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From diagnosis to prognosis

Multiple sclerosis (MS) is a chronic progressive autoimmune disease with unknown etiology, 

characterized by lesions in the central nervous system (CNS). Pathological changes in these lesions 

include inflammation, demyelination and axonal loss. Because all parts of the CNS can be affected, 

a wide variety of symptoms exist, including chances in sensation, visual problems, muscle weakness, 

depression and cognitive problems. MS has an incidence of approximately 7 per 100,000, a prevalence 

of 120 per 100,000, and affects twice as many women as men.1 Disease onset is usually in the third 

or fourth decade of life, making MS one of the most common causes of disability among young adults 

in the developed world. In about 85% of patients, the disease presents with a first acute or subacute 

episode of neurological deficit, a so-called clinically isolated syndrome (CIS). The presenting sites 

most frequently involved are the optic nerve, spinal cord, brainstem, or a combination of these. Less 

frequently, the brain is the site of initial symptoms.2 Approximately 10 to 15% of patients present with 

slowly evolving progressive disease. Of these, about two-thirds will never experience a relapse, and 

they therefore have the primary progressive subtype of MS (PPMS).3

Diagnosis

 

For as long as diagnostic criteria have been described, a diagnosis of MS has required evidence of 

disease dissemination in time and space in terms of central nervous system (CNS) lesions.4 Initially, such 

evidence was based almost entirely on clinical findings and to a lesser extent (Poser criteria) on the  

results of cerebrospinal fluid.5 Classically, there should be two clinical episodes (“dissemination in time”, 

DIT), including objective clinical evidence of more than one separate lesion in the CNS (“dissemination  

in space”, DIS); this was called clinically definite MS (CDMS). Although this clinical presentation  

remains essential for the diagnosis of MS, additional paraclinical information is increasingly judged to  

be of help.

 

Magnetic resonance imaging (MRI) is the most sensitive paraclinical test, showing abnormalities in 

approximately 95% of patients with CDMS and is also useful to rule out other neurological conditions.6 

Owing to the large amount of information supporting the role of MRI in the diagnosis of MS, its use 

has increased considerably in the past decade. Several studies have been carried out to evaluate the 

diagnostic properties of different proposed diagnostic MRI criteria. In these, the predictive value of 

various characteristics of white matter lesions for conversion from a CIS to the diagnosis of CDMS  

was evaluated.
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The cumulative chance MRI model developed by Barkhof et al. was shown to be more accurate than 

other sets of MRI criteria, which mainly resulted from higher specificity.7 This model was obtained by 

logistic regression analysis that assessed the relative individual contribution of MRI lesions known to 

be most typical for MS with respect to size, location and enhancement on T2-weighted and gadolinium 

(Gd)-based scans. The model was dichotomized by Tintoré and colleagues at the highest accuracy level, 

being positive when patients fulfilled three out of four criteria. These criteria consisted of at least one 

juxtacortical lesion, at least three periventricular lesions, at least one infratentorial lesion and at least 

one enhancing lesion or nine T2 hyperintense lesions if no Gd-enhancing lesion is available.8 The model 

(including the cut-off at three criteria) was subsequently incorporated into the international panel (IP) 

diagnostic guidelines for MS, as evidence for DIS, with the provision for substituting one spinal cord 

lesion for one brain lesion.9 Thus, in patients with a CIS having symptoms relating to one CNS lesion, 

DIS could be fulfilled by MRI instead of waiting for additional symptoms related to another site of the 

CNS. In addition, MRI guidelines for DIT were developed: this criterion is fulfilled by the occurrence 

of new MRI activity, especially an enhancing lesion, made at least 3 months after the onset of the 

clinical event, provided that the new activity is not at the site implicated in the original clinical event. 

Hence, instead of awaiting a second relapse, DIT could be fulfilled by the appearance of a new lesion 

on MRI.9 Several studies have evaluated the diagnostic properties of the IP criteria in CIS patients.10, 11 

Use of the 2001 IP criteria more than doubled the rate of MS diagnoses within the first year, compared 

with the Poser criteria, while specificity remained high and sensitivity reasonable. An early diagnosis 

has important implications, because an early start of treatment has been shown to delay conversion 

from CIS to CDMS. In addition, diagnostic certainty, including an earlier diagnosis, is preferred by most 

patients.

Prognosis

Non-conventional MRI metrics  

Besides the established role of conventional MRI in the diagnostic criteria for MS, findings at onset of 

the disease have also been shown to be predictive for the subsequent course and the development 

of disability. In patients with CIS, the number of T2 visible lesions and their volume increase during 

the first five-year follow-up period correlated moderately with longer-term disability.12, 13 However, 

conventional MRI measures have insufficient sensitivity and specificity to reveal the true degree of 

pathological changes occurring in MS and this is likely the reason why the correlation between T2 

lesions and progression of disability is only mild. Newer metrics of MRI analysis, such as automated 

(CNS) atrophy measures, are thought to represent a more global picture of the range of tissue 

alterations caused by inflammation, demyelination, axonal loss, and neurodegeneration.14 Quantitative 

MRI, including magnetization transfer (MT) imaging, directly measures brain tissue integrity and 
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has revealed microscopic changes in the otherwise normal appearing white and grey matter of MS 

patients.15 The clinical significance of these abnormalities is the subject of debate, but in some studies 

there is correlation with degree and progression of early disease, including progression to CDMS in 

case of CIS. 16, 17

Brain atrophy  

As previously noted, quantitative and non-conventional MRI methods revealed abnormalities in the 

otherwise normal appearing white matter (NAWM) and pathological studies confirmed the presence 

of disease in these regions. Additionally, degenerative changes have been reported in both lesions and 

NAWM, leading to axonal loss. Although the mechanism has not been fully explained, brain atrophy is 

regarded as the consequence of these pathological changes and since automated methods for brain 

volume measurements became available its predictive value for disability has been studied extensively. 

Brain atrophy starts in the earliest stages of MS, including CIS, and progresses with approximately 0.5 

to 0.8% per year against approximately 0.1 - 0.3% or less in healthy subjects. Compared to lesion loads, 

brain atrophy correlated better with the concurrent level of disability and predicted the development 

of disability in an 8 year follow-up study in established (relapsing remitting) MS.18 

Functional MRI 

Fmri is based on the contrast created by differences in the paramagnetic deoxyhaemoglobin 

concentration in the blood, know as blood-oxygenation-level-depended (BOLD) contrast. These 

differences are the result of local neuronal activity, leading to a spatially confined increase in oxygen 

consumption.19 Hence, using this contrast, locally activated brain regions during a specific task can be 

visualized. Studies of the visual, cognitive and motor networks in patients with MS have shown altered 

recruitment of brain regions normally specially devoted to the performance of a given task and/or the 

recruitment of additional areas in comparison to healthy individuals.20 These changes are correlated 

with MRI measures of structural brain damage, such as lesion loads, and are often interpreted as 

adaptive mechanisms. These mechanisms might help to limit the clinical consequences of widespread 

brain tissue damage and could partially explain the weak correlation between MRI parameters of brain 

damage and disability. 

Aims and outline of the thesis

The research presented in this thesis was initiated in order to further investigate the underlying 

mechanisms of disease progression and disability in the different MS disease subtypes. The studies 

were embedded in the MAGNIMS network, which is a group of European clinicians and scientists 

with an interest in undertaking collaborative studies using MRI methods in multiple sclerosis. This 
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collaboration enabled the collection of significant numbers of MS cases and corresponding MRI data in 

patient groups representative to those seen across different centers in daily practice.

Part I of this thesis focuses on the progression in early disease, from CIS into CDMS.

In chapter 1 we evaluated performance of the current MRI criteria for dissemination in space, as 

incorporated in the diagnostic criteria for MS, in a large (MAGNIMS) multicenter cohort of CIS patients. 

Chapter 2 focuses on the applicability and usability of the current diagnostic criteria for MS when 

used in general diagnostic setting. The discrepancies in diagnosis due to interpretational differences  

in application of spinal cord findings are described.

Chapter 3 reports on the discriminative power of the current diagnostic criteria between MS and other 

neurological diseases.

Chapter 4 describes an attempt to improve the MRI criteria for dissemination in space in both usability 

and accuracy using advanced statistical modeling. 

Part II focuses on the progression of disease after the diagnosis and the use of MRI derived metrics to 

understand the development of disability. 

Chapter 5 focuses on the relationship between short-term changes in MRI and clinical metrics of 

disease progression in regard to the development of atrophy in later term, to explain the underlying 

disease mechanisms of atrophy. 

Chapter 6 studies a novel MR technique (functional MRI), to follow potential recovery capacity of the 

brain, being an important determinant of disability progression.
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Abstract

The McDonald International Panel accepted the Barkhof/Tintoré criteria for providing MRI evidence 

of dissemination in space to allow a diagnosis of multiple sclerosis in patients with clinically isolated 

syndromes (CIS). We applied these criteria in a large cohort of patients with CIS, representative of 

those seen in a general diagnostic setting, to assess their accuracy in predicting conversion to definite 

multiple sclerosis and to identify factors that affect this risk.

Methods In a collaborative study of seven centres, baseline MRI and clinical follow-up data for 532 

patients with CIS were studied, with the development of a second clinical event used as the main 

outcome. All scans were scored for lesion counts and spatial lesion distribution to assess the fulfilment—

ie, at least three out of four—of the Barkhof/Tintoré criteria. We used survival analysis and 2X2 tables 

to assess the test characteristics of the criteria at baseline.

Findings Overall conversion rate was 32·5% with a median survival time of 85·3 months. Fulfilment of 

the criteria at baseline showed, after a survival time of 2 years, a conversion rate of about 45% (95% 

CI 37–53) versus about 10% (6–16) in those with no asymptomatic lesions at baseline (p 0·0001). For 

patients with a follow-up of at least 2 years, the fulfilment of the MRI criteria showed an accuracy of 

68% (sensitivity 49%, specificity 79%) for predicting conversion and an increase in risk of nearly four 

times for conversion compared with those not fulfilling the criteria (odds ratio 3·7, 95% CI 2·3–5·9; 

p 0·0001). Cox proportional hazards regression analysis accorded with this increased risk. No effects 

were recorded on the performance of the criteria by sex, presenting symptoms, or centre. Age at 

baseline did have a small but significant effect as predictor (hazard ratio 0·97, 0·95–0·99; p=0·002), but 

did not affect the prognostic value of the MRI criteria.

Interpretation MRI abnormalities have important prognostic value. The cut-off, based on the Barkhof/

Tintoré criteria, as incorporated in the McDonald diagnostic scheme yields acceptable specificity, but 

could have lower sensitivity than previously reported.

 

Introduction

In 2001, the McDonald International Panel proposed a new diagnostic scheme for the diagnosis of 

multiple sclerosis,1 which replaced previous criteria by Poser and colleagues.2 A novel feature of this 

scheme is that in patients with clinically isolated syndromes (CIS) suggestive of demyelination, evidence 

for dissemination in time and space, essential for a diagnosis of multiple sclerosis, can be provided with 

MRI alone. Dissemination in space can be identified by meeting three of four Barkhof/Tintoré criteria3,4 
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1
or, alternatively, by showing at least two lesions plus the presence of oligoclonal bands in CSF.

The MRI criteria were originally developed by Barkhof and colleagues3 as a dichotomised cumulative 

chance model to predict, at baseline scan, the development of clinically definite multiple sclerosis 

in patients with CIS. This model was modified by Tintoré and colleagues,4 who showed that fulfilling 

three of four Barkhof criteria had higher accuracy and specificity in predicting conversion to clinically 

definite multiple sclerosis than did other available MRI criteria. Because of their specificity for multiple 

sclerosis, the McDonald International Panel incorporated these dichotomised Barkhof/Tintoré criteria 

into their scheme to show dissemination in space on MRI. Additionally, these new criteria can also 

convey prognostic information because fulfilling these criteria implied a certain risk for conversion 

to clinically definite multiple sclerosis in patients with CIS in the original model. Barkhof, Tintoré, and 

their colleagues developed the MRI criteria in small studies; 74 and 70 patients, respectively. They 

showed good accuracy when applied in other cohorts.5,6 Again, those studies used only a few patients, 

often derived from a single or a few centres, which may have caused selection bias. Furthermore, 

the follow-up period was typically short (2–3 years) relative to the protracted course of the disease. 

Two larger studies were undertaken in patients with CIS, which assessed the ability of baseline MRI 

characteristics to predict the early development of clinically definite multiple sclerosis in CIS: the 

Early Treatment of Multiple Sclerosis (ETOMS) study and the Controlled High-Risk Subjects Avonex 

Multiple Sclerosis Prevention Study (CHAMPS).7–9 Both were treatment trials in patients with a first 

demyelinating event, in which patients were recruited from many sites, but the duration of follow-

up was restricted. Inclusion criteria of these studies demanded a minimum number of lesions to be 

present as one of the entry criteria, therefore ruling out normal scans at baseline and patients with 

few lesions, and thus introducing selection bias. Therefore, the results from those studies cannot be 

easily transferred to a general clinical setting of a first demyelinating event. Apart from the example 

of selection bias provided above, the studies on CIS provide few data for subgroup analysis; only two 

reports addressed the performance of the criteria in different presenting syndromes.10,11

We sought to assess the performance of the MRI criteria for dissemination in space as incorporated in 

the McDonald International Panel diagnostic scheme in a large cohort of patients with up to 10 years’ 

follow-up (mean 3·6 years) to further validate these criteria and to identify any confounding factors 

that could affect the risk of developing definite multiple sclerosis during follow-up.

 

Methods

Patients and procedures  

Data from several existing cohorts of patients with CIS from seven centres of the European MAGNIMS 
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(magnetic resonance in MS) group were pooled for central analysis. The centres participating in 

MAGNIMS are secondary or tertiary referral centres for patients with demyelinating diseases. Therefore, 

in all MAGNIMS centres patients with CIS existed and were well described in terms of clinical and MRI 

findings. From centres in Amsterdam, London, and Barcelona, patients were identified from prospective 

local studies of patients with CIS published previously,3,5,6 but with longer follow- up. Ethics approval for 

all trials was obtained from the local institutional review boards. Since the study was based on existing 

data, without additional burden to the patient, no additional approval from the institutional review 

board was needed. All data were anonymised before central collection to preserve confidentiality. 

We included all patients who had had a first episode of symptoms suggestive of demyelination; 

alternative diagnoses were ruled out by local standards. Also, a baseline MRI examination within  

3 months after onset of symptoms had to be available. Since CSF analysis and spinal cord scans were not 

systematically available, these were not included in this study. The scans were done at 1·5 or 1·0 (n=98) 

Tesla and typically consisted of transverse T1, T2, and proton density 3–5 mm images. Gadolinium was 

not administered routinely in all centres (38·7% of total cases) and additional sequences, such as T2-

weighted fast-fluid-attenuated-inversion recovery were done in 32% of cases. The scans were rescored 

in consensus by a local reader at each centre and a single coordinating reader (TK), who visited all sites 

to avoid reader bias. Both readers were unaware of clinical findings. Lesions on MRI scans larger than 

3 mm were defined as areas of increased signal intensity on both proton density and T2-weighted 

images. The scans were scored for numbers of supratentorial and infratentorial lesions on transverse 

proton density and T2-weighted images. Gadolinium-enhancing lesions seen on T1-weighted images 

also needed the presence of a corresponding lesion on the proton density or T2-weighted images. 

Supratentorial lesions were further classified as periventricular (in direct contact with the ventricular 

system), juxtacortical (in direct contact with the cortical grey matter with no intervening white matter), 

or as located in the deep white matter (neither periventricular nor juxtacortical). Infratentorial locations 

consisted of brainstem and cerebellar lesions. From the lesion counts we derived the fulfilment—ie, 

at least three out of four—of the Barkhof/Tintoré criteria: 1) presence of at least one gadolinium-

enhancing lesion or the presence of at least nine lesions on the T2-weighted images; 2) presence of 

at least three periventricular lesions; 3) presence of at least one juxtacortical lesion; 4) presence of at 

least one infratentorial lesion.

Clinical data included the presenting symptoms and the expanded disability status scale (EDSS) at 

baseline. The presenting symptoms were categorised into the following topographies: hemispheric, 

brainstem, spinal cord, optic nerve, multiregional, and undetermined. Multiregional was defined as 

having symptoms relating to at least two lesion locations.  

Following initial presentation, patients with CIS were seen on a regular basis for clinical reassessment, 

and a neurologist at each centre reviewed all available medical data for the occurrence of new 

symptoms indicating a second event. According to the criteria of Poser and colleagues, the occurrence 
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of a second clinical event during follow-up in other parts of the CNS after an interval of at least a month 

indicated the development of clinically definite multiple sclerosis. If this second event had occurred, 

the time to clinically definite multiple sclerosis was calculated as the interval between the onset of first 

symptoms and the onset of the second event.

Statistical analysis  

All data were entered into a database by a single person, and checked for accuracy and consistency 

by confirmation of the validity of all entries in a random sample and by use of descriptive analyses 

including histogram distribution and 2X2 contingency tables. The main outcome in all analyses was  

the conversion to clinically definite multiple sclerosis during follow-up.

The time to clinically definite multiple sclerosis was analysed with Kaplan-Meier survival curves. 

For patients without a second event, time was censored at the last known follow-up date. Next to 

whole group survival we analysed subgroups in which baseline MRI findings were categorised into 

the following: normal scan, minimally abnormal scan, fulfilling one or two Barkhof/Tintoré criteria, 

and fulfilling three or four Barkhof/Tintoré criteria. A scan was defined as normal if no asymptomatic 

lesions were present; a minimally abnormal scan showed at least one asymptomatic lesion but did not 

fulfil any of the Barkhof/Tintoré criteria. Significance of differences between the groups was analysed 

with a log rank test. Cox proportional hazards regression analysis was undertaken with time to clinically 

definite multiple sclerosis as a dependent variable and the dichotomised (ie, at least three out of  

four criteria present) Barkhof/Tintoré criteria as the main predictor variable. Potential confounders 

(sex, age at baseline, and presenting symptoms) were included one by one and subsequently in a 

multivariate model. Sex was included as a binary variable, age at baseline as a continuous variable, 

and presenting symptoms as a categorical variable. We also tested for interactions between either sex 

or presenting symptoms and the Barkhof/Tintoré criteria. Centre effects were also tested by including 

interaction terms between centre (as a categorical variable) and the Barkhof/Tintoré criteria. Wald 

statistics were used to test significance of the interaction. Since no significant interaction was recorded, 

in the final model we included centre as a stratifying categorical variable allowing baseline hazards 

to differ with centre. Sex, age at baeline and presenting symptoms were included as covariates. The 

assumption of proportional hazards was checked with the log-minus- log plot for survival function.

