10 (1.4) 9.7 (1.5) 10 (1.4) 10 (1.5) 12 (1.6) 12 (1.5)
R-Cingulate 11 (1.6) 11 (1.4) 9.5 (1) 9.5 (1.5) 9.7 (1) 9.8 (1.5) 12 (1.6) 12 (1.6)
L-Frontal 86 (12) 85 (10) 86 (9) 83 (9.6) 87 (9) 85 (10) 77 (9) 75 (9.4)
R-Frontal 91 (13) 89 (11) 85 (9) 83 (9.6) 87 (10) 84 (9.8) 78 (9) 76 (9)

Table 2. Lobar GM volumes (mL) with all software (mean(SD)).
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FSL FreeSurfer SPM
WĂƟĞŶƚƐ Controls WĂƟĞŶƚƐ Controls WĂƟĞŶƚƐ Controls

L - Accumbens 0.5 (0.1) 0.6 (0.1) 0.5 (0.1) 0.6 (0.1) - -
R - Accumbens 0.4 (0.1) 0.4 (0.1) 0.6 (0.1) 0.6 (0.1) - -
L - Amygdala 1.3 (0.2) 1.3 (0.2) 1.4 (0.2) 1.5 (0.2) 1 (0.1) 1 (0.1)
R - Amygdala 1.2 (0.2) 1.3 (0.2) 1.5 (0.2) 1.6 (0.2) 1 (0.1) 1 (0.1)
L - Caudate 3.3 (0.5) 3.5 (0.4) 3.4 (0.5) 3.6 (0.4) 3.4 (0.6) 3.7 (0.4)
R - Caudate 3.5 (0.4) 3.7 (0.5) 3.6 (0.5) 3.8 (0.5) 3.6 (0.6) 3.9 (0.5)
L - Hippocampus 3.6 (0.5) 3.8 (0.5) 4 (0.5) 4.2 (0.4) 3.8 (0.4) 3.9 (0.4)
R - Hippocampus 3.8 (0.5) 3.9 (0.4) 4 (0.5) 4.3 (0.5) 3.8 (0.4) 3.9 (0.3)
L - Pallidum 1.6 (0.2) 1.7 (0.1) 1.1 (0.2) 1.3 (0.2) 0.3 (0.06) 0.2 (0.06)
R - Pallidum 1.6 (0.2) 1.8 (0.2) 1.3 (0.2) 1.5 (0.2) 0.2 (0.05) 0.2 (0.06)
L - Putamen 4.7 (0.7) 4.9 (0.6) 5 (0.7) 5.2 (0.8) 3 (0.6) 3.3 (0.5)
R - Putamen 4.7 (0.6) 4.8 (0.5) 4.9 (0.7) 5 (0.6) 2.7 (0.6) 3 (0.5)
L - Thalamus 7.5 (0.8) 8 (0.8) 7.4 (1) 7.6 (0.9) 2.3 (0.5) 2.7 (0.4)
R - Thalamus 7.3 (0.8) 7.7 (0.8) 6.3 (0.8) 6.6 (0.8) 2.5 (0.5) 2.9 (0.5)

Table 3. DGM volumes with all software (mL) (mean(SD)).
As expected, adding FLAIR pial surface refinement did not alter FreeSurfer results for DGM volumes, 
while it did change FreeSurfer cortical regional GM volumes.

Consistency of volumes 
Table 4 provides the ICC values between methods for each GM regional volume.

FSL-FreeSurfer 
FLAIR

FSL-FreeSurfer no 
FLAIR

FSL-SPM FreeSurfer FLAIR-
SPM

FreeSurfer no FLAIR-
SPM

L-Insula 0.923 0.915 0.915 0.896 0.892
R-Insula 0.463 0.46 0.529 0.838 0.835
L-Parietal 0.771 0.779 0.8 0.88 0.894
R-Parietal 0.75 0.763 0.778 0.83 0.86
L-Temporal 0.951 0.963 0.957 0.942 0.951
R-Temporal 0.86 0.875 0.865 0.917 0.952
>ͲKĐĐŝƉŝƚĂů 0.512 0.524 0.786 0.689 0.701
ZͲKĐĐŝƉŝƚĂů� 0.464 0.468 0.688 0.767 0.782
L-Cingulate 0.718 0.717 0.775 0.796 0.799
R-Cingulate 0.772 0.776 0.866 0.803 0.808
R-Frontal 0.84 0.846 0.843 0.952 0.96
R-Frontal 0.841 0.843 0.846 0.946 0.959
L- Accumbens 0.654 0.654
R- Accumbens 0.444 0.444
L- Amygdala 0.386 0.386 0.375 0.64 0.64
R- Amygdala 0.197 0.197 0.318 0.519 0.519
L- Caudate 0.908 0.908 0.896 0.879 0.879
R- Caudate 0.938 0.938 0.893 0.899 0.899
L- Hippocampus 0.658 0.658 0.575 0.831 0.831
R- Hippocampus 0.59 0.59 0.57 0.809 0.809
L- Pallidum 0.959 0.959 0.125 0.017 0.017
R Pallidum 0.624 0.624 -0.042 -0.165 -0.165
L- Putamen 0.687 0.687 0.713 0.637 0.637
R- Putamen 0.781 0.781 0.618 0.68 0.68
L-Thalamus 0.777 0.777 0.586 0.319 0.319
R-Thalamus 0.774 0.774 0.666 0.548 0.548

For the cortex, the agreement was higher, with most lobes having high agreement (ICC>.7) for all pairs 
of methods. FAST showed low agreement with both FreeSurfer and SPM for the occipital lobes and the 
right insula. The agreement between FreeSurfer (both with and without FLAIR) and SPM was high for 
all cortical regions, with all ICC>0.7 except the right occipital lobe. 
The only DGM structure with high agreement for all methods was the caudate nucleus (bilaterally). The 
bilateral hippocampus showed high agreement between FreeSurfer and SPM. For thalamus volumes 
bilaterally, high agreement was observed between FSL and FreeSurfer, while SPM showed low ICC with 
both FSL and FreeSurfer. For all other DGM structures, SPM also exhibited low agreement with both 
FSL and FreeSurfer, with worst agreement for the left and right pallidum (all ICC<.13). There was low 
agreement between FSL and FreeSurfer for the bilateral amygdala (ICC<.39), hippocampus (ICC<.66), 
and nucleus accumbens (ICC<.66). Figure 3 provides scatterplots of regional volumes for the left insula 
(high ICC values) and the left amygdala (low ICC values). 