By use of the dichotomised Barkhof/Tintoré criteria as in the McDonald diagnostic scheme (ie, positive 

or negative) we calculated sensitivity, specificity, accuracy, positive predictive value, negative predictive 

value, and likelihood ratios for a positive and negative test including 95% CIs on a subgroup of patients 

for whom complete follow-up was available over a predefined period of at least 2 years. Where TN is 

true negative, TP is true positive, FN is false negative, and FP is false positive, specificity was defined 

as TN/(TN FP), sensitivity as TP/(TP FN), accuracy as (TP TN)/(TP FN TN FP), positive predictive value as  

1
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TP/(TP FP), and negative predictive value as TN/(TN FN). The likelihood ratio for a positive test result was 

defined as sensitivity/(1–specificity) and the likelihood ratio for a negative test result as (1–sensitivity)/

specificity. Additionally, to assess the effect of the follow-up time on test characteristics, the sensitivity, 

specificity, positive predictive value, and negative predictive value were calculated by neglecting 

second events occurring beyond 2 years of follow-up, with those converting later being treated as non- 

converters. The aforementioned potential confounders were analysed by logistic regression analysis 

with clinically definite multiple sclerosis as the dependent variable and the dichotomised Barkhof/

Tintoré criteria as the main predictor variable. Potential confounders were handled similar to the Cox 

proportional hazards regression analysis. Statistical analyses were done with SPSS (version 12.0 for 

windows) and CIA software (version 2.1.1).

 

Role of the funding source

The Dutch MS Research Foundation had no role in study design, data collection, data analysis, data 

interpretation, or writing of the report. The corresponding author had full access to all the data in the 

study and had final reponsibility for the decision to submit for publication.

 

Results

532 patients were included in this study, with a mean follow-up of 3·6 years (SD 2·5) ranging from  

1 month to 10·6 years (table 1). The mean age at baseline was 31 years (SD 8·6) ranging from 9·8 years  

to 57·5 years. For 415 (78%) cases for whom a score was available the mean baseline EDSS was 2·3.  

Table 1 shows the clinical characteristics per centre. Between the individual sites we noted a difference in 

the distribution of the presenting symptoms, which was most marked for London and Copenhagen cases 

who were almost exclusively patients with optic neuritis. This inbalance occurred because of referral from 

a neuro- ophthalmology service for London cases and because for Copenhagen the centre worked as a 

tertiary referral centre for optic neuritis patients. The presentation types in the different centres were 

not matched before inclusion into the combined group, resulting in unequal contribution from individual 

centres. From the total group of 532 patients, 173 (33%) converted to clinically definite multiple sclerosis 

during follow-up, the mean conversion time within this group being 20 months (range 1 month to  

8·6 years). The median time between onset of symptoms and obtaining MRI was 27 days (IQR 12–53). 

The McDonald criteria for dissemination in space were fulfilled in 30% of cases. The highest mean 

numbers of T2 lesions were seen for cases reporting with multiregional symptoms, followed by 

brainstem and undetermined symptoms (table 2). These presentation types also showed the highest 

mean number of gadolinium enhancing lesions, although the group with undetermined symptoms 
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was limited in number of cases, possibly giving an over- presentation of (enhancing) lesions. In all 

groups, most T2 lesions were seen in the deep white matter, periventricularly and juxtacortically. 

Relatively few lesions were seen in the corpus callosum although involvement of this structure 

is common in established multiple sclerosis. However, no specific efforts were made to identify 

these lesions (eg, sagittal FLAIR). For patients having a gadolinium enhanced scan and fulfilling the 

McDonald international criteria for dissemination in space, 52% displayed enhancement, which 

suggests that possible previous steroid treatment is unlikely to have substantially affected our data. 

The Kaplan-Meier analysis for the complete cohort showed a median time to conversion of  

85·3 months (95% CI 67·4–103·2). For the MRI subgroups, a significant difference was found for the 

conversion rate to clinically definite multiple sclerosis (log-rank test p 0·0001; figure). The survival 

curves of the subgroups clearly separate in the first follow-up months and this difference between the 

curves increases over time, showing higher conversion rates for groups fulfilling more Barkhof/Tintoré 

criteria. At a survival time of 2 years after the initial event, about 45% (95% CI 37–53) of patients 

fulfilling the criteria for dissemination in space converted to clinically definite multiple sclerosis versus 

about 10% (6–16) of the group without asymptomatic lesions (mostly patients with no lesions at all) 

at baseline (p 0·0001, pair-wise log-rank test). Checking the log-minus-log plot for survival function 
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No asymptomatic lesions

Minimally abnormal scan

Barkhof/Tintoré 1/2 

Barkhof/Tinoré 3/4 

 

Normal scan 162 134 104 89 62 48 22 16 8 2 0
Abnormal scan 61 46 35 28 18 11 4 0 0 0 0
Barkhof 1/2 150 111 63 46 29 26 18 6 5 1 0
Barkhof 3/4 159 96 63 52 35 25 14 10 3 0 0

Number at risk 532 387 265 215 32144 110 58 16 3 0

Figure 1  Kaplan-Meier estimates of the time from CIS to clinically definite multiple sclerosis for MRI 

subgroups (log rank test p 0·0001) A minimally abnormal scan showed at least one asymptomatic 

lesion but did not fulfil any of the Barkhof/Tintoré criteria. Barkhof/Tintoré 1/2 and 3/4 refer to 

the number of criteria fulfilled. Event-free patients were censored on the last known follow-up date.
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showed that the assumption of proportional hazards was met. In a patient group with a minimum 

follow-up of 2 years (n=349), Cox proportional hazards regression analysis showed a three-fold 

increased risk for conversion for patients fulfilling the criteria for dissemination in space compared 

with those not fulfilling the criteria after correction for sex, presenting symptoms, and age at baseline, 

and stratified for centre (table 3). No centre effects were observed (Wald test p=0·4) and the risk 

was not affected by sex (p=0·7) or presenting symptoms (table 3). Age at baseline had a small but 

significant effect as predictor with a hazard ratio of 0·97 (95% CI 0·98–0·99) per increasing year, but 

did not affect the prognostic value of the McDonald criteria for dissemination in space An additional 

survival analysis including only the converted patients in the group with a minimum follow-up of 

2 years (n=132), showed a median survival time of 11 months (9–14) when fulfilling at least three 

Barkhof/Tintoré criteria, whereas the group fulfilling two Barkhof/Tintoré criteria or less (n=67) 

showed a significantly longer median survival time of 21 months (15–27; p=0·035, Mann- Whitney 

U test). These analyses indicate that within the group of patients converting to clinically definite 

multiple sclerosis, the McDonald criteria for dissemination in space still have prognostic value.   

In the group with a minimum follow-up of 2 years, 132 out of 349 (38%) patients converted to clinically 

definite multiple sclerosis. Of these patients, 114 had at least one asymptomatic lesion at baseline 

while 95 without asymptomatic lesions (of whom 90 had a completely normal scan) did not show 

conversion. This results in a high sensitivity of 0·86 (95% CI 0·79–0·92) but a low specificity of 0·44 

(0·37–0·51) and an accuracy of 0·60 (0·55–0·65) for conversion to clinically definite multiple sclerosis 

when having at least one asymptomatic lesion at baseline. When using the dichotomised Barkhof/

Tintoré criteria at baseline in these 349 patients, 65 of the converted patients fulfilled at least three out 

of four Barkhof/Tintoré criteria as opposed to 45 of the non-converted patients, giving a sensitivity of 

0·49 (0·41–0·58), a specificity of 0·79 (0·73–0·84), and an accuracy of 0·68 (0·63–0·73) for conversion 

to clinically definite multiple sclerosis (table 4). This results in an odds ratio of 3·7 (2·3–5·9; p 0·0001,  

    
           Table 3  Results of the Cox proportional hazards regression analysis for several models. 
                                        

 HR       95%                    p

Model 1 B/T 2.72 1.93 – 3.83 < 0.001 

Model 2 B/T 2.89 2.05 – 4.08 < 0.001 

Model 3 B/T 2.96 2.04 – 4.29 < 0.001 

Model 4 B/T 2.76 2.00 – 3.81 < 0.001 

 
B/T = dichotomized Barkhof/Tintoré criteria (at least 3 of 4 criteria present); HR = hazard ratio; CI = confidence interval  

Model 1: unadjusted model with only B/T (binary) as predictor variables, follow up at least 2 years (n=349). Model 2: model adjusted for age 
only: B/T (binary) as predictor variables and age at baseline (continuous) as covariate, follow- up at least 2 years (n=349). Model 3: adjusted  

for age (continuous), gender (binary) and presenting symptoms (categorical) and stratified for centre, follow- up at least 2 years (n=349).  
Model 4: adjusted for age (continuous), gender (binary) and presenting symptoms (categorical) and stratified for centre, all patients (n=532).
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2 test). Higher specificity and lower sensitivity were recorded each time the number of positive criteria 

was increased because of the cumulative chance model the criteria are based on. Accuracy, however, 

did not differ depending on the number of criteria fulfilled. Limiting the cohort to those patients with a 

minimum follow-up of 3 or 4 years did not significantly affect the test characteristics (data not shown), 

but resulted in a wider 95% CI because of the reduced number of patients. In the group with a minimum  

follow-up of 2 years, fulfilment of the Barkhof/Tintoré criteria as included in the McDonald diagnostic 

scheme resulted in a four times increased risk of conversion to clinically definite multiple sclerosis 

compared with those not fulfilling the criteria (odds ratio 4·18; 95% CI 2·51–6·98). The size of the  

increased risk was not affected by sex, presenting symptoms, or age at baseline, and no centre 

effects were noted.  

To address the issue of spectrum bias, we analysed the cohort with a minimum follow-up time of 

2 years and neglected any events beyond 2 years. In this cohort, which selectively identifies rapid 

(within 2 years) converters, we showed a sensitivity of 0·57, a specificity of 0·76, a positive predictive 

value of 0·43, and a negative predictive value of 0·85 for the fulfilment of the McDonald criteria  

for dissemination in space. These analyses confirm that variation in the duration of follow-up can  

lead to different estimates of the test characteristics (ie, spectrum bias). 

 

Discussion

In this study we assessed the role of MRI, in particular the performance of the Barkhof/Tintoré 

criteria as incorporated in the McDonald diagnostic scheme for multiple sclerosis, in a large sample 

of patients with CIS. We applied the criteria to a combined cohort of patients with CIS, derived from 

multiple centres. Because lenient inclusion criteria were used, on the basis of clinical findings alone, 

1
Table 4  Diagnostic performance of the cumulative Barkhof/Tintoré criteria for CDMS. 

 ≥1 positive criteria ≥2 positive criteria  ≥3 positive criteria 4 positive criteria 

 n=193 n=143 n=110 n=54 

Sensitivity 0.77 (0.69-0.83) 0.59 (0.51-0.67) 0.49 (0.41-0.58) 0.26 (0.19-0.34)

Specificity 0.58 (0.51-0.64) 0.70 (0.64-0.76) 0.79 (0.73-0.84) 0.91 (0.86-0.94)

ACC 0.65 (0.60-0.70) 0.66 (0.61-0.71) 0.68 (0.63-0.73) 0.66 (0.61-0.71)

PPV 0.52 (0.45-0.59) 0.55 (0.46-0.62) 0.59 (0.50-0.68) 0.63 (0.50-0.75)

NPV 0.80 (0.73-0.86) 0.74 (0.67-0.79) 0.72 (0.66-0.77) 0.67 (0.61-0.72)

LR+ 1.80 (1.51-2.16) 1.97 (1.54-2.53) 2.37 (1.74-3.25) 2.79 (1.68-4.65)

LR- 0.41 (0.29-0.57) 0.58 (0.47-0.73) 0.64 (0.53-0.77) 0.82 (0.73-0.91)

Minimal follow-up 2 years (n=349). Between brackets the 95% confidence interval is given. ACC = accuracy, PPV = positive predictive 
value, NPV = negative predictive value, LR+ = likelihood ratio for a positive test, LR- = likelihood ratio for a negative test.
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a large cohort could be assembled with substantial follow-up time, including many patients without 

asymptomatic lesions at baseline. This group therefore provides an opportunity to investigate the 

performance of the criteria in a patient group representative of those seen in daily practice in different 

centres. This is important because in previous studies the criteria were developed and applied in 

selected patient populations, not necessarily equivalent to those seen in a general diagnostic setting 

where the McDonald diagnostic scheme is used. However, as in previous studies, included cases were 

young adult patients with clinically typical CIS, diagnosed by experienced neurologists. To remove 

undesired sources of variation, maximum efforts were exerted to standardise collection and analysis 

between centres; all clinical data were re- entered on dedicated case report forms and all scans were 

re-read by a single physician (TK) in consensus sessions with the local radiologist of the centre.

Our study lends support to the prognostic value of MRI: patients without silent MRI abnormalities 

clearly had the best prognosis, followed by the group who did have an abnormal MRI but did not 

fulfil any of the Barkhof/Tintoré criteria. Also, the number of Barkhof/Tintoré criteria fulfilled created 

significant discrimination in the Kaplan Meier analysis, revealing a higher risk and faster conversion to 

clinically definite multiple sclerosis for subgroups fulfilling more Barkhof/Tintoré criteria. The increase 

in risk and conversion time in relation to the number of fulfilled criteria is in line with the original 

cumulative chance model from Barkhof and colleagues, showing the highest risk when all criteria 

are fulfilled. The group fulfilling the McDonald criteria for dissemination in space (at least three out 

of four Barkhof/Tintoré criteria) in the survival analysis showed a higher risk for conversion with a 

hazard ratio of nearly three compared with those not fulfilling the criteria. When dichotomising the 

criteria, the accuracy for at least three out of four Barkhof/Tintoré criteria we found in this study 

was still acceptable (68%), although slightly lower than in earlier studies by Dalton and colleagues 

(72%)5 and Tintoré and colleagues (80%),6 which is mainly because of a drop in sensitivity in this study. 

Although specificity was as expected, the sensitivity (49%) was lower than in the study by Tintoré and 

colleagues6 (74%) and Dalton and colleagues5 (63%) even though many cases from those cohorts were 

included in this study. We can only speculate about the underlying reasons for this discrepancy, but 

spectrum bias between the studies could play a part.12 This notion is lent support by our observation 

that the conversion rate within 2 years after onset of CIS increased sensitivity without much change 

in specificity. Our study sample, compared with previous studies, includes a relatively high number 

of patients without asymptomatic lesions and a relatively low conversion rate. The current cohort 

probably is more representative of the natural history of inflammatory demyelinating disease than 

previous studies, where patients could have been selected for higher disease activity.7–9 Additionally, 

the long follow-up identified not only early converters but also conversion of (low-risk) patients with 

fewer MRI abnormalities. Therefore relatively few patients fulfilled the Barkhof/Tintoré criteria at 

baseline, whereas those with few MRI abnormalities showed conversion, resulting in low sensitivity 

and high specificity.
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The sensitivity could be increased by taking a lower cut-off point than the current three out of four 

Barkhof/Tintoré criteria, or alternatively, as proposed by Frohman and colleagues,13 by using fewer 

white matter lesions (eg, one to three) as a predictor for conversion. However, this increase in 

sensitivity cannot be achieved without sacrificing specificity. In this study, the presence of one or more 

asymptomatic lesions at baseline for patients with a minimum follow-up of 2 years showed a sensitivity 

of 86% for conversion but a specificity of only 44%. What constitutes acceptable specificity will depend 

on the setting, for example based on pretest probability and additional investigations.

Limitations of our study include: a) elimination of other diagnosis before inclusion, giving selection bias; 

b) the partly retrospective nature of the study; c) no systematic use of gadolinium, although preliminary 

data suggest a limited added value of gadolinium to the sensitivity of the criteria;14 and d) limited use 

of CSF analysis and spinal cord MRI (not routinely available at the time of cohort interception), which 

can be used to show dissemination in space in combination with at least two brain lesions.

Age at baseline was shown to be a significant predictor of conversion to clinically definite multiple 

sclerosis in the Cox proportional hazards regression analysis. With increasing age the probablility 

for conversion is slightly reduced. However, the predictive value of the Barkhof/Tintoré criteria was 

independent of age at baseline. Another factor that might affect conversion to clinically definite multiple 

sclerosis is disease modifying treatment. However, this issue cannot be addressed in this cohort since 

apart from an exceptional case no patients were treated with disease-modifying treatment before 

conversion. Data for treatment with corticosteroids were available for 88% of patients. Approximately 

half the patients were treated with streoids, and there was no evidence for an effect of such treatment 

on the predictive value of the Barkhof/Tintoré criteria nor on the prediction of conversion to clinically 

definite multiple sclerosis in univariate or multivariate models (details not shown).

The clinical consequences of our study are that if Barkhof/Tintoré criteria are fulfilled, the likelihood 

for conversion to clinically definite multiple sclerosis is much higher and the time much shorter 

than if these criteria are not fulfilled; however, clinically definite multiple sclerosis can still develop 

in the latter, although probably at a later stage. Our Kaplan Meier analysis clearly shows that 

even patients without asymptomatic lesions at baseline have a likelihood of developing multiple 

sclerosis of 20–30%, in line with previous findings by Brex and colleagues.15 The Barkhof/Tintoré 

criteria in these cases probably would have been fulfilled at a later stage. Preliminary data show 

that inclusion of a new lesion at follow-up (also qualifying dissemination in time) in combination 

with more liberal criteria for dissemination in space, could yield good sensitivity and specificity.16 

1
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Abstract

We assessed the interobserver agreement on the radiological part of the International Panel (IP) 

criteria for the diagnosis of Multiple Sclerosis (MS), comprising the assessment of dissemination in 

space (DIS) and time (DIT) based exclusively on MRI. 

Four radiologists trained and four radiologists naive in the application of the IP criteria scored the 

fulfillment for DIS (i.e., ≥ 3 periventricular, ≥ 1 infratentorial, ≥ 1 juxtacortical, ≥ 1 enhancing lesion 

or a total of ≥ 9 T2-weighted lesions) and DIT (presence of new or enhancing lesions at follow-up) in 

baseline and two follow-up scans from 20 patients suspected for having MS.

The IP-trained radiologists agreed at least moderately on all assessments (κ > 0.40), whereas the IP-

naive radiologists showed fair agreement (κ < 0.40) on 5 of 16 assessments. In the final conclusion 

on DIS and DIT the IP-trained radiologists agreed substantially on both items (κ = 0.62 and κ = 0.60 

respectively) compared to a fair agreement on DIS (κ = 0.29) and moderate agreement on DIT (κ = 0.52) 

among the IP-naive radiologists. 

Given the poor interobserver agreement among IP-naive observers, the new IP criteria for MS require 

additional training and should perhaps be simplified.

 

Introduction

The diagnosis of multiple sclerosis (MS) requires evidence of dissemination in space and time of central 

nervous system (CNS) lesions.1 This evidence can be derived from clinical symptoms and signs, evoked 

potentials or neuroimaging. Recently, the International Panel (IP) on the diagnosis of MS revised these 

criteria and integrated magnetic resonance imaging (MRI) into the diagnostic algorithm to provide 

evidence for dissemination in both space and time.2 According to these criteria (Table I), meeting 

the modified Barkhof criteria 3, 4 provides evidence for dissemination in space (DIS), whereas new or 

enhancing lesions on follow-up MRI may provide evidence for dissemination in time (DIT). Originally, 

the Barkhof criteria were developed as a cumulative chance model, based on four MRI criteria, for 

development of clinically definite Multiple Sclerosis (CDMS) in case of a first clinical episode suggestive 

for the disease.3 They were modified and dichotomized by Tintoré et al, including the possibility to 

substitute an absent gadolinium enhancing lesion with 9 T2-weighted lesions and choosing a cut-

off point of three positive criteria.4 In several studies, these modified criteria showed good accuracy 

compared to previous MRI criteria, enabling expedited diagnosis of MS.5-8 
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In the diagnostic scheme as proposed by the IP, the diagnosis increasingly depends on the results of the 

MRI and thus on familiarity with the IP scheme by the reader evaluating the scans. Few studies have 

assessed the interobserver agreement in reporting lesions for use in diagnostic MRI criteria.9, 10 Zipoli 

et al showed a moderate agreement for the IP criteria as a whole, using both clinical and MRI data in 

the diagnosis of MS. However, the neurologists reading the scans experienced difficulties assessing DIT 

due to failure in accurately identifying new lesions and spinal cord lesions. When using clinical data 

only, the agreement for DIT was much higher. In contrast, the study of Barkhof et al. suggested good 

interobserver agreement for individual radiological elements for DIS used in the IP scheme, but this 

study was performed prior to the recommendations of IP and did not include the modified Barkhof 

criteria. The objective of this study is to asses the interobserver agreement between IP-trained and 

IP-naive radiologists in the application of the radiological part of the IP criteria (the assessment of DIS 

and DIT based exclusively on MRI) to gain insight in the applicability of these criteria for radiologists in 

general diagnostic setting.

 

Materials and Methods

Eight board-certified radiologists participated in this study. The first group of four radiologists, 

designated as trained in the application of the IP criteria, had dedicated training in neuroradiology 

and had been involved in systematic application of the IP criteria in patients suspected to have MS for 

diagnostic purposes or in the setting of research protocols, on a regular basis. The second group of four 

radiologists , designated as naïve in the application of IP criteria, had been working in public hospitals 

for several years, and had ample experience with MRI of the brain and MS in general diagnostic setting, 

but had little or no experience with the application of formal MS criteria as defined in the IP criteria. 

Table I  Criteria for dissemination in space and dissemination in time based  

exclusively on MRI following the IP criteria.

Dissemination in space 

Three of four of the following modified Barkhof criteria: 

1.  One gadolinium-enhancing lesion or nine T2-  

 hyperintense lesions if there is no gadolinium   

 enhancing lesion   

2. At least one infratentorial lesion  

3. At least one juxtacortical lesion  

4. At least three periventricular lesions 

Note: One spinal cord lesion can be substituted for one  

brain lesion.

Dissemination in time

1.  A new enhancing lesion compared to baseline at 

month 3 or later, provided that it is not at the site 

implicated in the original clinical event.

2. Beyond month 3 a new T2 lesion 

 compared to post-baseline scan (e.g. month 3) 

2
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Both groups were asked to apply the IP criteria at a selected patient cohort under similar conditions, 

masked for all clinical data.

The patient cohort contained the baseline scans and two follow-up scans each of 20 patients with 

a clinically isolated syndrome (CIS) at baseline, defined as an acute or subacute neurological 

disturbance indicative of demyelination and suggestive for MS. An independent observer (TK) working 

with the IP criteria in the setting of research for 2 years, selected all scans, in order to guarantee 

a mixed group of patients with and without DIS, DIT, or both following the IP criteria. The mean 

time between baseline and the first follow-up scan was 5 months ranging from 3 to 16 months; 

mean interval between baseline and second scan was 15 months, range 13-38 months (Table II). 

All radiologists scored all scans on the same day under constant viewing conditions using identical 

digital display facilities. The images had been obtained on a 1.0 T scanner (Siemens AG, Erlangen) 

and consisted of contiguous axial 5mm slices with 0.5 mm gap, including PD-, and heavily T2-

weighted spin-echo (SE) (2700/45-90/1 [TR/TE/excitations]) and T1-weighted SE (700/15/2) images 

after gadolinium administration (0.1 mmol/kg body weight). The spinal cord images consisted of 

contiguous sagittal 3 mm slices with 0.3 mm gap, PD and heavily T2-weighted SE (2457/20-80/1) and  

T1-weigthed SE (500/15/1) images.

The baseline images were scored for the dichotomous items needed for the modified Barkhof criteria 

(Table I), i.e. ≥ 3 periventricular, ≥ 1 infratentorial, ≥ 1 juxtacortical and ≥ 1 enhancing lesions or a total 

of >9 T2-weighted lesions lesions. As proposed by the IP, a spinal cord lesion could be substituted for 

one of the brain lesions. Based on these items, the observer had to make a final conclusion whether 

or not the scan fulfilled the IP criteria for DIS. The follow-up scans were scored for new lesions on T2-

Table II  Characteristics of MS patients

N   20  

Gender male 9   

  female 11  

Mean age at onset (SD)  35 (10) (years) 

  range 17-56  

Median EDSS at baseline  2  

  range 0-6  

Mean time to first follow-up scan  5 (months) 

  range 3-16  

Mean time to second follow-up scan  15 (months) 

  range 13-38 
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weighted and enhanced T1-weighted images, and were compared to the baseline scan. These scans 

were used to judge the fulfillment of the DIS criterion if not reached earlier. Next, a decision had to be 

taken regarding DIT according to the IP criteria: either a new enhancing lesion on any follow-up scan, 

or a new T2 lesion on the second compared to the first follow-up scan.

The level of agreement between observers was expressed statistically by κ-coefficients11. Values below 

0.20 indicate poor agreement, 0.21 to 0.40 fair, 0.41 to 0.60 moderate, 0.61 to 0.80 substantial and 

above 0.80 almost perfect agreement.12 To compare between κ values z-statistics were calculated.13 

 

Results

The absolute number of positively scored MRI-items and the level of agreement are summarized in 

Table III. In general, the IP-trained radiologists showed a higher level of agreement than the IP-naive 

radiologists. The IP-trained radiologists agreed at least moderately on all items whereas agreement 

was fair in 5 out of 16 items in the IP-naive group. The highest level of agreement was reached on 

Table III  Absolute number of patients fulfilling the individual MRI items and the IP criteria for 
 DIS and DIT with corresponding interobserver agreement. P values indicate difference of 

κ-coefficients between IP-trained and IP-naive radiologists. Calculated on 20 patients, 60 scans.
DIS: dissemination in space; DIT: dissemination in time

                                                 IP-trained radiologists               IP-naive radiologists  

 

>9 T2-weighted lesions 

>3 periventricular lesions 

Juxtacortical lesions 

Enhancing lesions 

Infratentorial lesions 

myelum lesions 

DIS (baseline) 

DIS (incl spinal cord) 

new T2-weighted lesions 

new enhancing lesions 

DIS (cumulative) 

DIT (baseline) 

new T2-weighted lesions 

new enhancing lesions 

DIS (cumulative) 

DIT (cumulative) 

A B C D κ (SE) a b c d κ (SE) p 

14 14 13 12 0.76 (0.11) 17 14 18 12 0.35 (0.14) 0.02 

13 17 10 13 0.54 (0.13) 12 12 9 6 0.53 (0.11) 0.92 

10 9 6 11 0.47 (0.13) 5 11 11 3 0.25 (0.09) 0.18 

5 7 6 6 0.88 (0.08) 11 7 6 4 0.46 (0.12) <0.01 

9 13 15 13 0.44 (0.11) 10 14 14 6 0.38 (0.11) 0.71 

16 17 16 16 0.43 (0.16) 15 14 17 13 0.64 (0.14) 0.32 

11 14 12 12 0.68 (0.12) 10 12 13 7 0.44 (0.12) 0.17 

11 14 14 12 0.71 (0.11) 10 12 14 9 0.42 (0.11) 0.07 

15 13 12 14 0.55 (0.13) 14 13 14 11 0.60 (0.11) 0.76 

7 7 7 7 1.00 (0.00) 7 7 8 7 0.95 (0.05) 0.31 

11 15 12 12 0.65 (0.12) 10 13 14 9 0.35 (0.11) 0.06 

8 7 7 7 0.84 (0.09) 7 7 9 10 0.64 (0.11) 0.17 

12 14 9 13 0.52 (0.13) 15 11 13 9 0.42 (0.12) 0.57 

3 4 3 3 0.93 (0.10) 4 6 3 4 0.78 (0.12) 0.29 

11 15 14 14 0.62 (0.12) 11 13 14 9 0.29 (0.11) 0.05 

14 16 12 12 0.60 (0.08) 13 11 16 13 0.52 (0.11) 0.57

baseline
follow

 up 1
follow

 up 2

2
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the items related to enhancing lesions; for this, the IP-trained radiologists agreed almost perfectly on 

baseline and follow-up scans. At baseline, the IP-naive radiologists agreed significantly less, but for 

follow-up scans agreement was substantially higher. 

Also on the >9 T2-weighted lesions criterion agreement was significantly higher in IP-trained compared 

to IP-naive radiologists. However, for all criteria including location (periventricular, juxtacortical, 

infratentorial and spinal cord) agreement was only moderate (κ >0.40) for the trained radiologists and 

not significantly different from the IP-naive radiologists (figure I).

Figure I Proton density weighted images of the brain from a case of the scored patient cohort 

showing multiple hyperintense lesions as seen in MS. The agreement on the fulfillment of the  

IP criteria for DIS was variable among the raters as the lesions around the ventricles were  

classified as periventricular or as located in the deep white matter. In addition, the juxtacortical 

(white arrow) and corpus callosum lesion (black arrow) were occasionally missed.

 

Agreement on DIS at baseline and both follow-up scans by the IP-trained radiologists is substantial and 

comparable on all three occasions. For the IP-naive radiologists agreement on DIS is considerably lower 

and fair at follow-up. The substitution of one spinal cord lesion for a brain lesion at baseline slightly 

increased agreement among IP-trained radiologists whereas IP-naive radiologists agreed less after 

substitution, increasing the difference between the groups. With respect to DIT, both groups showed 

higher agreement at first follow-up (where only the presence of enhanced lesions can contribute) than 

at the second follow-up (when also new T2 lesions compared to the first follow-up suffice). 
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Discussion

MRI is a sensitive tool for showing DIS in patients with suspected MS14. In order to increase specificity 

when using MRI in diagnosing MS, the IP incorporated the modified Barkhof criteria in their diagnostic 

scheme, providing tools for a higher specificity when compared to other available MRI criteria4. 

However, vital to the successful application of these criteria are adequate detection of lesions and 

correct interpretation by those applying them. In our study we assessed the agreement when applying 

the diagnostic MRI criteria for MS in two groups of radiologists, one trained in the application of the 

IP criteria and the other naive. Agreement within the groups varied between the different items. 

Moreover, we found considerable differences between both groups when applying the diagnostic 

scheme and subsequent conclusions whether DIS or DIT was reached. 

According to an earlier interobserver study9, agreement among experienced raters on total T2 lesion 

count is not very reproducible but when using dichotomized criteria, the agreement can be quite good. 

In this study, the results for the IP-trained raters when applying the diagnostic criteria were comparable 

with that previous study, showing at least moderate agreement on all (dichotomized) items of the 

modified Barkhof criteria. The IP-naive group, however, did not reach the same level of agreement 

as the IP-trained group and, as a result, had a somewhat lower level of agreement on DIS compared 

to the IP-trained group. This difference in agreement on DIS between groups increased from baseline 

to follow-up when the IP-naive raters included their new findings. Apparently, next to difficulties in 

identifying lesions, the IP-naive raters seem to incorporate the criteria differently resulting in lower 

agreement each time a new conclusion had to be made about DIS, resulting in fair agreement only at 

their final assessment. By contrast, the IP-trained raters maintained a substantial level of agreement 

on DIS from baseline to the last follow-up scan. 

The levels of agreement found for new T2 and new enhancing lesions in the current study are similar 

to those previously reported for experienced raters9, 15, although some studies showed even better 

results.16 The resulting final agreement on DIT was moderate in both groups and higher than reported 

by the interobserver study from Zipoli et al.10, probably due to better performance by radiologists 

than neurologists when identifying new T2 or new enhancing lesions. Remarkably, the neurologists 

reading the scans in the mentioned study found higher agreement on DIS, resulting in opposite findings 

compared to our study. Although the final agreement on DIT was comparable between the groups, the 

initial agreement at the first follow-up scan differed as the IP-naive radiologists based their conclusion 

also on the presence of new T2 lesions. However, according to the IP guidelines, only enhancing lesions 

should be used at this time point while new T2 lesions can be used at the second follow-up scan. 

2
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Our study shows that radiologists with less experience using the IP diagnostic scheme do not reach the 

same level of agreement assessing DIS and DIT as radiologists who are more familiar with the scheme 

and suggests that before implementing the IP scheme into a general diagnostic setting, the readers 

evaluating the scans might benefit from training to reduce the variability of their findings.17

Rather than blaming a lack of training, one could also argue that the current diagnostic scheme is too 

complicated for application in a general setting and should, where possible, be simplified. For example, 

new T2 lesions could be allowed as an alternative for DIT also at the first follow-up scan as it was shown 

that this does not influence the performance of the criteria.18 This would reduce the inconsistencies  

at the interpretation of the follow-up scans as we encountered in our study. Using this in our study 

would also have reduced the difference between the IP-trained and the IP-naive group regarding DIT. 
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Diagnostic guidelines for multiple sclerosis (MS), as proposed by the International Panel on the 

Diagnosis of MS, were rapidly implemented, both in daily practice and in clinical research.1 A diagnostic 

scheme was proposed that includes criteria for MRI dissemination in space and time. 

The criteria for dissemination in space were based on studies by Barkhof et al and by Tintoré et al 

requiring three of the four following2, 3: one gadolinium enhancing lesion or nine T2 lesions (1), at least 

one infratentorial lesion (2), at least one juxtacortical lesion (3), and at least three periventricular lesions 

(4). Additionally, it was mentioned that one spinal cord lesion can be substituted for one brain lesion. 

This has introduced quite some confusion, since implementation guidelines were not provided. 

At least three interpretations are possible. Spinal cord lesions can only be used to reach the criterion 

of nine T2 lesions (A); spinal cord lesions can be used to fulfil one of the four brain criteria if not yet 

fulfilled, for example, the criterion requiring at least one infratentorial lesion (B); or spinal cord lesions 

can be used to fulfil more than one criterion if not yet fulfilled, for example the criterion of at least one 

infratentorial lesion, as well as that of one juxtacortical lesion, if appropriate (C). In addition, a variety 

of different combinations exist between the most restrictive interpretation (A) and the most liberal 

one (C).

We recently performed a study in which MRI evidence of spinal cord pathology was evaluated in a 

cohort of 104 patients, who had been newly diagnosed with MS.4 Here, we report additional analyses 

in which we applied interpretations A, B and C to the data collected. 79 patients fulfilled the criteria 

for dissemination in space if only the brain scan was analysed. This number rose to 82 using the most 

restrictive interpretation (A), to 93 with interpretation B and to 98 with the most liberal interpretation 

(C). These data show that application of spinal cord MR in this population increases the percentage 

that fulfils the criteria for MRI dissemination in space, varying from 79% to 94% depending on the 

interpretation applied.

In conclusion, it is evident that the current implementation of MRI for the assessment of dissemination 

in space is ambiguous and not always based on scientific evidence. Specifically, the substitution of 

(missing) brain lesions by spinal cord MRI findings should be studied in a systematic (and prospective) 

fashion, both for their diagnostic accuracy and their interobserver reliability.
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Abstract

Retrospectively, we assessed the specificity of two proposed magnetic resonance imaging (MRI) cri-

teria for multiple sclerosis (MS) in patients suspected to have MS but who ultimately receive another 

diagnosis. Brain MRIs of 28 patients mixed with 28 MRIs of MS patients from the same cohort of 377 

consecutively referred patients were scored by a neuroradiologist masked to the final diagnosis. The 

criteria for dissemination in space incorporated in the McDonald International Panel showed good 

specificity (89%). However, the more sensitive criteria proposed by a Subcommittee of the American 

Academy of Neurology resulted in a lower specificity (29%), indicating an increased risk of a false-

positive diagnosis. 

 

Introduction

In recent guidelines for diagnosing multiple sclerosis (MS) as proposed by the McDonald International 

Panel (IP) 1 magnetic resonance imaging (MRI) findings were given a critical role, mainly to allow for an 

earlier diagnosis of MS. MRI is the most sensitive paraclinical diagnostic test for MS 2, 3 but white mat-

ter abnormalities are known to be present in many other diseases as well. They have been reported 

in 40 to 95% of patients with other neurological diseases 4, 5 and even in 44% of elderly asymptomatic 

patients.6

The MRI criteria as incorporated in the IP guidelines are based on a series of studies 3, 6-8 in which the 

predictive value of different characteristics of white matter lesions for conversion from a clinically iso-

lated syndrome (CIS) suggestive for MS to clinically definite MS (CDMS) according to previous criteria 

(the Poser criteria) was evaluated. Since their publication, several studies 9, 10 have evaluated the IP 

guidelines and found a sensitivity of 74 to 83%. The specificity in these studies was reported to be 83 

to 85%. However, the relevance of the latter percentages may be questioned because all studies were 

performed in highly selected patient groups. Patients were usually recruited in tertiary referral centers 

and had a typical presentation of CIS and a restricted age and disease duration. Moreover, patients in 

whom (ultimately) another diagnosis was made, were typically excluded from analyses. Such popula-

tions are useful to address the issue of sensitivity but are of limited value to determine specificity. 

Because most patients from these selected populations have a second event over years 11, these diag-

nostic criteria may be perceived as a parameter for disease prognosis rather than as an instrument to 

diagnose difficult cases.