Figure 3. Scatterplots of the volumes of the a. L-Insula (high ICC values – see Table 4) and b. L-Amygdala (low ICC 
values –see Table 4)
Unfortunately nucleus accumbens is not available in the AAL atlas so this was not analyzed for SPM. 
Consistency of patient/control discrimination
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The cortical regions were not significantly different between patients and controls with t-tests, but 
when using MANOVA (with age and gender included) the temporal lobes bilaterally were significantly 
different between MS and controls for FSL and FreeSurfer, but not for SPM. 
The following DGM structures were significantly different between patients and controls with all 
methods when t-tests were used: bilateral thalamus, caudate nucleus, putamen, hippocampus, amygdala. 
The Cohen’s D results for all methods are depicted in Figure 4, with larger effects for the DGM structures 
than cortical regions for all methods, except for the pallidum in SPM. The MANOVA results were similar 
to the t-tests results for the DGM structures. 

Figure 4. Cohen’s

The MANOVA results were similar to the t-tests results for the 
DGM structures. 
The penalized double-loop logistic classifier revealed bilateral 
thalamus, pallidum and amygdala to consistently contribute to 
patient-control separation for all three methods. 

Consistency of association with cognition
For clarity, only correlations between volumes and cognition 
that were statistically significant for at least one method are 
discussed here. Cognition correlated moderately with EDSS 
scores (r= -.313, p=.002) and T1 lesion volumes (r= -.308, 
p=.003) and weakly with NBV (r=.218, p=.035), NGMV 
(r=.244, p=.018) and T2 lesion volumes (r= -.271, p=.008). 
For the lobar volumes, general cognition correlated weakly 

(r=.206-.239) with the right insular volume with all methods, and also with the left insular volume for 
FSL. Significant correlations with cognition are listed in Table 5.

Pearson’s �EKs��;�Ϳ
FSL FreeSurfer 

FLAIR
FreeSurfer 
no FLAIR

SPM FSL FreeSurfer 
FLAIR

FreeSurfer 
no FLAIR

SPM

L-Insula .224* .255* 0.239 0.199 0.177 0.27
L-Parietal 0.32 0.31
L-Temporal .219* 0.04* 0.031* 0.033* 0.04*
>ͲKĐĐŝƉŝƚĂů 0.025*
L-Cingulate .224* 0.095*
L-Frontal .232* .297* 0.028* 0.023*
R-Frontal .269* 0.02*
R-Cingulate
ZͲKĐĐŝƉŝƚĂů�
R-Temporal 0.01*
R-Parietal
R-Insula .206* .234* .239* .267** 0.234* 0.25* 0.247* 0.29**
L- Accumbens .251* 251* 1.392* 1.243* 1.243*
R- Accumbens .244* 1.227*
L- Amygdala 0.561* 0.68* 0.68*
R- Amygdala .267** 0.738** 0.826* 0.826* 1.492*
L- Caudate .261* 0.285* 0.338**
R- Caudate .209* 0.263J* 0.27*
L- Hippocampus .332** 0.414** 0.302* 0.302* 0.383*
R- Hippocampus .219* 0.249* 0.266* 0.266* 0.48*
L- Pallidum 0.709*
R Pallidum .229* 1.104** 0.468* 0.468*
L- Putamen .309** .383** .383** .286* 0.294** 0.252** 0.252** 0.285**
R- Putamen .289* .308** .308** .226* 0.322* 0.264* 0.264* 0.205*
L-Thalamus .364** .223* 0.307** 0.137* 0.137* 0.353**
R-Thalamus .390** .222* 0.353** 0.166* 0.166* 0.31*

Table 5: Statistically significant correlations lobar GM volumes with cognitive domains *=significant at p<0.05 level 
**=significant at p<.001 level. Correlations were classified as moderate (.3<r<.4) and weak (≥.2).

Among DGM, the bilateral putamen volumes correlated with cognition for all methods (r=.226 to 
.383). FSL yielded the largest number of significant correlations, including thalamus and hippocampus 
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volumes bilaterally. The thalamus volumes bilaterally also significantly correlated for SPM, but not for 
FreeSurfer. Surprisingly, neither FreeSurfer nor SPM yielded significant correlations with hippocampus 
volumes. 
ANOVA (with gender and age included in the model) revealed the bilateral insula and the left temporal 
volume as significantly correlated with cognition using all methods. Among DGM structures, the 
bilateral thalamus, putamen, hippocampus and the right amygdala volumes were also correlated with 
cognition using all methods. The left amydgala volume was also correlated with cognition when using 
FSL and FreeSurfer but not SPM. The other regional volumes (including right temporal lobe and 
bilateral pallidum) correlated with cognition for some but not all methods (Table 5). 