A systematic analysis of studies resulted in a consensus report of the Therapeutics and Technology 

Assessment Subcommittee of the AAN 12 on the use of MRI in the diagnosis of MS. It was argued 

that three white matter lesions in patients with CIS represent a more sensitive predictor of the sub-

sequent development of CDMS, without affecting specificity. This assumes a population in which the 
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prior chance of not having the disease is negligible, which is probably true for the populations in the 

published studies but may not be the case in a more general clinical setting.

To approximate the specificity of these two MRI criteria for dissemination in space in clinical practice, 

we studied a group of patients in whom their own neurologist suspected a diagnosis of MS, but after 

second opinion another diagnosis was made.

 

Patients and Methods

Of the 754 consecutive cases referred to our MS Centre for a second opinion in the last 3 years before 

implementation of the IP criteria (between January 1998 and January 2001) the purpose of the refer-

ring neurologist was a confirmation or rejection of a suspected diagnosis of MS in 377 patients. In this 

group, the following diagnoses were made using the Poser criteria for MS 13: 195 definite MS (51.7%), 

58 probable MS (15.4%), 5 other demyelinating disease (1.3%), 29 other neurological diseases (OND; 

7.7%), and 3 both MS and another neurological disease (0.8%). In 87 (23%) cases, no certain diagnosis 

could be made. In four cases, essential parts of the medical files could not be retrieved.

Of 29 OND patients, 17 were diagnosed with ischemic cerebrovascular disease (ICVD), 4 with angiitis/

vasculitis due to systemic inflammatory disease, 3 with multiple system atrophy, and in 5 other single 

diagnoses were made. To determine “true” specificity of diagnostic criteria, we focused on patients in 

whom another diagnosis was positively made (OND). Patients in whom a diagnosis of MS could not 

(yet) be made were not included in the analysis to avoid circular reasoning and thus overestimating the 

specificity of the IP criteria. Diagnoses were always based on the combination of clinical, laboratory, 

and (additional) radiological data, in a few patients including tissue biopsy, wherever possible in 

accordance with accepted diagnostic guidelines.

The original brain MRI on which the diagnosis of MS was suspected was available for 28 of these 29 

patients. To mask the radiologist for the ultimate diagnosis, we mixed these scans with 28 scans of 

randomly selected patients from the same cohort in whom the diagnosis of definite MS according 

to the Poser criteria was confirmed. Thus, 56 patients were included in the analysis. The scans were 

presented in random order to an experienced neuroradiologist who scored the scans according to  

the MRI characteristics as incorporated in the different diagnostic criteria that then were specified as 

either fulfilling or not fulfilling the criteria for dissemination in space as incorporated in the IP guidelines  

and the criterion of three or more lesions as proposed by the AAN Subcommittee.

Specificity (true-negative rate) and sensitivity (truepositive rate) and 95% confidence intervals (CIs) 

were calculated for both the IP MRI criteria and the AAN criterion using CIA software (version 2.0.0 

Trevor Bryant, University of Southhampton). Additional statistical tests were performed using SPSS 

3
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software (version 11.0). Reported p values are based on two-tailed significance tests with a threshold 

of 0.05. 

 

Results

Patient characteristics are summarized in Table 1. Patients with OND were older than MS patients  

(p = 0.002) but had comparable sex distribution and disease duration. Imaging characteristics and uni-

variate OR for different MRI characteristics are displayed in Table 2.

Table 1  Patient Characteristics

aMean value and standard deviation; difference significant (p _0.002). bDifference not significant. cMedian and interquartile range; difference 
not significant. MS = multiple sclerosis; RR = relapsing remitting; PP = primaryprogressive; SP = secondary progressive; SD = standard deviation.

Patient Characteristics Other Neurological Diseases (N = 28) MS (N = 28) 

Agea (yr)  49.8 (SD,9.5) 41.6 (SD,8.7) 

Sexb (female:male) 17:11 20:8 

Disease durationc (yr) 2.6 (3.7) 1.9 (2.6) 

Type of MS  20 (71.4%) RR15 

   5 (17.9%) PP15 

   3 (10.7%) SP15 

Table 2  MRI Characteristics

MRI = magnetic resonance imaging; OND = other neurological disease; MS = multiple sclerosis; CI = confidence interval.

Imaging Findings  OND (n = 28) MS (n = 28) Odds Ratios MS  

   vs OND (95% CI) 

Nine or more T2 lesions 14 (50%) 22 (79%) 3.7 (1.1–11.8) 

Infratentorial lesion present 7 (25%) 18 (64%) 5.4 (1.7–17.1) 

Juxtacortical lesion present) 4 (14%) 15 (54%) 6.9 (1.9–25.2) 

Three periventricular lesions present5 5 (18%) 21 (75%) 13.8 (3.8–50.2) 

Three or more T2 lesions 20 (71%) 26 (93%) 5.2 (1–27.2) 

Table 3  MRI Scans Accomplishing the Different MRI Criteria and Their Diagnostic Properties

MRI = magnetic resonance imaging; OND = other neurological disease; CI = confidence interval;   
MS = multiple sclerosis; IP = International panel; AAN = American Academy of Neurology.

Criteria OND (n = 28) Specificity (CI) MS (n = 28) Sensitivity (CI) 

IP MRI criteria positive  3 (11%) 89% (73–96) 18 (64%) 64% (46–82) 

AAN criterion positive 20 (71%) 29% (15–47) 26 (93%) 93% (77–98) 
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Three of the 28 OND patients fulfilled the IP MRI criteria. These patients (one case of vasculitis and two 

of ICVD) all had more than 35 T2 lesions. In contrast, 20 OND patients fulfilled the AAN criterion. This 

results in a specificity of 89% (95% CI, 73–96%) for the IP MRI criteria and 29% (95% CI, 15–47%) for 

the AAN criterion (Table 3). The sensitivity in the random sample of 28 MS patients was 64% (95% CI, 

46–82%) and 93% (95% CI, 77–98%), respectively.

Discussion

We addressed the utility of different MRI criteria for MS for the first time to our knowledge in a sample 

in which diagnostically difficult cases are overrepresented rather than excluded. The specificity of 

diagnostic criteria in clinical practice is more reliably estimated using such a population compared with 

a population in which all other diagnoses are excluded.

Ideally, such a study would be performed prospectively; however, as the IP criteria have become a 

worldwide standard for the diagnostic process for MS, this remains a difficult task. Furthermore, we 

tried to optimize generalizability by selecting all patients referred by a neurologist for a second opinion 

regarding a possible diagnosis of MS, without any restrictions on age, typical presentation, or maximum 

disease duration, even though the referral to a specialized MS center does involve referrals of unusual 

cases and possibly to some extent cases that were not yet completely evaluated before referral.

The difference in age between the OND and the MS group expresses the average older age of onset of 

ICVD, neurodegenerative disease, and age-related white matter changes as opposed to MS. However, 

although distinctive at a group level, this showed not to be valuable for an individual patient as 

illustrated by the large overlap between the groups.

The sensitivity of the IP MRI guidelines in this study (64%) was comparable to sensitivities of 69% 

and 71% reported before in CIS patients. 9, 14 The AAN criterion indeed had a higher sensitivity (93%), 

which is especially valuable to prevent false-negative diagnosis. However, for the confirmation of 

the diagnosis, a test with a high specificity is needed. In the studies performed so far, specificity was 

defined in relation to risk for conversion to clinically definite MS rather than to misdiagnosis. In this 

study, the specificity of the IP MRI criteria was shown to be higher compared with the AAN criterion. 

This is probably driven by criteria for location of lesions rather than number of lesions.

After initial screening for alternative diagnoses as performed by the referring neurologist, the AAN 

criterion would have allowed for 20 (5.3%) incorrect MS diagnoses in a group of 377 patients as opposed 

to 3 (0.8%) when applying the IP MRI guidelines. This observation is of increasing importance in an era 

where an early diagnosis of MS is more and more likely to lead to early initiation of diseasemodifying 

treatment, which is both expensive and associated with side ef fects.

3
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Abstract

The International Panel on the diagnosis of Multiple Sclerosis (MS) incorporated the Barkhof/Tintoré 

(B/T) magnetic resonance criteria into their diagnostic scheme to provide evidence of dissemination 

in space of central nervous system lesions, a prerequisite for diagnosing MS in patients who present 

with clinically isolated syndromes (CIS). Although specific for MS, the B/T criteria were criticised for 

their low sensitivity and relative complexity in clinical use. We used lesion characteristics at onset 

from 349 CIS patients in logistic regression and recursive partitioning modelling in a search for simpler 

and more sensitive criteria, while maintaining current specificity. The resulting models, all based on 

the presence of periventricular and deep white matter lesions, performed roughly in agreement with 

the B/T criteria, but were unable to provide higher diagnostic accuracy based on information from a 

single scan. Apparently, findings from contrast-enhanced and follow-up magnetic resonance scans are 

needed to improve the diagnostic algorithm.

Introduction

Magnetic resonance imaging (MRI) is often used to support the diagnosis of multiple sclerosis 

(MS). The McDonald International Panel (IP) on the diagnosis of multiple sclerosis incorporated the 

Barkhof/Tintoré MRI criteria into their diagnostic scheme to gather specific and objective evidence 

of dissemination in space of central nervous system lesions.1 Additionally, the IP formulated criteria 

for the use of MRI to demonstrate dissemination in time, allowing for an earlier diagnosis of MS to be 

made in patients with a clinically isolated syndrome (CIS). 

The Barkhof/Tintoré (B/T) criteria for dissemination in space consist of four individual MRI criteria 

including one or more juxtacortical lesions, one or more enhancing lesions, one or more infratentorial 

lesions and three or more periventricular lesions. A threshold is set at least three positive criteria 

with the possibility to substitute the need for an enhancing lesion with nine or more T2 lesions.2, 3 The 

four individual criteria were derived using logistic regression in a sample of 74 CIS patients, predicting 

the development of clinically definite multiple sclerosis (CDMS) with increasing risk as more criteria 

were fulfilled.2 The threshold, or dichotomisation, at three criteria and the possibility to substitute an 

enhancing lesion were determined in another sample of 70 CIS patients.3 

The choice of the cut-off criterion in the B/T criteria was fuelled by a desire to maximise specificity, 

and this was the reason for incorporation into the IP criteria. Further validation studies have confirmed 

the high specificity, but also revealed the low sensitivity of the B/T criteria for dissemination in space.4 

Related to this low sensitivity, the IP criteria have been criticised for being overly restrictive, preventing 
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an appropriate diagnosis from being made.5 Another drawback of the B/T criteria is their relative 

complexity, requiring the user to have experience before using them reliably in a clinical setting.6

In this study we sought to increase the accuracy and usability of the current B/T criteria by redefining 

prediction models based on the predictive properties of a single MRI examination at onset of CIS. 

We made use of more sophisticated statistical methods and took advantage of the large MAGNIMS 

database.

Materials and methods

The dataset from the MAGNIMS multicentre follow-up study was used containing regional brain lesion 

counts of initial MRI examinations at onset of CIS and the clinical follow-up of 532 patients (for details 

see Korteweg et al. 2006 4). From this dataset the 349 cases with a minimal clinical follow-up of 2 years 

were selected to allow conversion to CDMS. The MRI lesions scored included those needed for the B/T 

criteria, i.e. number of juxtacortical, periventricular, deep white matter, enhancing and infratentorial 

lesions. In addition, the following items were scored; the number of corpus callosum, basal ganglia, 

temporal, brainstem and cerebellar lesions, the number of hypointense lesions and the number of 

lesions bigger than 5 mm. During clinical follow-up, the occurrence of a second clinical event was 

assessed, indicating the development of CDMS.7 Because of the retrospective nature of this study, 

contrast-enhanced scans were not systematically available and to prevent selection bias these lesions 

were left out of the analysis.

Statistical analysis

To ensure independent exploration and validation of prediction models, the whole dataset was randomly 

divided (2:1) into a training (230 observations) and a test set (119 observations). Two approaches 

to create a prediction model for conversion to CDMS were evaluated. In the first approach logistic 

regression was used, modelling all MRI items as independent variables with conversion to CDMS as a 

dependent variable. Using forward and backward stepwise analysis in the training set (Wald statistic 

with P value for entry of 0.05 and a P value for removal of 0.10) the relative contribution of individual 

MRI items was assessed for predicting conversion to CDMS. The items with the highest contribution 

were selected to build a regression model, using ROC (receiver operating characteristic) curves to 

determine the optimal cut-off point for dichotomisation of the continuous covariates. The resulting 

model was applied to the test set to calculate the sensitivity and specificity. 

In the second approach a multivariate statistical methodology, recursive partitioning, was used to 

classify cases as either CIS or CDMS. Recursive partitioning splits the data into segments that are as 

4
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homogeneous as possible with respect to the dependent variable. The method is non-parametric and 

non-linear in nature, imposing no implicit assumption regarding the relation between the predictor 

variables and the dependent variable. At each step, a recursive partitioning procedure determines for 

each variable a cut-off that optimally splits all of the cases into CIS and CDMS and selects the variable that 

performs best. It then takes the resulting subpopulations and repeats the process, until no additional 

partitioning is necessary: either a subpopulation contains one class of cases or the subpopulation is 

too small to be divided. The final results can be summarised in a series of logical if-then conditions 

or a decision tree. Additionally, to overcome the decision tree instability, an analysis was performed 

using Random Forest, proposed by Breiman.8 This method uses bootstrapping to construct multiple 

independent decision trees, each constructed with a random subset of the predictor variables. In the 

end, a simple majority vote from all trees is taken for prediction. 

The program RPART, freely available on the Internet, implemented in the R language, was used to 

generate a decision tree depicting the classification rules generated through recursive partitioning. 

When growing the tree, we used priors estimated by the class proportions of the sample and equal 

misclassification costs for CIS and CDMS. The method used to measure impurity (homogeneity) was 

based on Gini. Pruning the tree (to correct for overtraining) was undertaken using the 1- standard error 

(SE) rule described by Breiman et al.9 Similar to the first approach, the decision tree was developed 

in the training set and evaluated using the test set. All analyses were performed using SPSS 11.04  

for Apple Macintosh, R version 2.5.1 for Apple Macintosh including RPART 3.1-38 and Random Forest 

4.5-19.
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Results

The clinical characteristics of the cases included (n=349) are shown in Table 1. The MRI was performed 

within 3 months after the onset of CIS and the mean clinical follow-up time was 4.9 years (SD 1.9), 

ranging from 1 to 10 years. During follow-up, CDMS was diagnosed in 132 cases (37.8%) after a median 

time to conversion of 14 months (IQR 7.6–33.6) within this group. Those patients converting showed a 

median of 11 T2 lesions (IQR 3–22) versus a median of 1 lesions (IQR 0–9) in the non-converted group. 

Conversion occurred in 17 of 113 cases (15.0%) without any abnormalities at MRI examination. 

Forward stepwise regression analysis with the continuous MRI covariates in the training set found 

a significant contribution of deep white matter (B = 0.082, p=0.04) and periventricular (B = 0.055, 

p<0.01) lesions for predicting conversion to CDMS. The backward stepwise regression confirmed the 

importance of these covariates without any significant contribution of other covariates. The number 

of lesions showing the highest accuracy for predicting CDMS for periventricular and deep white  

matter lesions was determined using ROC curves, resulting in 3 lesions for deep white matter and  

2 for periventricular lesions. A dichotomised model was built using these cut-offs and applied in the 

test dataset. This model showed sensitivity of 0.43 (95% CI: 0.28–0.59), specificity of 0.82 (95% CI: 

0.71–0.90) and accuracy of 0.68 (95% CI: 0.59–0.76). An additional analysis including the age and 

symptoms at onset in the stepwise regression analysis revealed no significant contribution of these 

covariates to the model. Furthermore, when added to the analysis, the total number of brain lesions 

was found to be a single significant covariate predicting conversion, replacing the periventricular and 

deep white matter lesions.

                                        Table 1  Clinical characteristics at onset of CIS 

N=349  

Mean age in years (range)  31 (10–52) 

Sex (f/m ratio) 235/114 

  

CIS presenting symptoms (%)  

Optic neuritis  164 (47.0) 

Spinal cord 80 (22.9) 

Brainstem 64 (18.3) 

Multiregional 21 (6.0) 

Hemispheric  14 (4.0) 

Undetermined 6 (1.7) 

  

Median days from onset to MRI (IQR ) 23 (10-49) 

4
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Figure 1  Classification tree derived from the training set data. Values represent number of CIS 

or CDMS cases. The predicted class is displayed in each terminal node of the tree in bold. 

The classification tree analysis included the same predictors as those found using the regression 

analysis. The first split was made using the presence of one or more deep white matter lesions, dividing 

the development dataset into a group of 94 and 136 cases (Fig. 1). The risk of conversion was 15% 

(14/94) in the left node without deep white matter lesions, versus 56% (76/136) in the right node with 

deep white matter lesions. A final split was made within the group with deep white matter lesions, 

based on the presence of a periventricular lesion. This split increased the risk of conversion to 60% 

in the right lower node with a periventricular lesion. When applied to the test set this model showed 

sensitivity of 0.64 (95% CI: 0.48–0.78), specificity of 0.70 (95% CI: 0.59–0.80) and accuracy of 0.68 

(95% CI: 0.59–0.76). No improvement in accuracy was found using Random Forest analysis. Table 2 

summarises the performance of the models in the test set including the original B/T criteria. Similar 

to the regression analysis, including the total number of lesions as an independent covariate resulted 

in a tree with a single split based on the presence of four lesions regardless of their topographical 

location.

Table 2  Performance of the models in the test set including 95% confidence intervals.  

Test dataset n=119 sensitivity specificity accuracy 

B/T cut-off 3* 0.43 (0.28–0.59) 0.87 (0.77–0.94) 0.71 (0.62–0.79) 

Regression analysis  
with cut-offs 0.43 (0.28–0.59) 0.82 (0.71–0.90) 0.68 (0.59–0.76) 

Classification tree 0.64 (0.48–0.78) 0.70 (0.59–0.80)  0.68 (0.59–0.76) 
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Discussion

This study was fuelled by the desire to find MRI criteria for dissemination in space in the initial MRI 

examination at onset of CIS that are more sensitive than the existing B/T criteria (without sacrificing 

specificity) and more simple to use. We took advantage of the large database available from the 

MAGNIMS collaborative network and applied advanced statistical models. The predictors found were 

roughly in agreement with those incriminated previously.2, 10–12 While there was a slight increase in 

sensitivity (64% versus 49%) and the models were relatively simple, this came at the cost of the slightly 

reduced specificity( 70% versus 79%) and overall similar accuracy (68%) reported earlier for the B/T 

criteria in this dataset.4 More complicated models were dismissed, since they tended to “over fit” the 

data, were instable in the test set, and would violate our desire to reduce the complexity of the current 

B/T criteria.