Voxel-wise and vertex-wise comparisons between MS and controls
FSL-VBM, with and without covariates, revealed significant clusters in the thalamus, caudate nucleus, 
amygdala, insula, part of the left precentral gyrus. When using covariates, also both precentral gyri and 
the precuneus were significantly different. SPM-VBM8 revealed thalamus and caudate nucleus bilaterally 
to be significantly different with and without covariates. When using covariates, also the right 
hippocampus, bilateral putamen and the left insula were significant. FreeSurfer vertex-wise analysis 
revealed no significant cortical thickness differences without covariates, but in the analysis with 
covariates did reveal significant clusters in the left paracentral lobule, and bilateral temporal lobes 
(Figure 5).

Figure 4. Results FSL-VBM. SPM-VBM, vertex-wise FreeSurfer 
without and with covariates. The software package is indicated 
on the left side of the image. The covariates are age and gender. 
The order of the FreeSufer images is left hemisphere medial side, 
right hemisphere medial side, left hemisphere lateral side, right 
hemisphere lateral side.

When using the FreeSurfer parcellation on the FSL and 
SPM segmentation, the ICC values with FreeSurfer became 
very high (over 0.9) but also the ICC between FSL and 
SPM dramatically improved, with all ICC>0.7. However, 
for SPM, even when using the FreeSurfer parcellation, the 

agreement with FSL remained low for the right insula and the occipital lobes bilaterally. After dilating 
the AAL atlas the ICC impoved for the cortical structures but not for the DGM structures. 
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Discussion
Our study investigated the agreement between three software packages used frequently in MS GM 
atrophy literature, using a large cohort of MS patients with a single disease type, of homogeneous 
disease duration, and matched controls. We not only analyzed the consistency of volume measurements 
but also the consistency of patient-controls discrimination and the consistency of correlations with 
cognition. Marked differences between software packages were observed, as the consistency of volume 
measurements was suboptimal with ICC values ranging widely. The DGM structures with the lowest 
agreement were the insula, amygdala, nucleus accumbens and hippocampus, which have received a lot 
of interest in MS research29,148-151. 
Although the agreement was low, it may not affect patient-control discrimination at the group level, as 
shown by the fact that the Cohen’s D values and the combined models from the logistic classifier were 
comparable between methods in our study. However, the low ICC values indicate potential difficulties 
when addressing relations with clinical or cognitive variables, and this was confirmed by the variability 
across methods of correlations with overall cognition found in this study. 

Previous studies report different regions as the site of GM atrophy in MS; these differences may be due to 
the study methodology including the choice of image analysis method used to measure the GM atrophy. 
We were able to confirm this in a large MS patients cohort. Differences between automated methods 
have already been reported in bipolar disorder147. A previous study in MS has shown differences in 
whole brain atrophy measurements between software packages145. The reason for such strong differences 
between software packages is difficult to pinpoint. Another previous study evaluated the accuracy of 
GM segmentation in MS against a manually drawn gold-standard in a small patient group94. That study 
already indicated that the methods do not agree on the precise location of the structures. In our study due 
to the large sample size we were unable to provide manual segmentation, but opted for the comparison 
of actual automated methods used in the literature. Also in our analysis comparing lobar volumes, and 
not at a voxel-wise level, there is considerable variation between methods which validates the results of 
the aforementioned study. 
Lesion misclassification may be a major problem for cortical techniques such as SIENAX and VBM, 
but not DGM techniques like FIRST. We tried to minimize the effect of the presence of white matter 
lesions or excessive neck slices in the image by using only images after neck-clipping and lesion-filling. 
Differences between the software packages could therefore stem from the segmentation itself, the 
atlas used, or the smoothing kernel in case of voxelwise analyses). In fact, in our study the agreement 
dramatically improved when using the FreeSurfer lobar parcellation on the FSL and SPM segmentation, 
which would indicate that the difference between softwares is in large part related to the atlas. This could 
be due to either its definition of the anatomical structures or the registration method used to apply 
the atlas; the latter may affect primarily smaller structures such as the pallidum, which showed poor 
agreement in our study.

Still the separation between MS patients and controls was good, with some structures showing 
consistently large effect sizes (see Cohen’s d in Figure 4), and consistent selection of thalamus, putamen 
and amygdala as the most important regions for MS-control discrimination in the double-loop classifier.  
This points to a real disease effect, in that for early RRMS patients the DGM structures are atrophic; 
cortical structures may be affected at a later disease stage152. The thalamus has already been pointed to as 
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different between patients and controls in MS42,56,153-155, as well as the amygdala93 and the putamen55,156-158.   
Although we found few results in the cortex, we used the lobar cortical GM for comparison. Therefore 
there may be differences at the more detailed level of the gyri, as pointed out by the voxel-based analyses. 
Further studies with larger sample sizes in a longitudinal setting should assess the consistency at gyrus 
level. 

The voxel-wise results showed that for all methods more regions appeared different between patients 
and controls when covariates were included in the model. FSL in general detected more regions as 
significantly different. The cortical regions already reported as different between patients and controls in 
VBM159 only appeared when covariates were included in the analysis, implying that the cortical regions 
may become atrophic with age. Differences between results of cortical studies are apparent however, 
which could be due to the possible different GM atrophy evolution of different MS types, which we 
precluded by selecting only RRMS patients for our study. The processing errors may artificially appear 
to increase the differences between patients and controls by underestimating the grey matter volumes in 
patients with more severe pathology, and the analysis software may also be more likely to fail for these 
images. In our sample, too, the patients who had to be excluded because of gross segmentation errors 
were older and had higher WM lesion loads. Future studies should also look at longitudinal effects with 
such different software packages, however, as longitudinal measurements may have lower errors146.

Although the separation at the group level between patients and controls was relatively good for all 
methods, the differences between methods were not systematic, which led to differences in correlations 
with other measurements. Given the low ICC between GM atrophy methods, correlations with clinical 
measures, such as cognition and EDSS scores, may be affected. We indeed observed varying correlations 
with overall cognition, and it is therefore clear that correlations with overall cognition reported in the 
literature have to be interpreted with some caution. In line with previous research, the right insula was 
most commonly related to cognition, whether age and gender were used as covariates or not160 as well 
as the putamen bilaterally161,162. 

In conclusion, regional GM volumes obtained from these three popular image analysis methods can be 
very different, especially for cortical regions and to a lesser degree for DGM. While group-level separation 
between MS and controls is comparable between analysis methods, correlations with cognitive and 
clinical measures can vary, depending on the analysis method chosen. Correlations between regional 
GM volumes and clinical or cognitive variables in MS should be interpreted with caution. 
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This thesis aimed to further our understanding of MR-visible brain atrophy by adding to the reliability 
of its measurement and by taking steps for validating it pathologically and clinically. 

Summary
Chapter 2.1. Can other image types be used for reliable whole-brain atrophy measurements in MS 
besides the gold-standard T1-weighted pre-contrast?
Chapter 2.2. What is the performance of FSL-BET in MS patients’ images by comparison to a manual 
gold standard, and how does this performance vary with the value of the main BET parameter, “f ”, the 
fractional intensity threshold? What is the effect of adding the main FSL-BET options (“B” – bias field 
correction and neck cleanup, “R” – robust brain center estimation or “S” eye and optic nerve cleanup) 
and of additional preprocessing strategies, namely of removing the neck slices, and of performing 
intensity inhomogeneity correction using N3 software?
Chapter 2.3. Can lesion-filling be performed in with co-registered WM lesion masks from 2DT2-
weighted images iinstead of gold-standard 3D lesion masks? Does the resulting segmentation differ 
inside lesion areas, in other regions, or both?
Chapter 3. What is the pathological substrate of cortical volume loss as measured with MRI in MS?
Chapter 4.1. What is the prognostic value for 10-year disability in MS, of whole-brain atrophy, central 
brain atrophy and T2 lesion volumes, in a large MS patient group, taking into account disease type, 
disease modifying treatment (DMT) and initial clinical status?
Chapter 4.2. Do the three software packages (FSL, FreeSurfer and SPM) most frequenlty in MS GM 
atrophy literature, give consistent results of regional GM measurements in a large cohort of MS patients 
with similar disease duration?

Methodological aspects of brain volume measurement
Chapter 2 addressed several methodological issues important for reliable whole-brain and GM 
segmentation. 
Chapter 2.1 addressed the possibility of using 2D pseudoT1-weighted images for whole-brain atrophy 
studies when the “true” T1-weighted images are not available. These images were proven a reasonable 
alternative, if 2D T1-images are unavailable, for both cross-sectional measurements (using FSL-SIENAX) 
as longitudinal measurements (using FSL-SIENA). This also contributed to the study in Chapter 4 
section1, where older datasets were used in which the T1-images were not consistently available, as 
well as other similar studies165. More detailed measurements (grey matter or brain structures’ volumes) 
cannot reliably be performed on pseudoT1 images, but still, these images are reliable both for whole 
brain volume and atrophy measurements. 
Chapter 2 section 2 revealed a combination of pre-processing techniques and parameters and settings 
for FSL-BET, which led to improved brain extraction compared to a manual gold-standard. A single 
parameters and settings combination gave optimal results on sixteen different scanning protocols from 
different scanners in MAGNIMS centers. This suggested our results to be also valid even beyond these 
studied protocols. The fact that other studies have used similar settings for other diseases 77 where brain 
atrophy also hampers brain extraction, points to the applicability of these results in other diseases such 
as Alzheimer’s. The better brain extraction with the parameters elicited in this study was further used 
in this thesis in Chapter 2 section 3, Chapter 3, Chapter 4 section 2, as well as in other studies in the 
literature 140 166-171. As BET represents the first step for all FSL structural analyses, the improved non-brain 
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tissue removal with the optimized BET settings.is will also lead to more reliable detailed measurements 
such as grey matter measurements. A continuation study is ongoing at the moment exploring also the 
variations of the “g” vertical gradient of parameter f, which is expected to be very important especially 
in more inhomogeneous scans, such as those from 3T scanners. 
Chapter 2 section 3 addressed the possibility of using already available 2D manual MS lesion masks 
for “lesion-filling” on 3DT1 images. The grey matter segmentation was comparable to a manual gold-
standard if the lesion-masks were registered using nearest-neighbor interpolation. The segmentation of 
the DGM structures using FSL-FIRST turned out to be less sensitive than the voxelwise partial-volume-
estimate segmentation methods to WM lesions to the presence of white matter lesions, possibly due to 
the low lesion volumes of the patients in this study. Apart from this, two methods of lesion-filling were 
compared: LEAP and FSL_lesion-filling, with LEAP seeming more efficient. LEAP is the method of 
lesion-filling used further in the rest of this thesis. 

Pathological validity of GM atrophy
Chapter 3 addresses the pathological validity of GM atrophy by investigating its histopathological 
substrate in a post-mortem MS patients’ sample with rapid post-mortem imaging and histopathology. 
MRI studies suspected that the cellular atrophy of individual neurons and axons may be the pathological 
substrate of GM atrophy, and we were able to reveal neuronal density and size and axonal density as the 
most powerful histological predictors of MRI-measured cortical volume. Another important result of 
this study was the variability between anatomical regions, with the relationship MRI-cortical volume-
histological parameters being different per anatomical region. This may be due to cortical regions 
starting to get atrophic at different moments in the evolution of MS. The regional differences of GM 
atrophy were further explored in a large in-vivo cohort of MS patients in Chapter 4 section 2. 