The failure to achieve higher diagnostic accuracy using information about dissemination in space 

criteria may reflect several problems inherent in a single brain MRI scan. First, there are many diseases 

that may produce brain MRI lesions similar to the type seen in MS that cannot be discriminated using 

simple topological and morphological criteria. Second, incidental brain lesions increase with age (with 

or without known risk factors), and without the additional use of spinal cord imaging (where age-

related changes do not occur) they may interfere with the detection of MS lesions. Third, there are a 

substantial number of patients without (substantial numbers of) cerebral MRI lesions. Lowering the 

threshold to include such patients will interfere with specificity. Again, spinal cord imaging may provide 

significant improvement in this group of patients.

Assuring a diagnosis of MS obviously does not simply rely on demonstration of dissemination in space 

(using MRI). Demonstration of dissemination in time is equally important, and the IP criteria allow 

the use of MRI to this end.1 Using MRI information only, the relative weight of dissemination in time 

is stronger than that obtained from dissemination in space criteria.13 In fact, when dissemination in 

time is fulfilled, less stringent MRI criteria for dissemination in space suffice, whilst guaranteeing a 

high accuracy. In fact, 2 clinically silent lesions in locations characteristic of MS (i.e. periventricular, 

juxtacortical, infratentorial or spinal cord) performed very well in this setting13.

The strengths of our study included the large sample size from a multi-centre study and the fact that 

all images were evaluated by the same observer. Patients were recruited from specialised centres and 

diagnosed by experienced neurologists resulting in a dataset with predominantly young adults with 

clinically typical CIS. It may be viewed as a weakness that other diagnoses had already been ruled 

out before entry into this study. Other weaknesses are the fact that gadolinium was not administered 

systematically and that the spinal cord was not depicted. 

4
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In conclusion, with this approach we have not been able to improve the diagnostic performance of the 

current B/T criteria for dissemination in space alone using a single unenhanced brain MRI examination. 

The combined use of gadolinium-enhanced scans with simpler criteria for dissemination in space and 

follow-up scans to ascertain dissemination in time appears to be a more fruitful avenue.
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Abstract

 

Multiple sclerosis (MS) is characterized, besides focal lesions, by brain atrophy. The determinants of 

atrophy rates in individual patients are poorly understood. This study investigated the predictive value 

of clinical and magnetic resonance imaging (MRI) factors, including short-term changes thereof, for 

concurrent and future atrophy evolution using Spearman’s rank correlations and stepwise multiple 

linear regression. 

We retrospectively identified a relatively homogeneous group of 115 active, early relapsing-remitting 

(RR) patients and a heterogeneous group of 96 patients with broader spectrum of MS phenotypes. All 

patients had undergone three MRI investigations with interscan intervals of at least 12 and 24 months, 

respectively. In the RR patients, 23% of variance in concurrent atrophy rates could be explained by 

baseline T2 lesion volume and change in EDSS score, whereas only 6% in future atrophy rates was 

explained. In the heterogeneous group, 19.5% of the variance in future atrophy rates could be  

explained, but slightly less in concurrent atrophy rates (17%). We concluded that variance in brain 

atrophy rates can partially be explained by clinical and MRI measures of disease. Future atrophy rates 

in individual MS patients are difficult to predict even when including previous atrophy rates.

Introduction

In Multiple Sclerosis (MS), brain atrophy represents volume loss resulting from tissue damage, such 

as demyelination and axonal loss. Studies using magnetic resonance (MR) in MS patients showed 

annual volume decreases of approximately 0.5%-0.8%, associated with concurrent disability and MR 

parameters of axonal damage. Recent reviews discuss in depth the methodological and clinical aspects 

of atrophy in MS.1, 2

Brain atrophy is often considered as a surrogate marker for persistent neurological disability. As such, 

it has been used as an outcome measure for clinical studies, although the complex interplay between 

axonal loss, cerebral reserve capacity, adaptive mechanisms and disability is incompletely understood. 

The pathophysiological mechanisms leading to axonal loss may include focal inflammation and/or 

demyelination, as well as more diffuse changes in normal appearing brain tissue (NABT).3-5

To gain more insight in the processes involved in brain volume loss and its time course in individual 

patients, we examined the predictive value of short-term clinical and MRI changes for subsequent 

longer-term longitudinal evolution of atrophy. We approached this question by retrospectively selecting 

suitable MR images of patients with MS from our research archives.
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Methods

Patients 

We retrospectively selected patients with MS according to the Poser criteria from cohorts available in 

either of two centres (Amsterdam or Milan).6 Patients qualified when at least 3 scans with identical 

MRI protocols were available, with a minimum interval of 12 months between the baseline visit and 

follow-up visit 1, and a minimum interval of 24 months between follow-up visits 1 and 2. Two available 

patient groups were identified. Cohort 1 consisted of relapsing-remitting (RR) patients derived from 

the placebo arm of a treatment trial, and who were selected for exhibiting T1-Gd enhancing lesions 

at baseline; relapse data on study were available for this cohort.7, 8 Cohort 2 consisted of natural 

history patients not selected for baseline enhancement, providing a broader spectrum of MS disease 

subtypes; relapse data were not available for this cohort. Informed consent had been obtained from 

all participating patients and ethics approval was obtained from the local institutional review boards. 

Patients were classified according to the Lublin and Reingold criteria into RR, secondary progressive 

(SP), or primary progressive (PP).9 Other clinical data recorded were age, sex, disease duration at 

baseline and expanded disability status scale (EDSS) at each time point. For all patients, the use of 

disease-modifying therapy (DMT) was registered, and from this information, the percentage time on 

DMT was calculated for each patient, for each interval between successive scans.

MR imaging

For Cohort 1, imaging was performed using 1.0-1.5T scanners. Dual echo (fast or conventional) and T1-

weighted spin echo imaging was performed with 44, contiguous, 3.0 mm thick slices acquired in two 

interleaved sets. The standardised image acquisition protocol is detailed elsewhere.7

For Cohort 2, imaging was performed using a 1.0T scanner (Magnetom Impact, Siemens, Erlangen, 

Germany). T1-weighted spin echo imaging was performed with either 44 contiguous 3.0 mm slices 

acquired in two interleaved sets, or 25 slices with 5 mm slice thickness and 0.5 mm gap acquired in a 

single set. Dual echo (fast) spin echo T2-weighted images were also acquired with the same geometry 

as the T1-weighted images. 

For each individual patient, MR protocols at the three time points were identical in both cohorts.

Image analysis

From the T1-weighted images described above, we determined the baseline Normalized Brain 

Volume (NBV), as well as the percentage brain volume change (PBVC) for both inter-scan intervals, 

using respectively SIENAX and SIENA. SIENAX and SIENA are both part of FMRIB’s Software Library  

(www.fmrib.ox.ac.uk/fsl).10, 11 Non-brain tissue was automatically removed using BET. The results 

were visually inspected and, if necessary, remaining non-brain tissue was manually removed before 

performing SIENA and SIENAX analyses. 
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To assess the internal consistency of SIENA, the total PBVC over the whole study interval from baseline 

to second follow-up was also calculated, and compared to the combined individual PBVCs over the first 

and second interval. For our entire group of 211 patients, the median absolute difference between the 

direct and two-step measurement of PBVC was 0.20%, which is very similar to the 0.22% given in the 

original paper by Smith and colleagues.11 

At baseline and first follow-up, the volumes of T1 hypointense lesions (black holes), enhancing lesions 

and T2 lesions were quantified using in-house developed semi-automated seed-growing software 

(Show_Images) based on a local threshold technique. To account for differences between patients 

regarding follow-up time, the PBVC values, as well as changes in lesion volumes and EDSS, were divided 

by the intermediate time interval to obtain rates of change per year, indicated below as “annualised” 

measures. All data were anonymised, with the key remaining at the local investigator, and pooled for 

central analysis. The whole image analysis was conducted by raters who were blinded to patients’ 

clinical and demographic profiles.

Statistical analysis

For all variables, data were checked for linearity in their relation to the annualised PBVC and if 

necessary, a transformation was applied. For disease duration, T1 and T2 lesion volume, the natural 

log transforms were used. Because Cohort 1 and Cohort 2 were quite different in their characteristics, 

they were treated separately in the statistical modelling.

Spearman’s rank correlation coefficient was used to investigate associations of annualised PBVC over 

the first interval with concurrent other first interval changes, and with baseline variables. Similarly, 

associations of these variables with the subsequent second interval annualised PBVC were also 

investigated using Spearman’s rank correlation coefficient. A two-sided p-value of <0.05 was regarded 

as statistically significant. 

Finally, two linear regression analyses were conducted using forward stepwise multiple regression 

analysis. For each subsequent step, the variable with the smallest significant p-value was entered 

in the regression equation. The first regression analysis aimed to find the baseline variables and 

first interval changes that were independently most strongly related to first interval annualised 

PBVC. The independent variables used were age, sex, disease duration, NBV at baseline, EDSS,  

∆ EDSS over the first interval, T1- and T2 lesion volumes at baseline, and ∆ lesion volumes over  

the first interval.

The second regression analysis aimed to investigate the predictive value of baseline and first interval 

clinical and MRI variables for subsequent (second interval) annualised PBVC. The second interval 

annualised PBVC was used as dependent variable, and the annualised PBVC over the first interval 
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was included as an additional independent variable. For Cohort 1, we constructed additional models 

including also the enhancing lesion volume, the change in enhancing lesion volume over the first 

interval, and the number of relapses during the first interval as independent variables. To correct for 

possible treatment effects, we forced the percentage time during which treatment was received in 

each inter-scan interval into the regression models.

Results

Descriptive findings

In total, 211 patients were included in this study. Clinical characteristics are presented in Table 1. The 

mean first interval time span was 1.4 years (SD 0.03) for Cohort 1 and 1.8 years (SD 0.70) for Cohort 

2; the mean second interval durations were 4.5 (SD 0.27) and 2.9 (SD 0.79) years, respectively. The 

patients from Cohort 2 were slightly older and had higher EDSS scores compared to Cohort 1, which 

can be explained by the inclusion of both PP and SP patients in Cohort 2. 

The MRI measures, including atrophy rates and absolute lesion volumes with their changes over time 

are shown in Table 1. The baseline T1 and T2 lesion volumes were higher for Cohort 1 compared to 

Cohort 2, and these differences increased over the first interval. NBV at baseline was lower for the 

heterogeneous Cohort 2. The mean annualised atrophy rate for Cohort 2 equalled -0.88% over both 

intervals, whereas Cohort 1 exhibited a significantly higher mean atrophy rate over the first interval 

(-1.16%/y) compared to the second interval (-0.77%/y; p<0.01, paired sample t-test). Figure 1 is a 

scatter plot of the second interval annualised PBVC versus the first interval annualised PBVC.

Figure 1  Scatter plot of the second interval annualised percentage brain volume  

change (PBVC) versus the first interval annualised PBVC. Spearman’s rank correlation coefficients 

between the two were ρ=0.20, p=0.03 for Cohort 1, and ρ=0.22, p=0.03 for Cohort 2.
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Bivariate correlations between annualised PBVC and study variables

Annualised PBVC during the first (short-term) interval was moderately related to baseline lesion volumes 

(T2, T1, and enhancing lesions) for Cohort 1, with higher lesion volumes at baseline corresponding to 

faster atrophy rates (all ρ>0.35, p<0.001). Similar correlations were found for the annualised change in 

T1 lesion volume during the first interval. By contrast, in Cohort 2 only a relatively weak correlation with 

baseline T2 lesion volume was found (ρ=0.29, p=0.01). Annualised PBVC during the second (longer-

term) interval, correlated most strongly with baseline T1 (ρ=0.45, p=0.01) and T2 (ρ=0.47, p=0.01) 

lesion volume in Cohort 2, while the strength of the associations was lower in Cohort 1 (T1 (ρ=0.24, 

p=0.01); T2 (ρ=0.24 p=0.01). The association between short-term and longer-term annualised PBVC 

was weak in both cohorts (ρ values were 0.20 and 0.22, both p=0.03), as can be appreciated from 

Table 1  Clinical and MRI characteristics 

  Cohort 1 Cohort 2 

Number of patients (Male:Female) 115 (27:88) 96 (41:55) 

Age, years 

Mean (Standard deviation) 34.0 (7.7) 41.1 (10.1) 

Disease duration, months  

median (inter quartile range) 45 (30 ; 79) 45 (16 ; 124) 

EDSS score at baseline  

median (inter quartile range) 2.0 (1.5 ; 3.0) 3.5 (2.0 ; 4.9) 

Disease type  

 RR 115 (100%) 46 (47.9%) 

 SP  29 (30.2%) 

 PP  21 (21.9%) 

∆ EDSS bl-fu1  0 (-0.5 ; 0.5) 0.25 (0 ; 1) 

median (inter quartile range)  

MRI lesion volumes, cm3 

Median (inter quartile range)    

 T1  2.1 (0.7 ; 4.3) 0.6 (0.1 ; 0.6) 

 T2 14.1 (0.6 ; 23.8) 6.8 (1.6 ; 15.1) 

 Enhancing  2.1 (0.0 ; 3.0) — 

 Annualised ∆T1 first interval 0.4 (0.0 ; 1.4) 0 (-0.1 ; 0.2) 

 Annualised ∆T2 first interval  1.7 (0.4 ; 3.3) 0.2 (-0.2 ; 0.9) 

 Annualised ∆enhancement -1.5 (-3.0 ; -0.4) — 

Baseline normalized brain volume, cm3 

Mean cm3 (SD) 1551.4 (82.2) 1464.7 (77.1) 

Annualised atrophy rate (%/y)   

Mean (SD)  

 First interval  -1.16 (0.99) -0.88 (0.76) 

 Second interval -0.77 (0.58) -0.88 (0.62) 
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Figure 1. Also, NBV was only weakly associated with annualised PBVC in both periods of follow-up for 

both cohorts (ρ values between 0.14-0.29, p≤0.17). 

Multivariate models explaining annual PBVC 

Percentages of time on treatment were forced into all regression models, as described previously, but 

did not explain a substantial amount of variance in any of the models.

First interval: explaining concurrent rate of atrophy

For Cohort 1, the final model explaining the annualised PBVC over the first interval included baseline 

T2 lesion volume (standardised regression coefficient Β= -0.463, p<0.001) and change in EDSS over the 

first interval (standardised Β= 0.300, p=0.001), resulting in an adjusted R-square of 23.5% (Table 2).  

A model also including the number of relapses and enhancing lesion volume as explanatory variables, 

improved the R-square to 27.2%.

For Cohort 2, the final model included baseline T2 lesion volume (standardised Β= -0.337, p=0.001), 

disease duration at baseline (standardised Β= -0.339, p=0.001) and EDSS at baseline (standardised  

Β= -0.307, p=0.01) as explanatory variables (Table 2). This model explained 17.1% (adjusted R-square) 

of the variance in annualised PBVC over the first interval. 

Table 2  Multiple linear regression results for clinical and MRI variables  
explaining PBVC in the first and second interval for the separate cohorts.

    Adjusted R2 Standardised  P-value 

   regression coefficient  

 Cohort 1 0.235     

 T2 lesion load at baseline  -0.463 <0.001 

 EDSS change over first interval  0.300 0.001 

 

First interval Cohort 2 0.171   

 T2 lesion load at baseline  -0.337 0.001 

 Disease duration at baseline  -0.339 0.001 

 EDSS at baseline  -0.307 0.010 

        

 Cohort 1 0.063   

 T2 lesion load at baseline  -0.291 0.003 

 Second interval
 Cohort 2 0.195   

 T2 lesion load at baseline  -0.327 0.002  

 Atrophy rate over first interval  0.250 0.011    
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Second interval: predicting future rate of atrophy

The annualised PBVC over the second interval was more difficult to predict (Table 2). For Cohort  

1 (active RR-MS), the final model included only the baseline T2 lesion volume (standardised Β= -0.291, 

p=0.003), and explained only 6.3% of variance. Note that the forward stepwise procedure did not 

include the short-term atrophy rate (annualised PBVC during interval 1) in the model. For the more 

heterogeneous Cohort 2, the final model explained 19.5% of the variance in a model, with the baseline 

T2 lesion volume (standardised Β= -0.327, p=0.002) and atrophy rate over the first interval (standardised 

Β= 0.250, p=0.01) as independent variables. 

 

Discussion

This study demonstrates that in patients with MS, brain atrophy rates are only modestly related to the 

patients’ concurrent clinical and MRI status or changes thereof. Moreover, this study shows that future 

brain atrophy rates are difficult to predict, even if they take place in a second time interval immediately 

following the first.

The rate of atrophy observed in this study is very similar to previously reported rates of just below 1% 

per year, regardless of disease type.12-16 Interestingly, the active RRMS patients in Cohort 1 had the 

highest rate of atrophy, but only during the first period of observation. Perhaps this is partly the result 

of resolution of inflammatory lesions, which were required at baseline. In the more heterogeneous 

Cohort 2 (with a mix of disease types), the rate of atrophy was on average stable (no entry criterion 

for enhancement was in place). However, the association between atrophy rates in the short and 

longer-term observation periods was weak even in Cohort 2, indicating that in individual patients, the 

development of atrophy may not be simply linear.

For Cohort 2, the clinically heterogeneous group, the only observed correlation with concurrent 

atrophy rate was that with T2 lesion volume. The multiple regression analysis showed that a small 

portion (17.1%) of the variance in concurrent atrophy rate could be explained. We conclude that the 

combination of several clinical and imaging measures of disease used in this study only relatively poorly 

explains the concurrent rate of brain atrophy in such a heterogeneous group.

In the relatively early, active RR group selected for enhancement at baseline (Cohort 1), 23.5% of 

variance in the first interval atrophy rate could be explained by T2 lesion volume at baseline and the 

concurrent change in EDSS score over the same interval. This proportion increased to 27.2% when 

enhancing lesion volume and number of relapses were included. This is similar to the findings of 

Jasperse et al. that in their early MS group (consisting of different patients) more than 30% of variance 

in atrophy rate was explained by T2 lesion volume and normalized brain volume at baseline 15. Although 

the explained percentage of variance was slightly higher than in Cohort 2, it is still relatively small. This 
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suggests that most of the pathology contributing to atrophy is not detected by conventional lesion 

measurements and clinical characteristics over a short interval in time. 

In Cohort 1, the first interval brain atrophy rate was also correlated to T1 lesion volume as well as 

baseline T1-enhancing lesion volume. T2 and T1 lesion volumes reflect previously damaged tissue 

and may be expected to correlate with concurrent and subsequent atrophy.17-19 An earlier study has 

found that inflammatory lesions and the presence of new T2 lesions are predictive of the rate of brain 

atrophy in patients with relapsing remitting MS.13 It could be hypothesized that the tissue damage 

resulting from active inflammation in enhancing lesions, may lead to a closer correspondence of brain 

atrophy rates with enhancing lesions than with T2 or T1 lesions. In this study however, we did not 

observe such effects. On the other hand, the resolution of inflammatory oedema over the first interval, 

reflected by the strong decrease in enhancing lesion volume, might partially explain the higher atrophy 

rate for Cohort 1 compared to Cohort 2.