Clinical validity of GM atrophy
Chapter 4 section 1 investigated the long-term prognostic value for clinical development of whole-brain 
atrophy, central brain atrophy and WM lesion volumes in a large MS patient group including all disease 
types. Both central atrophy rates and lesion volumes were predictive for clinical evolution on the long-
term, although they explained a small amount of the total variance in EDSS scores. This multi-center 
study with long-term follow-up of a very large cohort of MS patients with all disease types suggested 
that more specific measures (such as central atrophy) may have a better predictive value than whole-
brain atrophy. 
Grey matter atrophy seems to be better correlated with neuropsychological test results, than with EDSS 
scores. This is one of the reasons why in the Chapter 4 section 2, which specifically addresses regional 
grey matter volumes, the results of the neuropsychological tests were used. 
Chapter 4 section 2 investigated the consistency of GM atrophy measurements in a large group of early 
MS patients using all the above-mentioned software tools. The consistency of volume measurements 
was low for certain brain structures frequently used in MS research (amygdala, nucleus accumbens, 
hippocampus) with differences between software in the scatter and ranking of the patients, which led 
to the different correlations with cognition observed in our analysis; likely the correlations with other 
clinical variables will also vary, and possibly also those with other variables beyond this. The consistency 
of effect sizes was high for practically all deep grey matter structures using all three software pointing 
to deep grey matter atrophy actually being present in early stages of the disease. Prudence is warranted 
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in pooling the results of different studies and in interpreting the existing body of literature, since even 
in the absence of differences in acquisition protocols, the resulting (sub)cortical volumes exhibit large 
variability depending on the analysis method chosen.

Conclusions
Chapter 2.1. Brain atrophy in MS can be reliably be measured with SIENA(X) using other input image 
types,  T1-weighted images with contrast enhancement, if consistently available, should be the method 
of choice. Otherwise, pseudo-T1 images or T2-weighted images can also be used.  
Chapter 2.2. In MS, the removal of the neck slices, has a marked positive effect on the brain extraction 
quality. FSL-BET option “B” with f=0.1 after removal of the neck slices seems to work best for all 
acquisition protocols.
Chapter 2.3. In MS lesion-filling with lesion masks outlined on PDT2 images yields accurate GM 
atrophy quantification in MS. Without lesion-filling segmentation errors occur both within and outside 
the lesion area. 
Chapter 3. In chronic MS neuronal and axonal pathology are the predominant pathological substrates 
of MRI-measured cortical volume.
Chapter 4.1. In MS early brain atrophy rates are related to subsequent long-term disability, and atrophy 
and lesion volumes have a complementary predictive value. 
Chapter 4.2. Regional GM volumes in MS vary substantially with the software used, especially for 
cortical regions and to a lesser degree for DGM. Correlations with cognitive and clinical measures in 
MS should be interpreted with great caution.

Future directions
This thesis has added to our understanding of brain and grey matter atrophy in multiple sclerosis but 
several issues are still open.
We have managed to establish and reliably use pseudo-T1 images for whole brain atrophy measurement 
in retrospective studies. Especially in multicenter studies but also in trying to pool several datasets for 
larger sample sizes, there is a lot of variation in the acquisition protocol. The 3DT1-weighted images are 
now frequently acquired, but the reliability of the measurements would be improved by standardizing 
the acquisition protocols (sequence type, resolution, MR contrast agent use etc.) and adding 3D-FLAIR 
for automated lesion detection. 
As also sustained by this thesis, lesion-filling is a very promising technique, but it has not reached its 
full potential due to the difficulty of creating the lesion-masks. Some grey matter lesions may appear 
hyperintense on FLAIR images and will be segmented just the same as white matter lesions by automatic 
lesion segmentation methods (such as kNN-TTP). Thus, during lesion-filling also these grey matter 
lesions will be “filled” with normal-appearing white matter intensities creating problems for subsequent 
measurements. Ideally, future research would use automated segmentation while categorizing the lesions 
according to the anatomical location, so that grey matter lesions would not be “filled”.  
We have assessed the influence of MS on the brain extraction, but in fact all the components of atrophy 
analysis may be sensitive to pathology and most imaging software was developed on images of healthy 
subjects. Several studies have addressed the influence of MS lesions on registration40, on segmentation 
37-39 93, the influence of atrophy on registration172 and the influence of altered GM-WM tissue contrast 
on cortical thickness173. Future research should address all these issues and their consequences for each
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software used and offer practical solutions in collaboration with the software developers, for at the 
moment the end-user may be at a loss as to which software and/or preprocessing and post-processing 
to choose. Physiologic variability, such as dehydration is currently disregarded, but may be an important 
source of variation174 which will have to be taken into account when atrophy will be used in the 
clinical practice. The same goes for pseudoatrophy or the shrinking of the tissue under the influence of 
medication such as steroids or DMT175,176. Future research should quantify define all these effects for 
clear differentiation from the actual disease effects.  
Our results point to the role of axonal density in explaining grey matter atrophy, but largely depending 
on the anatomical region studied. Further research on a larger sample should clarify whether cortical 
atrophy proceeds at a different pace throughout the cortex, and the interactions between the different 
cellular components which may be responsible for GM atrophy. Another important direction for future 
studies should be the DGM, as these structures are more readily affected in MS. 
We have found a long-term prognostic value for clinical development of whole-brain atrophy, central 
brain atrophy and lesion volumes, although the explained variance was relatively low. Future research 
should assess the influence of regional atrophy (lobes, gyri) which may in the future become very 
relevant for fine-tuning treatment together with expanding the nonRRMS group. 

Impact of this thesis
Whole brain volume and whole brain atrophy have become widespread outcome measures in clinical 
studies and trials such as the REGARD, PRECISE, FREEDOMS, TEMSO177 and this thesis has 
confirmed both their value for clinical prediction and some technical improvements which can easily be 
implemented for more reliable measurements. There are also studies using more detailed measurements 
for clinical prediction 159 178-181. 
With the current technical developments, the results of this thesis point to caution in using more detailed 
measurements (grey matter, white matter volumes and atrophy, DGM, and gyral volumes), because 
small changes in preprocessing (brain extraction, method of lesion filling etc) can have a large influence 
on local measurements. The detailed measurements and their correlations with clinical parameters 
depend on the software used and yield incomparable results. 
For now the whole brain measures remain the feasible and reliable solution; these measures have been 
clinically and technologically validated and very soon, once the effects of hydration and pseudoatrophy 
will be charted, they will help clinicians make better decisions for their patients
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Dit proefschrift doelde op een beter begrip van MRI-zichtbare hersenatrofie, door de betrouwbaarheid 
van de meting te vergroten, en de klinische en pathologische validatie hiervan te bevorderen
 
Samenvatting
Hoofdstuk 2.1. Behalve de goud-standaard pre contrast T1-gewogen beelden, kunnen ook andere 
beeldtypes gebruikt worden voor betrouwbare hersenen atrofie metingen in MS?
Hoofdstuk 2.2. Hoe presteert FSL-BET in MS-patiënten vergeleken met een handgetekende goud-
standaard, en hoe varieert de prestatie met de waarde van de belangrijkste parameter, "f ", de fractionele 
intensiteit drempel? Wat is het effect van het toevoegen van de belangrijkste FSL-BET opties ("B"-bias 
veld correctie en nek plakken verwijderen, "R"-robuuste hersenen center schatting of "S" oog en oog-
zenuw verwijderen) en van aanvullende pre-processing strategieën, namelijk van het verwijderen van de 
nek plakken, en intensiteit heterogeniteit correctie met de N3?
Hoofdstuk 2.3. Kan lesion-filling worden uitgevoerd met geregistreerde witte stof laesie maskers uit 
2DT2-gewogen beelden in plaats van goud-standaard 3D laesie maskers? Verschilt de resulterende seg-
mentatie binnen de laesie gebieden, in andere regio's, of beide?
Hoofdstuk 3. Wat is het pathologische substraat van corticale volume verlies, zoals gemeten met MRI 
in MS?
Hoofdstuk 4.1. Wat is de prognostische waarde voor 10-jaar evolutie in MS, van hersenatrofie, centrale 
atrofie en T2 laesie volumes, in een grote MS patiënt groep, met verschillende ziektetypes, verschillende 
behandelingen (DMT) en klinische status op baseline?
Hoofdstuk 4.2. Geven de drie softwarepakketten (FSL, FreeSurfer en SPM) die meeste frequent worden 
gebruikt in de MS grijze stof atrofie literatuur, consistente resultaten van regionalegrijze stofmetingen in 
een grote cohort van MS-patiënten met vergelijkbare ziekteduur?
 
Methodologische aspecten van de volumemeting van de hersenen 
Hoofdstuk 2 richtte zich op verschillende methodologische problemen van een betrouwbare hersenen- 
en grijze stof segmentatie.
Hoofdstuk 2.1 richtte zich op de mogelijkheid om 2D-pseudoT1-gewogen beelden te gebruiken voor 
hersenatrofie studies, als de "echte" T1-gewogen beelden niet beschikbaar zijn. Deze beelden werden 
bewezen als een redelijke alternatief voor 2D-T1-beelden, voor zowel cross-sectionele metingen (met 
FSL-SIENAX) als longitudinale metingen (met FSL-SIENA). Dit heeft ook bijgedragen aan de studie 
in hoofdstuk 4.1, waar oudere datasets werden gebruikt waarin de T1-beelden waren niet consequent 
beschikbaar, evenals andere soortgelijke studies165. Meer gedetailleerde metingen (grijze stof volumes 
of hersenen structuren volumes) kunnen niet op betrouwbare wijze worden uitgevoerd op pseudoT1 
beelden, maar wel hersen volume en atrofie metingen.
Hoofdstuk 2. 2 leverde een combinatie van voorbewerking technieken en parameters en instellingen 
voor FSL-BET, die hebben geleid tot verbeterde hersenextractie in vergelijking met een handgetekende 
goud-standaard. Een enkele combinatie van parameters en instellingen gaf optimale resultaten op zes-
tien verschillende scanprotocollen van verschillende scanners in MAGNIMS centra. Daardoor gelden 
onze resultaten waarschijnlijk ook buiten deze bestudeerde protocollen. Het feit dat andere studies dez-
elfde instellingen voor andere ziektes77 hebben gebruikt, waar hersenen atrofie ook de hersenextractie 
belemmert, verwijst naar de toepasbaarheid van deze resultaten in andere ziektes, zoals Alzheimer. De 
betere hersenextractie met de parameters uit deze studie werd verder gebruikt in dit proefschrift in 
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hoofdstuk 2.3, hoofdstuk 3, hoofdstuk 4. 2, alsmede in andere studies in de literatuur140 166-171. Om-
dat hersenextractie de eerste stap voor alle FSL structurele analyses is, zal de verbeterde hersenextractie 
ook leiden tot meer betrouwbare gedetailleerde metingen zoals grijze stof metingen. Een voortzetting 
studie wordt uitgevoerd op dit moment voor de variaties van de "g" verticale gradiënt van de parameter 
f, die zeer belangrijk wordt vooral in meer inhomogene scans, zoals vanuit 3T scanners.
Hoofdstuk 2.3 richtte zich op de mogelijkheid van het gebruik van reeds beschikbare 2D handmatige 
MS laesie-maskers voor "lesion-filling" op 3DT1 beelden. De grijze stof-segmentatie was vergelijkbaar 
tussen die verkregen met een handgetekend goud-standaard en als de laesie-maskers worden geregis-
treerd met de nearest-neighbor interpolatie. De segmentatie van diepe grijze stof structuren met FSL-
FIRST bleek minder gevoelig dan de voxelwise partial-volume-estimate segmentatie methoden voor de 
aanwezigheid van witte stof laesies, mogelijk als gevolg van de lage laesie volumes van de patiënten in 
deze studie. Er worden ook twee methodes van lesion-filling werden vergeleken: LEAP en FSL_lesion-
filling, en LEAP bleek efficiënter. LEAP is de lesion-filling methode die verder in de rest van dit proef-
schrift wordt gebruikt.
 