Surprisingly, predicting the brain atrophy rate in MS from earlier changes may be even more difficult 

than explaining concurrent atrophy rates. In Cohort 1, the multiple regression analyses resulted in a 

model explaining only 6.3% of variance, which means that, in these relatively early, active RR patients, 

virtually no prediction of future atrophy rate is possible from the independent variables used here. 

The development of atrophy rates in individual patients may not have simple relations with previous 

atrophy rates, nor with previous (rates of change of) lesion volumes or clinical disability. It cannot be 

excluded that if MRI and clinical measures of disease would have been more frequently assessed, 

certain temporal atrophy rate patterns, or relationships with other MRI or clinical variables that now 

remain obscure, may have become apparent. However, with the limited sampling for both MRI and 

clinical data, resulting from the retrospective nature of this study, these cannot be detected. 

In the heterogeneous Cohort 2, surprisingly perhaps, future atrophy rates are better predicted by 

the clinical and MRI variables we used than in Cohort 1, although still only 19.5% of the variance in 

subsequent atrophy rate could be explained. The final regression model included T2 lesion volume at 

baseline and the atrophy rate over the first interval. This may reflect that in these patients atrophy 

arises as a result both of focal lesions and of diffuse (normal-appearing) tissue damage. This is in line 

with earlier findings of Kalkers and colleagues that in the more progressive forms (PPMS) of the disease, 

NABT damage may contribute more to brain atrophy 20. In addition, the finding that atrophy rate over 

the first interval was a predictor for the second-interval atrophy rate seems to indicate that atrophy 

rates may be more steady over time in a heterogeneous population including progressive patients and 

patients further on in the disease. This would be in line with the clinical differences observed between 

active relapsing-remitting patients and patients with a progressive form of the disease. 

Because of the retrospective nature of the current study, we have been able to find a relatively large 

number of patients fulfilling the inclusion criteria. On the other hand, this approach also imposed 
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limitations on the study. We were restricted to those patients with sufficient quality MR images at 

three time points. The observations that both the observed atrophy rates and the internal consistency 

of the SIENA analyses were in accordance with previously published data, seem to indicate that our 

selection process yielded relatively normal MS patient groups with good quality MR data. The lengths 

of the time intervals between successive scans varied between patients in Cohort 2, and this variation 

may somewhat have obscured the pattern of atrophy development. Likewise, if a nonlinear pattern is 

assumed, the longer interval in cohort 1 results in a less accurate measurement of true atrophy rates, 

which might partially explain why future atrophy rates were not as well predicted by clinical and MRI 

variables in Cohort 1 compared with Cohort  2. The relationship of baseline T2 lesion volumes with 

sufficient atrophy rates in both the first and second intervals may reflect a long incubation from focal 

lesions to global brain atrophy. Future studies may investigate this relationship by following patients 

over much longer periods of time. Additionally, using longer intervals would have the benefit of 

allowing better assessments of changes over time in lesion volumes and clinical scores. Next, it would 

be interesting to investigate the relationship of variables to atrophy in the MS subtypes whereas in this 

study separate analyses of the MS subtypes would be underpowered.

In conclusion, brain atrophy rates appear to be variable over time in individual MS patients. Although 

variance in brain atrophy rates can to some degree be explained by clinical characteristics, previous 

atrophy and focal lesion volumes, future atrophy rates are difficult to predict, especially in active early 

RR patients.
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Abstract

We performed a prospective multi-centre study using functional magnetic resonance imaging (fMRI) 

to better characterize the relationships between clinical expression and brain function in patients with 

multiple sclerosis (MS) at eight European sites (56 MS patients and 60 age-matched, healthy controls). 

Patients showed greater task-related activation bilaterally in brain regions including the pre- and post-

central, inferior and superior frontal, cingulate and superior temporal gyri and insula (P < 0.05, all 

statistics corrected for multiple comparisons). Both patients and heal-thy controls showed greater brain 

activation with increasing age in the ipsilateral pre-central and inferior frontal gyri (P < 0.05). Patients, 

but not controls, showed greater brain activation in the anterior cingulate gyrus and the bilateral ventral 

striatum(P < 0.05) with less hand dexterity. An interaction between functional activation changes in 

MS and age was found. This large fMRI study over a broadly selected MS patient population confirms 

that movement for patients demands significantly greater cognitive ‘resource allocation’ and suggests 

age-related differences in brain responses to the disease. These observations add to evidence that 

brain functional responses (including potentially adaptive brain plasticity) contribute to modulation 

of clinical expression of MS pathology and demonstrate the feasibility of a multi-site functional MRI 

study of MS.

Introduction

Previous functional magnetic resonance imaging (fMRI) studies have demonstrated that greater 

fMRI activation occurs in a large network of brain regions in multiple sclerosis (MS) patients relative 

to healthy control subjects. Although these functional changes in MS are often interpreted as 

demonstrating adaptive mechanisms that could limit the clinical expression of tissue damage, studies 

have not yet related movement-associated activation patterns in MS to clinical measures of disease 

progression.1 Considering the limited numbers of patients recruited in most of these studies and the 

potential complexity of the correspondence between neurophysiological and clinical measures, it may 

not be surprising that consistent relations between fMRI metrics and clinical measures have not been 

reported. However, a number of studies found correlations between some pattern of fMRI activation 

in MS patients and MRI measures of lesion load 2-10 or axonal injury. 11-13 Functional changes in MS 

are dynamic and dependent on age, current clinical status and the extent of brain tissue damage.6,14 

Increased recruitment of parallel motor control pathways may facilitate motor performance with 

increasing disease burden in MS.13

Most previous studies have investigated only a limited number of patients, generally limited to a particular 

disease sub-phenotype.2,6,7,9,15,16 Therefore, the results from these studies cannot be generalized to 

the larger MS population. Other approaches limited analyses to specific regions of interest and are 
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not designed to detect activation changes across the entire brain.3 These studies reported increased 

activation in MS patients in various contralateral regions normally engaged in motor performance 7, 

ipsilateral areas including the motor and premotor cortices 3,4, and in non-primary motor regions that 

may be activated in healthy people during novel or complex tasks.1,2,9 However, there has been too little 

consensus regarding patterns of functional activation associated with MS that are found consistently 

across patients. Two recent studies by Rocca et al have begun to address this with the investigation of 

larger cohorts of patients.8,17

Here, we present a first, prospective multi-centre, cross-sectional study of MS using fMRI that includes 

a relatively large number of patients selected according to predefined clinical criteria. We have set out 

to test for the patterns of MS-associated fMRI activation changes in the brain motor network that may 

be related to clinical measures of disease progression: hand dexterity, disability and disease duration. 

The prospective multicentre design also has allowed us to better characterize practical issues involved 

in the quantitative assessment of fMRI activation changes across centres. 

Methods

Sites and subjects

Seventy-eight patients and 81 control subjects were scanned at eight European sites. The sites 

included the Department of Radiology, VU University Medical Centre, Amsterdam (the Netherlands); 

MR Unit,Hospital Vall d’Hebron, Barcelona (Spain); Neurology/Neuroradiology Department, University 

of Basel, Basel(Switzerland); MR Research Unit, Medical University Graz, Graz (Austria); NMR Unit, 

Institute of Neurology, University College London, London (UK); Neuroimaging Research Unit, University 

Ospedale San Raffaele Milan, Milan (Italy); Oxford Centre for Functional Magnetic Resonance Imaging 

of the Brain, University of Oxford, Oxford (UK); and Department of Neurological and Behavioral 

Sciences, University of Siena, Siena (Italy).

The inclusion criteria for this study required all subjects to be right-handed, non-smokers and aged 

between 19 and 55 years. In addition, patients included in the study had to fulfil the following criteria: 

a diagnosis of relapsing–remitting or secondary progressive MS, no relapse or corticosteroids within 

the previous 3 months prior to scanning, Expanded Disability StatusScale (EDSS) score of ≤7.5 and no 

clinically apparent right hand impairment.

Twenty-two patients who were entered into the scanning protocol ultimately were excluded from the 

final analysis. A total of 16 patients were excluded as they did not meet the original inclusion criteria 

(older than 55 years, two patients; relapse within the last 3 months, four patients; incorrect clinical 

subtype, two patients with primary progressive MS, six patients with clinically isolated syndromes; left-

handed, two patients). One patient was excluded because the patient did not complete the scanning 

protocol appropriately. Data from a further five patients were excluded because of severe artefacts in 
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the functional MRI data (EPI ‘ghosting’ and/or unusually large signal loss because of B0 inhomogeneity). 

Twenty-one healthy control subjects were also excluded from the analysis. fMRI data of six control 

cases were not included because of poor quality of the functional data. Fifteen further control cases 

were excluded in order to optimally match control subjects to MS patients for age, sex and centre of 

enrolment. This matching was blinded with respect to fMRI activation results.

In the final dataset used for analyses, all of the patients (21 men, 35 women; median age 35 years, 

range 20–53 years) had clinically definite MS (relapsing–remitting or secondary progressive; median 

disease duration 6.7 years, range 1–21 years) according to the Poser criteria.18 Disability was assessed 

with Kurtzke EDSS (median EDSS 2.0, range 0–7.5) at the time of the fMRI scanning by experienced 

neurologists. None of the patients’ visual acuity or field deficits or impairment of right-hand movement 

was apparent on neurological examination. None of the patients had experienced a relapse or received 

corticosteroids within the previous 3 months prior to scanning.

Each site had obtained local ethics approval and all subjects had given informed consent. Patients and 

control subjects completed the Edinburgh Handedness Inventory to quantify handedness. To assess 

finger dexterity and function of the right hand, healthy subjects and MS patients completed the nine-

hole peg test on the day of scanning.19 Results from two sequentially performed trials were averaged. 

All patients underwent a neurological examination including EDSS assessment on the day of scanning. 

The demographic and clinical details of the healthy control subjects and patients with MS included in 

the study are summarized in Table 1.

The 60 right-handed, age-matched healthy subjects included 32 men and 28 women (median age 30 

years, range 19–48 years). All subjects were non-smokers and were advised to abstain from drinking 

caffeine-containing beverages for 12 h before the scan.

To directly compare movement-related fMRI activation between patients and controls across centres, 

a sub-group of patients and control subjects was used that was optimally matched for centre and 

age as well as for sex. As one site had only scanned five patients with definite MS, only five age- and 

Table 1  Clinical data of control subjects and patients with multiple sclerosis

EDSS, Expanded Disability Status Scale; n/a: not applicablea Data on nine hole peg test times was only available  
from 53 patients and 48 control cases. 

 Patients Controls| 

 (n=56) (n=60) 

 median (range) median (range) 

Age (years) 35 (20-53) 30.0 (19-48) 

Nine-hole peg test time* (s) 21 (14-40.5) 17 (13-24) 

Handedness determined by Edinburgh Handedness Inventory 90.0 (55-100) 86.8 (20-100) 

Disease duration (years) 6.7 (1.0-21.0) n/a 

EDSS 2.0 (0-7.5) n/a 
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sex-matched con-trol subjects (of a total of 10 controls) from this site were included in this analysis, 

leaving a total of 56 patients (median age 35 years, range 20–53 years; 21 men, 35 women) and 55 

control subjects (median age 30 years, range 19–48 years; 27 men, 28 women) were therefore directly 

compared for this analysis. The subset of 48 control subjects (median age 31 years, range 23–47 years; 

26 men, 22 women) and 53 patients (median age 35 years, range 20–53 years; 20 men, 33 women) 

who had completed the nine-hole peg test were used to test for a relationship in variance between 

fMRI activation and hand dexterity (and further clinical parameters in the patients).

fMRI paradigm

The fMRI experiment used a ‘block’ design sequence (ABAB), with six periods of a 30-s visual cue for 

hand movement (A) alternated with six periods of 30-s rest in the dark (B). This entire sequence was 

repeated four times in each scanning session with a short break for the subject between each complete 

sequence. Patients and healthy control subjects were instructed to repetitively flex and extend the 

fingers of their right hand with each flash of the light in the visual cue. The same standardized hand 

frame was used at all sites to restrict the maximum amplitude of the finger extension to 3 cm. All 

centres were supplied with a metronome equipped with a red flashing LED to pace the movements at 

a 1-Hz frequency. Patients and controls were trained and observed before performing the experiment 

to ensure their understanding and ability to comply with the protocol. No cue was supplied during rest 

periods. Subjects were monitored visually during the scan to confirm full task compliance.

Structural and functional scan acquisition

Brain MRI scans were obtained using a magnet operating at 1.5 T at all sites (Amsterdam: Siemens 

Sonata, Barcelona: Siemens Symphony Maestro Class, Basel: Siemens Sonata, Graz: Philips Intera, 

London: GE SignaExcite 11.0, Milan: Vision Siemens, Oxford: Siemens Sonata, Siena: Philips Gyroscan 

ACS-NT15). Sagittal T1-weighted images were acquired to define the anterior–posterior commissural 

plane. Functional MR images were obtained using a multi-slice gradient echo planar imaging (EPI) 

sequence (echo time = 60 ms, repetition time = 3000 ms, field of view 240 · 240 mm2, matrix64 · 64). 

Twenty-one contiguous axial slices were acquired parallel to the anterior–posterior commissural 

plane, with a thickness of 6 mm covering the whole brain during each measurement. Each fMRI 

session included four fMRI sequences lasting 6 min consisting of 120 volumes each. T1-weighted high-

resolution MRI scans were acquired to facilitate anatomical localization of the functional data after 

registration.

Data analysis

The analysis was carried out using tools from the FMRIB Software Library (http://www.fmrib.ox.ac.uk/

fsl). The following prestatistics processing was applied during the first-level (within sequence) analysis: 

motion correction using MCFLIRT 20 and spatial smoothing using a Gaussian kernel of full width half 
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maximum 8 mm and non-linear high-pass temporal filtering (Gaussian-weighted least squares straight 

line fitting, with sigma = 80.0). Statistical analysis was carried out using the general linear model with 

local autocorrelation correction.21 Registration of EPI functional images to the individual high-resolution 

T1-weighted image and standard space was carried out using affine transformation with 12 degrees of 

freedom. The second-level (within subject) analysis combined the four analysed sequences for each 

subject and yielded an average fMRI activation map for each individual. All group third-level analyses 

were performed using FMRIB’s local analysis of mixed effects model with Z (Gaussianized T) statistic 

images thresholded using clusters with a voxelwise threshold of Z < 2.3 and a (corrected) cluster 

significance of P = 0.0522,23. All probability values reported are corrected for multiple comparisons. The 

high-resolution T1-weighted images from the subjects initially were co-registered in a standard space 

(Montreal Neurological Institute 152 Brain) and the group thresholded Z statistic images overlaid. 

However, for the between-groups analyses, the T1-weighted images were averaged to produce a mean 

structural image on which the thresholded Z statistic image was overlaid. This allowed assessment 

of activation areas in terms of anatomical landmarks (based on correspondence to structures in 

Duvernoy, 1995), as well as reporting the Montreal Neurological Institute (MNI) co-ordinates of peak 

activations within each anatomically defined area. Group mixed effects analyses were performed to 

investigate contrasts within each of the two groups (patients and controls) or between patients and 

control subjects25. In the analysis of the main effect of the task in control subjects, centre and age 

were also used as covariates. In all the third-level analyses of the patient data, age and centre always 

were retained as explanatory variables. The contrasts of patients greater than controls and controls 

greater than patients for the main effect of task were calculated by performing a two-sample unpaired 

t-test. To obtain the contrast for age (patients) greater than age (controls) and age (controls) greater 

than age (patients), a two-sample, unpaired t-test was used that contained the two group averages 

for the main effect of task as two explanatory variables plus the following additional covariates: age 

of controls, age of patients and disease duration (orthogonalized with respect to age), EDSS and hand 

dexterity (as assessed from time to complete the nine hole peg test). To assess the effects of disability 

and disease duration in the patient group, two further analyses were performed in which each of the 

relevant clinical parameters (disease duration or EDSS or hand dexterity) was included separately as an 

additional factor, with disease duration again orthogonalized with respect to age. In order to more fully 

test for significant relationships between fMRI activation and hand dexterity, region of interest (ROI) 

analyses were carried out. For the ROI analysis of fMRI activation related to hand dexterity, the pre-

frontal cluster from the global third-level analyses was subdivided into separate masks restricted to 

the constituent individual grey matter regions, the anterior cingulate gyrus and the bilateral striatum. 

Relationships between clinical parameters and mean signal intensity changes from the ROI analysis 

were assessed using the non-parametric Spearman rank order correlation and were considered 

significant at the P < 0.05 level. 



87

Results 

Brain activation changes with a simple hand movement 

Performance of the hand-tapping task was associated with activation (Z > 2.3, corrected P < 0.05) 

in a similar network of cortical and subcortical regions in the 60 healthy subjects (Fig. 1a) and in the 

56 patients with MS. Separate analyses for both groups showed significant activation in the pre- and 

post-central gyri bilaterally, medial pre-central cortex (supplementary motor area, SMA), cingulate 

gyrus, insula, thalamus, cerebellar cortex and deep cerebellar nuclei. In the patient group, significant 

activation was also seen in the ipsilateral superior parietal gyrus, bilateral inferior parietal gyri, ipsilateral 

inferior frontal gyrus, bilateral middle frontal gyri and bilateral superior temporal gyri. Contrasted with 

the healthy volunteers, MS patients showed greater activation (Fig. 1b, Table 2) bilaterally in the pre- 

and post-central gyri, inferior and superior frontal gyri, insula, cingulate gyrus and superior temporal 

gyri, as well as in the ipsilateral thalamus, the middle frontal gyrus and the contralateral claustrum. 