Pathologische validatie van grijze stof atrofie
Hoofdstuk 3 behandelt de pathologische validatie van grijze stof atrofie, door het histopathologisch 
substraat ervan te onderzoeken, in post mortem MS-patiënten met snelle post-mortem imaging en 
histopathologisch onderzoek. MRI studies vermoedden al, dat de atrofie van individuele neuronen en 
axonen mogelijk de pathologische substraat van grijze stof atrofie zijn, en we waren in staat om de neu-
ronale dichtheid en grootte en axonale dichtheid aan te duiden als de beste histologische voorspellers 
van MRI-gemeten corticale volume. Een ander belangrijk resultaat uit deze studie was de variabiliteit 
tussen anatomische regio's, met name dat de relatie MRI-corticale volume-histologische parameters 
anders is per anatomische regio. Dit kan mogelijk gemaakt worden door verschillende rhytmes van cor-
ticale atrofie per regio in MS. De regionale verschillen van grijze stof atrofie worden verder onderzocht 
in een grote in-vivo cohort van MS-patiënten in hoofdstuk 4.2.
 
Klinische validatie van atrofie
Hoofdstuk 4.1 richtte zich op de prognostische lange termijn waarde voor klinische ontwikkeling van 
hersenatrofie, centrale hersenatrofie en witte stof laesie volumes in een grote MS patiënten groep met 
alle ziektetypes. Zowel centrale atrofie als laesie volumes zijn voorspellend voor klinische ontwikkeling 
op lange termijn, hoewel ze een kleine deel voorstelt van de totale variantie in EDSS scores. Deze multi-
center studie met lange follow-up duur van een zeer grote cohort van MS-patiënten met alle ziektetypes 
suggereert dat meer specifieke maten (zoals centrale atrofie) een betere voorspellende waarde kunnen 
hebben dan hersenatrofie.
Grijze stof atrofie lijkt beter gecorreleerd te zijn met neuropsychologische testresultaten, dan met EDSS 
scores. Dit is een van de redenen waarom in het hoofdstuk 4.2, dat zich specifiek richt op regionale gri-
jze stof volumes, de resultaten van de neuropsychologische tests werden gebruikt.
Hoofdstuk 4.2 onderzocht de consistentie van grijze stofatrofie metingen in een grote groep van vroege 
MS-patiënten met behulp van FSL, FreeSurfer en SPM. De consistentie van volume metingen was laag 
voor bepaalde breinstructuren die vaak in MS research worden gebruikt (amygdala, nucleus accumbens, 
hippocampus), met verschillen tussen software in de verspreiding en rangschikking van de patiënten, 
wat tot verschillende correlaties met cognitie leidde; de correlaties met andere klinische variabelen zul-
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len waarschijnlijk ook verschillen. De consistentie van effectmaten was hoog voor vrijwel alle diep grijze 
stof structuren met alle drie software, verwijzend naar diepe grijze stof atrofie daadwerkelijk aanwezig 
te zijn in de vroege stadia van de ziekte. Voorzichtigheid is aangeraden in het bundelen van de resul-
taten van verschillende studies en bij de interpretatie van bestaande literatuur, sinds zelfs met hetzelfde 
acquisitieprotocol, de resulterende (sub) corticale volumes vertonen grote variabiliteit, afhankelijk van 
de gekozen analysemethode.
 
Conclusies
Hoofdstuk 2.1. Hersenatrofie in MS kan betrouwbaar worden gemeten met SIENA(X) op andere types 
beelden dan pre-contrast T1-gewogen beelden. De post-contrast T1-gewogen beelden, zijn de methode 
van keuze. Anders, pseudo-T1 beelden of T2-gewogen beelden kunnen ook gebruikt worden. 
Hoofdstuk 2.2. In MS heeft de verwijdering van de nek plakken, een duidelijk positief effect op de 
hersenextractie. FSL-BET optie "B" met f = 0.1 na verwijdering van de nek plakken schijnt het beste te 
werken voor alle acquisitie protocollen.
Hoofdstuk 2.3. In MS levert lesion-filling met geregistreerde PDT2 laesie maskers, nauwkeurige grijze 
stof atrofie metingen. Zonder lesion-filling verschijnen de segmentatiefouten zowel binnen als buiten 
het laesiesgebied.
Hoofdstuk 3. In chronische MS zijn de neuronale en axonale pathologie de meest belangrijke patholo-
gische substraten van MRI-gemeten corticale volume.
Hoofdstuk 4.1. In MS vroege hersenatrofie voorspelt de lange termijn evolutie van de ziekte, en atrofie 
en laesie volumes hebben een complementaire voorspellende waarde.
Hoofdstuk 4.2. Regionale grijze stof volumes in MS variëren aanzienlijk met de gebruikt meetsoftware, 
met name voor corticale regio's en in mindere mate voor de diepe grijze stof. Correlaties met cognitieve 
en klinische maten in MS moeten voorzichtig worden geïnterpreteerd.
 