There were no areas with greater activation in healthy controls than in the patients with MS. Effects 

of centre To assess whether there was any consistent variation in fMRI activation between study 

centres in this multi-centre investigation, a third-level analysis was performed in which each centre 

was included as a variable. Analysis of variance did not show any significant differences between 

centres for the main effects of task for either the healthy subjects or the patients or for the contrast 

of healthy controls and patients. Effects of age To investigate any relationship between fMRI activation 

and age, activation changes associated with age were also tested for in a third-level analysis. Additional 

factors were controlled, which, for the patients, could be covariates of age irrelevant to age-specific 

changes (disease duration, disability EDSS scores and handdexterity). Study centre was also included 

as a covariate. With increasing age, healthy controls showed significantly greater task-related fMRI 

activation primarily in regions, ipsilateral to the hand moved (Fig. 2a, Table 3). The most significant 

age-related activation was found in the right inferior frontal gyrus. Additional significant correlations 

were observed in the ipsilateral pre-central gyrus, insula, thalamus and putamen, as well as in bilateral 

temporal areas. Patients with MS also showed greater fMRI activation with increasing age (Fig. 2b, 

Table 3). Age-related increases in activation were observed bilaterally in the superior temporal gyri, 

cerebellar hemispheres, cingulate gyrus and thalamus, as well as in the contralateral middle frontal 

gyrus and in the ipsilateral lateral orbital gyrus, pre-central gyrus and inferior frontal gyrus. There were 

no areas that showed a significant correlation between increasing fMRI activation and decreasing age 

in either group. Testing for an interaction between age and group took into account the clinical data 

of the MS patients such as disease duration (orthogonalized with respect to age of the patients), EDSS 

and time needed to complete the nine-hole peg test. The analysis did not demonstrate any significant 

differences in age-related activation changes between the MS and healthy control groups.
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Table 2  Brain regions with significantly greater fMRI activation in patients than in controls 
(Z>2.3, corrected p>0.05). Supra-threshold clusters incorporated multiple activation  

peaks; local maxima for the significant areas are listed in the table with MNI standard 
space co-ordinates. PMd, dorsal premotor cortex; L, left; M, midline; R, right;  

fMRI, functional magnetic resonance imaging; MNI, Montreal Neurological Institute.

Anatomical region                                                                                        Maximum 

                                      

 

   X Y Z  

Insula / claustrum L -2 20 1 4.67 

Posterior orbital gyrus R 32 20 -18 4.66 

Middle frontal gyrus R 38 50 24 4.58 

Insula  L -36 12 -6 4.57 

  R 42 12 6 4.26 

Inferior frontal gyrus R 50 10 6 4.41 

  L -34 40 14 3.34 

Sylvian fissure (inferior part) R 42 18 -18 4.29 

Precentral gyrus  R 36 -2 44 4.26 

Superior frontal gyrus R 14 16 50 3.96 

Superior frontal gyrus (PMd) L -18 -14 50 3.41 

  R 46 14 36 3.27 

Cingulate gyrus (posterior part) M -6 -28 32 3.95 

Cingulate (anterior part) R 12 30 20 3.29 

  L -6 14 42 3.04 

Thalamus  R 8 -22 -2 3.8 

Superior temporal gyrus L -48 0 -12 3.69 

  R 58 -30 8 3.29 

Pre-/postcentral gyrus  R 22 -24 50 3.41 

  L -26 -28 58 2.91 

Superior temporal gyrus R 34 12 -32 3.14 

  L -54 -40 10 3.49 

Fusiform gyrus  L -36 -64 -6 4.07 

Angular gyrus  L -40 -58 50 3.79 

Supramarginal gyrus L -48 -48 34 3.56 

  R 64 -42 26 4.57 

Superior temporal sulcus R 58 -32 0 3.4 

Middle temporal gyrus R 46 -52 10 2.92

Co-ordinates of max Z-  

scores in MNI space Z-score 

(mm) 
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Table 3  fMRI activation changes showing a positive correlation with age within task-specific 
activations for healthy controls and patients with multiple sclerosis (Z>2.3, corrected p<0.05).

                      L = left; M = midline; R= right.

Anatomical region                                                                                            Max Z 

                                      

   X Y Z  

Control group       

 Inferior frontal gyrus R 54 14 20 7.74 

 Inferior temporal gyrus R 50 -66 -12 4.66 

 Insula R 32 -10 12 4.42 

 Precentral gyrus R 34 -4 40 4.26 

 Middle temporal gyrus R 62 -42 6 4.17 

 Thalamus/putamen R 28 -26 14 4.03 

 Thalamus R 24 -28 4 4.0 

 Middle temporal gyrus L -56 -68 -8 5.06 

 Inferior temporal gyrus L -46 -66 -8 4.22 

Patient group      

 Cerebellar vermis M -2 -76 -20 8.67 

 Superior temporal gyrus R 48 18 -20 8.2 

  L -48 10 -12 7.14 

 Cerebellar hemisphere R 16 -80 -24 7.8 

  L -16 -86 -22 7.09 

 Lateral orbital gyrus R 50 48 -10 6.1 

 Cingulate gyrus M -2 -30 38 5.33 

 Anterior occipital sulcus L -50 -66 -8 5.19 

 Precentral gyrus R 24 -32 66 4.79 

 Thalamus / globus pallidus R 26 -24 4 4.41 

 Thalamus L -18 -30 4 3.33 

 Inferior / middle frontal gyri R 38 40 34 4.31 

 Middle frontal gyrus L -30 40 26 2.79 

Co-ordinates of max Z- 

scores in MNI space (mm) 
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Effects of variation in hand dexterity

The possible relationship between fMRI activation and differences in hand dexterity (measured as 

the time needed to complete the nine-hole peg test) was tested as a factor in the third-level analysis. 

In the control group, no significant relationship was found. By contrast, amongst the MS patients, 

significantly greater fMRI activation was associated with longer times to complete the nine-hole peg 

test in the anterior cingulate gyrus, bilaterally in the ventral striatum and (at lower significance) in 

the ipsilateral (right) superior frontal gyrus, posterior orbital gyrus and putamen (Fig. 3a, Table 4). 

With shorter nine-hole peg test completion times, the patient group demonstrated significantly 

greater fMRI activation in the contralateral (left) fusiform gyrus, limbic cortex and parahippocampal 

gyrus (data not shown). To further investigate the relationship of task-related fMRI signal intensity 

changes and increasing nine-hole peg test completion times, a ROI analysis was performed for the 

MS patient data. The analysis was restricted to the two regions that had shown the most significant 

activation changes: the bilateral ventral striatum and the anterior cingulate (see Fig. 3a, Table 4). The 

ROI analyses confirmed that mean signal intensity changes in the anterior cingulate gyrus (Fig. 3b) 

and bilateral ventral striatum (Fig. 3c) showed a consistent variation across the group, with increasing 

activation associated with a longer time for completion of the nine-hole peg test (r = 0.372, P < 0.01; 

r = 0.337, P < 0.05, respectively). Effects of variations in disability and in disease duration Using third-

level analyses in the patient group, no significant independent relationship was found between 

fMRI activation and EDSS scores or disease duration in any brain region (Z > 2.3, corrected P < 0.05). 

 

Table 4  Brain regions showing a relationship between FMRI activation during the main task and 
nine-hole peg test performance time (an index of  hand dexterity) in the patient group  

(Z>2.3, p<0.05 corrected). Supra-threshold clusters incorporated multiple activation peaks;  
local maxima of greater than Z=2.5 are listed in the table. 

                      L = left; M = midline; R= right.

Anatomical region                                                                                            Max Z 

                                      

   X Y Z  

Anterior cingulate gyrus M 2 34 6 6.61 

Ventral striatum L -4 6 -4 5.65 

  R 6 10 -10 5.26 

Superior frontal gyrus R 4 58 12 3.4 

Posterior orbital gyrus R 24 28 -22 3.22 

Putamen R 22 6 -12 2.85 

Co-ordinates of max Z-scores in  

MNI space (mm) 
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Figure 1   Group mean brain activation changes during hand movement in (a) healthy volunteers 
and (b) the contrast of patients relative to healthy control subjects (Z > 2.3, corrected P < 0.05). 
Montreal Neurological Institute (MNI) standard space coordinates and maximum Z-scores for 

each region for the contrast of patients minus controls are shown in Table 2. MNI co-coordinates 
and maximum Z-scores for the group mean activation in controls or patients are given in the 

supplementary material. Group mixed effects Z-maps are superimposed onto a mean structural
 image from (a) healthy subjects or (b) patients and control subjects.

 

 A

 
B

Figure 2   Age-related fMRI activation in (a) controls and (b) patients with multiple sclerosis.  
Control and patient group activation maps show fMRI activation related to increasing age during the  

motor task (Z > 2.3, corrected P < 0.05). Montreal Neurological Institute space co-ordinates and  
maximum Z-scores for age-related changes in task-specific activation areas are given in Table 4.  

Group mixed effects Z-maps are superimposed onto the corresponding group mean structural image.  
Note that clusters extending into white matter regions cannot be interpreted as evidence for white 

matter activation: activation in grey matter regions adjoining may give rise to clusters extending  
across the white matter.

 

 A

 B
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Figure 1   Positive relationship between fMRI activation and hand dexterity.(a) The three main 
regions which showed a positive relationship between fMRI activation and hand dexterity 

(nine-hole peg test) were the (1) anterior cingulate, (2) left ventral striatum and (3) right ventral 
striatum. Montreal Neurological Institute standard space co-ordinates are shown in Table 4.  

The map of fMRI activation changes related to hand dexterity was overlaid on the group mean high 
resolution image of the MS patients.The cluster was divided into two parts corresponding to the 

anterior cingulate and bilateral ventral striatum to define two masks that were used in  
the region of interest analyses (b and c, respectively). Mean signal intensity changes in the anterior 

cingulate (a) and bilateral ventral striatum (b) were positively correlated with times needed 
to complete the nine-hole peg test (r = 0.372, P < 0.01; r = 0.337, P < 0.05, respectively).
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Discussion

Movement-related fMRI changes with MS 

We found that MS patients showed greater task-related activation than healthy controls during hand 

movement in a large network of cortical and subcortical motorrelated areas. Patients showed a more 

bilateral pattern of activation across the motor system, confirming previous findings from previous 

single-centre fMRI studies employing motor tasks in MS.3,4,12 Activity differences in a widespread 

cortical and subcortical network distinguished the patients from the healthy controls, suggesting that 

the motor control network is functionally modulated in several ways by MS pathology. Other studies 

have observed increased movement-related fMRI activation in MS in most of these regions, although 

the previous functional activation difference maps have been less comprehensive, possibly because of 

the lower power of these generally smaller earlier studies. We hypothesize that these MS-associated 

fMRI changes reflect functionally adaptive changes. However, potential confounds to this interpretation 

are that patients simply may require more effort (e.g. related to consistently lower motor power) or 

more attention to perform the motor task. 

Consistent fMRI findings across centres 

As this is the first effort to address fMRI changes in patients with MS in a multi-centre project, the 

investigation also focused on characterizing any centre-specific differences in the fMRI activation in 

healthy control subjects or patients. These results showed no significant differences across sites for the 

main effects of task in either the healthy subjects or the patients. We also did not find any significant 

inter-site differences in the contrast of healthy controls and patients. These observations extend 

the conclusions drawn from a small, early multi-centre fMRI study26, which suggested that studies 

of healthy subjects were reasonably reproducible between centres. Here, we demonstrate that the 

multi-centre clinical studies can be performed and reasonably interpreted. This suggests the feasibility 

of multi-centre therapeutic trials with fMRI outcome measures. 

Altered fMRI activation with age in both patients and controls 

Age-related changes in brain function were observed in healthy subjects and patients. Both MS patients 

and healthy control subjects showed greater fMRI activation with increasing age in the ipsilateral pre-

central and inferior frontal gyri and in the thalamus. Previous studies have also shown changes in 

brain activation for a simple motor task with increasing age but not yet over such a relatively small 

and younger age range.27-30 This emphasizes the potential importance of age matching in fMRI studies, 

even over the relatively small (adult) age range for subjects in our study. Further work is needed to 

characterize the brain mechanisms responsible for these effects. Additional age-related activation 

changes were identified (even when disease-related parameters such as disease duration, EDSS and 

hand function were accounted for) in the patients with MS. This suggests (but does not establish, 
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as the direct contrast between age related changes in patients and controls did not show significant 

interaction) that the effects of ageing reflected in functional activation are greater with MS. An 

interaction between age and disease state in determining brain activations response is an additional 

factor to consider for understanding of age-related differences in patterns of clinical progression. 

However, the alternative explanation that there are disease or disease duration-related factors which 

have not been fully accounted for in our analysis model must also be considered. Changes in fMRI 

activation with differences in hand dexterity. This study showed greater fMRI activation in the anterior 

cingulate gyrus and in the bilateral ventral striatum with less hand dexterity task (despite good 

performance in simple hand tapping in the magnet) for MS patients. The ROI analyses confirmed the 

correlation between increasing signal intensity changes and decreasing hand dexterity in these two 

regions. Such a relationship was not observed in the healthy controls. This observation emphasizes 

again that pathophysiological changes associated with MS may not be clinically manifest. It reiterates 

one of the first observations made using fMRI in patients with MS12,14: that clinically ‘normal range’ 

motor behaviours can be maintained despite substantial functional pathology in the motor system. 

Given the heterogeneous disease pathology of MS, our observation here also confirms that there are 

consistent motor system responses across patients. If not epiphenomena, these changes may occur 

either as a secondary consequence of decreased dexterity (e.g. in response to a mismatch between 

movement targeting and action) or as a functionally adaptive response reflecting the recruitment of 

facilitatory motor control elements. The former seems unlikely with this simple hand task for which 

no consistent differences between task performance and average haemodynamic response profiles 

were found between patients and controls (data not shown). However, ventral striatal 31 and anterior 

cingulate 32 activation may be associated with aspects of attention and motivation in MS patients that 

are not well controlled in the contrast with healthy subjects who may – in general – perform the task 

with less effort. The latter notion has most often been the focus of speculation.17, 33 Our failure to 

identify any specific relationship between brain activation and hand dexterity is consistent with the 

hypothesis that changes in patients reflect disease related plasticity. A potential confound to precise 

interpretation of the midline activation should be considered. Cingulate motor regions34 typically are 

relatively posterior, but errors in registration and individual variation in cortical anatomy35 introduce 

some uncertainty into functional anatomical correlations based on the group-level result. Use of a 

passive task13 or the acquisition of data during a motor planning stage36 could help to distinguish 

between elements related to action planning, performance monitoring and task execution between 

MS patients and healthy controls in future work. Whilst our analysis identified specific brain regions in 

which there was significantly greater fMRI activation in patients, the differences are best be considered 

as modulation of the underlying generalized brain activity, rather than as uniquely ‘activated’ regions 

independently responsible for functional differences with disease. The widespread nature of brain 

activity that provides a context for functional changes with a given task has been emphasized in the 

fMRI literature recently with demonstration of generalized ‘resting state networks’.37 The observations 
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suggest that a highly ‘localizationist’ view of functional pathology in MS ultimately is limiting and that 

explicitly multi-variate ‘connectivity-based’ approaches may provide a useful tool in future studies.38 

No independent effects of EDSS measures of disability or of disease duration on fMRI activation 

Our study did not find a significant relationship between fMRI activation and disability scores or disease 

duration in the patient group. Previous fMRI studies have also failed to detect significant correlations 

between fMRI metrics and clinical measures such as EDSS scores and disease duration in patients with 

MS or clinically isolated syndromes.2,15,16 One possible explanation for the lack of a clear relationship is 

that EDSS scores are too biased for functional impairment specifically of the lower extremities to allow 

strong correlations with a measure of brain function related to hand movement. A second possibility 

is that multiple systems interactions do not allow a unique mapping between the complexity of the 

phenotype probed in the EDSS scoring, independent of any bias. For example, in the longitudinal study 

of a single patient after relapse, changes in brain activation patterns were observed even with an 

apparently stable disability, potentially reflecting variable, injury-dependent, adaptive brain plasticity.14 

A third possibility is that the relationship between clinical measures and brain activation patterns is 

non-linear. The lack of a consistent relationship of activation changes with disease duration is not 

surprising, given the heterogeneity of the rate of progression of pathology39 in the disease. Future 

work could usefully address whether the strong correlations with MRI-based pathology measures40 can 

explain the heterogeneity of responses across individuals with greater disease duration. Recent work 

has been interpreted to suggest that different clinical stages (and, perhaps, by implication, different 

stages in the progression of pathology) may be associated with distinct patterns of brain response.17

Limitations of our study 

The scope of our observations (MRI pathology measures and the fMRI paradigm) was limited in an effort 

to best ensure that a multi-centre trial could be completed easily. Even so, the proportion of studies 

that could not be included in the final analysis was higher than is typically reported for a single-centre 

study. A major concern was to address issues of image quality control and investigator and subject 

training across sites in protocol implementation. However, these were general clinical trial issues, 

not specifically relevant to fMRI applications. At present, our analysis has focused on the relationship 

between clinical and fMRI measures. More precise correlations between motor performance in the 

magnet (e.g. with specific response measures such as reaction time and force generation) might 

improve the sensitivity of our analyses. There is also a need for extension of this work to better define 

the relationship between measures of pathology as assessed from different MRI parameters, fMRI 

changes and clinical behaviour.17

Conclusions 

We have demonstrated the feasibility of a multi-site fMRI protocol for the investigation of brain 
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activation changes in MS. This has confirmed that there are motor system responses common to 

patients across a wide range of degrees of pathological progression of the disease. There are also 

common changes in patients and in healthy subjects with ageing, even in the early middle- age group 

chosen here. An apparent interaction between ageing and functional activation changes with MS 

suggests the possibility that either age-related changes in plasticity or altered susceptibility to MS 

mediated neurodegeneration may have an impact on disease course. We did not find a consistent, 

simple relationship with clinical behaviour, suggesting that fMRI is unlikely to be able to be used 

as a simple ‘surrogate’ for clinical response across a heterogeneous MS population. Nonetheless, 

understanding the genesis of these changes may have clinical relevance in better defining strategies 

for neurorehabilitation based on cognitive neuroscience-led hypotheses. There is also a clear role for 

fMRI in multi-centre clinical trials intended to modulate plasticity. 
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Summary

The main goal of this thesis was to investigate the diagnostic process and the mechanisms of disease 

progression in the various subtypes of multiple sclerosis (MS). To establish this, MRI derived metrics for 

brain damage were studied on different levels: from macroscopic lesion formation in the earliest stage 

of the disease (part I), through nonconventional MRI (atrophy) measurements in early and relapsing-

remitting multiple sclerosis (RRMS) to potential recovery mechanisms of the brain as measured by 

functional MRI (fMRI) (part II). Most studies were carried out as part of the European Community 

network for Magnetic Resonance research in MS (MAGNIMS).

Summary of findings

Diagnosis

In the initial stage of the disease, MRI findings can give additional information about the risk of 

conversion from a clinically isolated syndrome (CIS) to clinically definite multiple slecrosis (CDMS). 