Toekomstige richtingen
Deze proefschrift heeft toegevoegd aan ons begrip van hersen- en grijze stof atrofie in multiple sclerose, 
maar meerdere vragen blijven nog open.
Wij hebben kunnen vaststellen dat pseudo-T1 beelden gebruikt kunnen worden voor betrouwbare her-
senatrofie metingen in retrospectieve studies. Vooral in multicenter studies, maar ook bij het bundelen 
van verschillende datasets voor grotere patiënten aantallen, is er een heleboel variatie in het acquisi-
tie-protocol.  3DT1-gewogen beelden worden nu vaak geacquereerd, maar de betrouwbaarheid van de 
metingen zou verbeterd worden door de standaardisering van de acquisitie-protocollen (beeld type, 
resolutie, contrast vloeistof gebruik enz.) en door 3D-FLAIR toe te voegen voor geautomatiseerde laesie 
detectie.
Als ook in dit proefschrift aangeduid, lesion-filling is een veelbelovende techniek, maar het kan zijn 
volledig potentieel niet bereiken omdat laesie-maskers zijn moeilijk te verkrijgen. Sommige grijze stof 
laesies zijn hyperintens op FLAIR beelden, en worden gemarkeerd als witte stof laesies door automa-
tische laesie segmentatie methoden (zoals kn-TTP). Dus, tijdens het lesion-filling ook deze grijze stof 
laesies zullen gevuld worden met normal-appearing witte stof intensiteiten, en daardoor kunnen er 
problemen ontstaan voor de daaropvolgende metingen.  Toekomstig onderzoek zou zicht richten op 
geautomatiseerde segmentatie te gebruiken die ook de laesies volgens de anatomische locatie categori-
seert, zodat grijze stof laesies niet "gevuld” zouden worden. 
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We hebben de invloed van MS onderzocht op de hersenextractie, maar in feite alle onderdelen van atro-
fie analyse kunnen gevoelig zijn voor pathologie, en meeste software worden ontwikkeld op beelden van 
gezonde proefpersonen. Verschillende studies hebben zich gericht op de invloed van MS laesies op reg-
istratie40, segmentatie 37-39,93, de invloed van atrofie op registratie172 en de invloed van gewijzigde 
grijze stof-witte stof contrast op corticale dikte173. Toekomstig onderzoek moet al deze onderwerpen 
aanpakken en de gevolgen daarvan voor elke software die wordt gebruikt, en zou praktische oplossin-
gen moeten bieden in samenwerking met de software-ontwikkelaars. Fysiologische variabiliteit, zoals 
uitdroging is momenteel buiten beschouwing gelaten, maar kan een belangrijke bron van variatie174 
voorstellen. Daarmee moet er rekening worden gehouden als atrofie ooit in de klinische praktijk zal 
worden gebruikt. Hetzelfde geldt voor pseudoatrofie of de inkrimping van het weefsel onder invloed 
van medicatie zoals steroïden of DMT175,176. Toekomstig onderzoek moet al deze effecten kwantifi-
ceren voor een duidelijke onderscheiding van de echte ziekte effecten. 
Onze resultaten wijzen op de rol van axonale dichtheid in grijze stof atrofie, maar grotendeels afhanke-
lijk van de anatomische regio. Verder onderzoek op een grotere aantal patiënten moet verduidelijken of 
corticale atrofie heeft een verschillend tempo in de cortex, en ook de interacties tussen de verschillende 
cellulaire componenten verantwoordelijk voor grijze stof atrofie. Een andere belangrijke richting voor 
toekomstige pathologische studies is de diepe grijze stof, omdat deze structuren heel belangrijk zijn in 
MS.
We hebben een lange termijn prognostische waarde gevonden voor de klinische ontwikkeling van her-
senatrofie, centrale atrofie en laesie volumes, hoewel de verklaarde variantie relatief laag was. Toekom-
stig onderzoek zou de invloed van regionale atrofie (kwabben, gyri) onderzoeken, die wellicht in de 
toekomst relevant zal zijn voor de "fine-tuning" van de behandeling. 
 
Gevolgen van dit proefschrift
Hersenvolume en hersenatrofie worden vaak gebruikt als uitkomstmaat in klinische studies en trials  
zoals de REGARD, PRECISE, FREEDOMS, TEMSO177 en dit proefschrift heeft hun waarde voor kli-
nische voorspelling bevestigd zowel een aantal technische verbeteringen die gemakkelijk geïmplemen-
teerd kunnen worden voor betrouwbardere metingen. Er bestaan ook studies die meer gedetailleerde 
metingen voor klinische voorspelling gebruiken159 178-181.
Met de huidige technische ontwikkelingen, op basis van dit proefschrift, voorzichtigheid wordt 
aangeraden bij het gebruik van meer gedetailleerde metingen (grijze stof, witte stof volumes en atrofie, 
diepe grijze stof en volumes van gyri), omdat kleine veranderingen in het voorbewerken (hersenex-
tractie, methode van lesion-filling enz) een grote invloed kunnen hebben op regionale metingen. De 
gedetailleerde metingen en hun correlaties met klinische parameters zijn afhankelijk van de gebruikte 
software en leveren onvergelijkbare resultaten op.
Voor nu blijven de whole-brain maten een haalbare en betrouwbare oplossing; deze maten zijn klinisch 
en technologisch gevalideerd, en als ze nauwkeurigheid genoeg kunnen worden en als de effecten van 
hydratie en pseudoatrofie in kaart gebracht zullen worden, zullen deze maten bijdragen aan betere kli-
nische beslissingen voor MS patiënten.
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