The presence of lesions that suggest a demyelinating disease is associated with high risk of developing 

CDMS (about 55–80% at 10–20 years); whereas the absence of lesions is associated with a low risk 

(roughly 20%).1, 2 Lesions giving the greatest risk of early conversion were defined in the (modified) 

Barkhof cumulative chance model and incorporated in the International Panel (IP) diagnostic scheme 

for the diagnosis of MS as evidence for dissemination in space (DIS).3-5 However, the Barkhof MRI 

model was developed from a cohort with a relatively limited number of patients from a small number 

of different sites. To further study the performance of the modified Barkhof criteria in a general setting 

we performed a retrospective multicenter follow-up study in patients with a CIS. The only requirements 

for inclusion were the availability of an MRI within three months from clinical onset and clinical follow-

up data to assess the development of a second clinical event, ie CDMS. 

In contrast to previous studies we made use of survival analysis, which allowed variable follow time 

between cases by censoring lost cases, as well as confounder adjustment. The results, presented in 

chapter 1, showed that patients fulfilling the criteria for DIS had a higher risk of conversion compared 

to patients with a normal scan or a minimally abnormal scan, the latter comprising the presence of at 

least one lesion in the CNS without fulfilment of any of the individual Barkhof criteria. These findings 

confirmed the results from previous studies in which the criteria were developed. On the contrary, 

although the specificity was maintained, the sensitivity was lower than previously reported. The added 

value of the current study is the confirmation of the specificity of the modified Barkhof model in a 

large number of cases, derived from normal clinical setting from multiple (European) centres. This is 

important as it suggests a low false positive rate for CDMS, avoiding unnecessary (early) treatment. 
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In addition to the diagnostic accuracy, the practical usability of diagnostic criteria in general is an 

important factor for acceptance and application in daily clinical use. Proper application of the MRI 

part of the IP diagnostic scheme requires correct lesion identification, evaluation of lesion location and 

assessment of new lesion formation over time. Finally, these findings need to be combined to reach a 

decision on the absence or presence of DIS and DIT. An interpretational difference in each of these steps 

could have an effect on the diagnostic accuracy. In chapter 2 we studied the interpretational variation 

in the diagnosis of MRI based DIS, resulting from the somewhat ambiguous guidelines regarding the 

use of spinal cord MRI in the IP diagnostic scheme. The aim of this study was to determine whether 

application of the MRI part of the IP diagnostic scheme altogether by different users would lead to a 

variation in diagnosis and which components of the criteria would be most vulnerable for this variability. 

Two groups of experienced radiologists applied the criteria to a MRI dataset of CIS patients. The two 

groups of raters varied in their experience with the application of the IP diagnostic scheme, because 

one group was derived from hospitals in a general diagnostic setting (IP-naïve observers), whereas the 

second group was employed in an academic MS referral centre, being regularly involved in the MRI 

workup in cases of CIS. Outcome of this study led to the recognition that there is an interobserver 

difference between radiologists familiar with the IP diagnostic scheme and radiologists that are less 

familiar with the agreement. Less experienced radiologists do not reach the same level of agreement 

assessing DIS and DIT compared to radiologists who are more familiar with the scheme. This suggests 

that current criteria are complicated and therefore there is a need to simplify the IP diagnostic scheme. 

On the other hand, given the poor interobserver agreement among IP-naïve observers, radiologists 

evaluating the scans might benefit from training to reduce the variability of their findings. 

In chapter 3 the specificity of the MRI part of the IP diagnostic scheme was tested in a retrospective 

cohort of patients suspected by their own neurologist to have MS but who ultimately, after second 

opinion, received another diagnosis. As the modified Barkhof (MRI) criteria were developed in a cohort 

of CIS patients from which alternative diagnoses had been removed, they were thought to be less 

specific for MS. Follow-up studies have shown that up to 80% of CIS patients will experience a second 

relapse in the long term6, 7 and the diagnostic criteria have been perceived as a parameter for disease 

prognosis rather than as an instrument to diagnose difficult cases.8, 9 Alternatively proposed criteria, 

requiring the presence of three white matter lesions were assumed to provide higher sensitivity with 

equal specificity.10 Our study applied the IP diagnostic scheme in diagnostically difficult cases, and 

revealed higher specificity compared to the newly proposed criteria, important when conformation of 

the disease is needed in routine clinical setting.

In conclusion, our studies confirmed the specificity of the modified Barkhof criteria as included in 

the IP diagnostic scheme, but revealed a somewhat lower sensitivity than expected from previous 

studies. Another drawback of the criteria is their relative complexity, requiring substantial experience 

of the user with the application of the criteria before they can be reliably used in a clinical setting. 

To overcome this problem we attempted to improve the diagnostic criteria by searching for other 
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characteristics in T2 lesion distribution in case of CIS, predicting conversion to CDMS (chapter 4). 

The aim was to determine a set of criteria that would be easier to apply and that would be more 

sensitive while maintaining current specificity. We made use of advanced statistical modeling in the 

available MAGNIMS dataset as collected for the study presented in chapter 1. This resulted in decision 

models primarily based on deep with matter and the presence of periventricular T2 lesions. Although 

the new schemes were indeed less difficult to use, they were not able to increase overall accuracy. 

Including contrast enhancement status into analysis could have improved our findings, being a strong 

indicator for development of CDMS. However in our retrospective cohort this information was (largely) 

unavailable. We argued that baseline topological and morphological T2 lesions findings alone might 

contain to little information to improve diagnostic accuracy and that inclusion of findings from spinal 

cord MRI and follow-up scans might be helpful. Perhaps more lenient and simple criteria for DIS can be 

allowed when DIT is fulfilled, as can be derived from combination with follow-up scans. This has been 

further studied within the MAGNIMS network collaboration and is detailed in the general discussion. 

Prognosis

In addition to being able to establish a diagnosis it is desirable to be able to predict disease progression 

since current treatment options can reduce disease activity and disease progression. Unfortunately, 

while the diagnostic criteria for MS have evolved into a readily applicable scheme giving guidance for 

clinicians, the prediction of future disease course and disability in MS remains challenging. In some 

cases, patients will progress into severe disability or even death within years after diagnosis, while 

other patients show minimal disability during longer follow-up after their first clinical event. This 

uncertainty is difficult to manage, for both patients and clinicians. 

Conventional MRI has been used to refine the accuracy of prognosis in MS. Putative predictors that have 

been studied include numbers and volumes of lesions observed on T2 and T1 weighted images, as well 

as gadolinium contrast enhancement status. However, these measures only show weak correlations 

to the clinical status as expressed by the Expanded Disability Status Scale (EDSS) and are incapable of 

predicting clinical progression.11-13 Attention has been drawn to other MRI measures and whole brain 

atrophy measurements have a stronger association with physical disability and better predict future 

disability than do T1-hypointense and T2-hyperintense lesion volumes.14 Brain atrophy is regarded 

to best reflect neurodegeneration and represent the endpoint of irreversible tissue loss. However, 

the exact mechanisms leading to atrophy are largely unknown, and the volume loss is incompletely 

explained by MRI measures of inflammation as expressed by lesion volumes. Additionally, atrophy 

seems partially related with changes in the normal appearing white and grey matter on conventional 

MRI. 

To explain the underlying mechanism of brain volume loss, in chapter 5 we studied how the changes 

over a short time interval in both MRI and clinical measures of disease progression are related to the 

development of whole brain atrophy. To evaluate the rate of brain atrophy over time, two separate 
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time intervals were defined in which brain atrophy was measured. As such, the MRI and clinical metrics 

could be related with both concurrent and later interval atrophy rates, and additionally this set-up 

allowed studying the relation between the first interval atrophy rate and the second time interval 

atrophy rate. Cases were retrospectively selected from the available cohorts in the MAGNIMS centers. 

Two distinct patient groups were identified, one cohort of early RRMS with relatively active disease 

type and a second cohort with mixed disease type and relatively stable disease. The atrophy rates 

found in this study were in line with previous reports, being approximately 1% per year, although 

slightly higher in the early active disease cohort over the first interval. Only modest correlations were 

observed between atrophy rates and the changes in clinical and MRI measures for both intervals and 

cohorts. We concluded that the underlying pathology of atrophy is not completely reflected by current 

measures of clinical status, in vivo conventional MRI findings, or changes thereof over a short time 

interval. Additionally, we found only weak correlations between the atrophy rates in the first and 

second time intervals, suggesting that atrophy rates in MS vary over time in individual patients. As a 

result, the atrophy rates in the second interval could not be predicted well, even when the atrophy rate 

during the first interval was known. 

In chapter 6 we studied the functional motor system in RRMS patients during a simple motor task in 

relation to clinical parameters of disease progression. Previous studies have shown that regions that 

are activated by MS patients during the performance of simple motor tasks are different from those 

activated in healthy subjects. The regions recruited by the MS patients for simple motor tasks are part 

of pathways/networks that are recruited by healthy subjects only when more complex and difficult 

tasks have to be performed, but not for simple motor tasks. This might reflect an adaptive mechanism 

of an attempt of the brain of MS patients to cope with brain damage inflicted by the disease, helping 

to limit the clinical effects of the disease. So far, no direct relation has been shown between movement 

associated functional changes and clinical measures of disease progression, probably because of the 

limited number of patients in previous studies. Our study was embedded in the MAGNIMS collaboration 

to obtain high patient numbers and to explore the practical issues involved in multi-center fMRI 

application. Results confirmed previous studies with greater bilateral task-related activation in brain 

regions in patients. Additionally, patients showed higher activation in several brain regions correlated 

with lower hand dexterity. Both patients and healthy controls revealed higher activation with increasing 

age. These results imply that reorganization of the brain with recruitment of additional regions alters 

the clinical presentation of the disease, possibly limiting disability. Relatively limited variation was 

found between the participating centres, confirming the feasibility of a multicenter fMRI study.15-17 
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General discussion

In this thesis, aspects of diagnosis and prognosis of patients with MS, were investigated using MRI.

1. Diagnosis

This work confirmed the specificity of the MRI criteria incorporated in the diagnostic scheme for MS, 

both in a general diagnostic setting and in diagnostically difficult cases (chapter 1 & 3). Furthermore, 

we have determined limitations of the criteria, reflected mainly in their sensitivity and complexity, 

especially regarding the use of spinal cord lesions (chapter 2). Our observation, that the existing 

criteria are not straightforward and may be interpreted differently by different experts, was recently 

confirmed by Hawkes and Giovannoni.18 To date, revisions have been applied 19 addressing the proper 

use of spinal cord lesions and criteria for DIT have been simplified. 

Technological advances improving the International Panel criteria

As part of an ongoing collaborative effort within MAGNIMS, new criteria that have been simplified 

have been tested in typical CIS cohorts by Swanton and colleagues.20 These criteria do appear to be 

robust and have been shown to provide somewhat higher sensitivity whilst maintaining specificity.20-23 

DIS criteria have been reduced to simply requiring a lesion in any two of the four typical MS locations; 

periventricular, juxtacortical, infratentorial and spinal cord. DIT can now be confirmed on a single 

MRI at any time
without DIS

MRI at any time
with DIS not DIT

New MRI: DIT

MS

MRI at any time with 
DIS and DIT

 DIS
≥1 asymptomatic lesion in each 

of ≥2 characteristic locations:
PV, JC, PF, spinal cord

                                  DIT
(i) Simultaneous presence of 
asymptomatic Gd enhancing and non- 
enhancing lesion(s) at any time
(ii) A new T2 and/or Gd-enhancing lesion
on follow up MRI irrespective of timing 
of baseline scan

New MRI:
DIS and DIT

Figure 1   New proposed diagnostic algorithm in patients with typical clinically isolated 
syndromes (CIS). From: Montalban, X. et al. Neurology 2010;74:427-434.

This algorithm only applies to patients with typical CIS, aged 14 to 50 years and after having performed a complete 
diagnostic workup. Gd = gadolinium-enhancing lesion; PV = periventricular; JC = juxtacortical; 

PF = posterior fossa; BS = brainstem; SC = spinal cord; DIS = dissemination in space; DIT = dissemination in time.
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baseline scan if both enhancing and non-enhancing lesions are present or with a new T2 lesion on any 

follow-up scan.20, 21, 24 Figure 1 shows the new proposed diagnostic algorithm. An additional advantage 

of recent criteria is that they do not need the use of gadolinium enhanced scans, saving both time 

and expenses. This clearly shows that the MRI criteria for MS are still being developed. Nevertheless, 

when conventional imaging at 1.5T is performed, further modifications to the diagnostic criteria are 

unlikely to yield much improvement in diagnostic certainty. This follows from the studies in this thesis, 

especially the work as described in chapter 4, which suggests that the additional diagnostic information 

that can be derived from the morphology and spatial distribution of lesions from conventional imaging 

is limited.

However, with the introduction of 3 Tesla and 7 Tesla MRI scanners, this may change. These higher 

fields enable higher resolution imaging with improved signal-to-noise–ratios, in theory improving 

lesion detection. It is to be expected that increased detection of small lesions in MS-specific brain 

regions (periventricular, infratentorial, etc.) might improve the diagnostic sensitivity of MRI, especially 

in early stages of the disease when small lesions that may have gone unnoticed at lower field 

strength could have important consequences for diagnosis and treatment. Initial results with 3 and 

4 Tesla scanners in CIS patients did indeed reveal increased number of lesions compared to 1.5 Tesla 

images in anatomic regions which are important for the diagnosis of MS, namely in the juxtacortical, 

periventricular and the infratentorial region.25 The current MRI criteria for diagnosing MS are based 

on MR images obtained at 1.0 and 1.5 Tesla. It would therefore be important for the IP to determine 

modified diagnostic criteria adapted to the new MR images acquired at 3 Tesla, or 7 Tesla when this 

should become widely available. The increase in lesion detection at these higher field strengths should 

be reflected by these modified criteria, probably leading to higher thresholds before patients can be 

diagnosed with MS. Therefore, further follow-up studies on the development of CDMS in cases of 

CIS are needed to determine these modified criteria. If this is performed successfully, these modified 

criteria will allow us to make the most of the improved lesion detection at higher field strengths, and 

hopefully thereby achieve better, and possibly also earlier, diagnosis. 

Pathological changes in the grey matter during MS progression

Next to higher field strength, technological improvements have led to new MRI pulse sequences for 

image acquisition that enable better depiction of MS lesions. Especially the single slab 3D techniques hold 

great promise for replacing conventional 2D imaging in the future. Using this technique, high resolution 

isotropic 3D images of the brain can be acquired with various contrasts, including T1-weighted, T2-

weighted and FLAIR images. In a comparative study, Moraal and colleagues found improved detection 

of MS lesions using this technique compared to conventional imaging.26 Additionally, the use of 3D 

double inversion recovery (DIR) imaging in this study revealed the highest detection of grey matter 

lesions. Histopathological studies have shown that grey matter lesions are common and extensive in 
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MS but in vivo visualization of these lesions has been difficult with conventional imaging.27 Gray matter 

pathology has been recognized as an important feature of MS pathology and could prove to be very 

relevant to disability progression and cognitive decline.28 In a 3 year follow-up study in 80 patients 

with CIS, the presence of those lesions at baseline has been associated with a high risk for evolution to 

clinically definite MS and revealed higher specificity compared to the IP criteria for DIS.29 This suggests 

that that incorporation of these lesions in diagnostic criteria could be beneficial. 

Implementations of the DIR technique vary in terms of their signal-to-noise and contrast-to-noise 

ratios. Due to the two inversion pulses, much of the signal is suppressed, and depending on the 

exact implementation, this can lead to reduced detection of gray matter lesions. Before incorporating 

the gray matter MS lesions in diagnostic criteria, some consensus should be achieved on the pulse 

sequences to be used, for example whether to use 2D or 3D imaging, as well as on the rating of lesions 

on these images. The latter aspect is something that investigators have only recently been able to gain 

experience on, and recent work from MAGNIMS aims to devise criteria for detecting gray matter MS 

lesions on DIR images.30

Inclusion of MS subgroups within the IP criteria

Changes to diagnostic criteria may not only be called for by technological advances (higher field strengths, 

new pulse sequences) or improved understanding of pathological changes in MS (the importance of 

gray matter pathology); different clinical subgroups may also require different diagnostic criteria. 

An important subgroup in current diagnostic criteria involves patients with PPMS. This subtype is 

characterized by slowly progressive disease without exacerbations and remissions that are used as 

clinical evidence for DIS and DIT in case of RRMS. Additionally, MRI in these patients show relatively low 

lesion burden but more severe involvement of the spinal cord.31 Therefore, the current IP guidelines 

for diagnoses of PPMS includes the provision of at least 1 year continuous clinical progression of the 

disease with at least two of the following three features: a positive brain MRI (nine T2 lesions or four 

or more T2 lesions with positive visual evoked potentials), a positive spinal cord MRI (two focal T2 

lesions) and positive CSF (oligoclonal IgG bands or increased IgG index).19 As these separate criteria for 

PPMS add more complexity in the diagnosis of MS, recent research has focused on a unification of the 

RRMS and PPMS criteria. Within the MAGNIMS framework, Montalban and colleagues assessed the 

feasibility of similar criteria for diagnosis of DIS in all subtypes of MS and found levels of agreement 

between currently existing criteria for RRMS and PPMS that support the possibility to further revise 

the MS diagnostic algorithm to this aim.32 

Other subgroups include pediatric patients and the non-western patient population. The IP diagnostic 

criteria, especially the MRI part, were derived from research in patients recruited from specialised 

centres and diagnosed by experienced neurologists, resulting in datasets with predominantly young 
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adults with clinically typical CIS. However, young children with MS, under the age of ten, differ the 

most from adult patients. They have a lower frequency of oligoclonal bands in their cerebrospinal fluid 

and are less likely to have discrete lesions on MRI. Similarly, Asian patients with MS tend to have fewer 

lesions in brain regions and larger lesions in the spinal cord with clinical characteristics associated 

with optical-spinal cord MS in the Caucasian population. Recently, modifications of the IP criteria were 

proposed for the pediatric patients. These revisions show higher sensitivity for DIS by requiring less 

total number of lesions, fewer periventricular lesions and presence of brainstem lesions instead of the 

more liberal criteria for infratentorial lesions as specified by the IP criteria. Additionally, the criterion 

for presence of juxtacortical lesions was discarded.33 Likewise, recently proposed modifications to IP 

diagnostic criteria for Asians with MS allow more lenient criteria by limiting restrictions on spinal cord 

findings imposed by the IP and lowering the total number of lesions to four instead of nine as criterion 

for DIS.34 These developments show similarity to the, previously mentioned, proposed Swanton criteria 

for CIS patients in their need for fewer lesions in limited MS-specific brain regions compared to the 

IP criteria. Perhaps the upcoming advances in MRI, as outlined previously, will further diminish the 

current differences between MS subgroups by revealing more specific or sensitive MRI markers for MS 

and maybe enable uniform criteria for diagnosis.

2. Prognosis: determinants of progression

Challenges to confront in the future include provision of parameters better predicting the disease 

course in individual patients to identify individuals who most need therapeutic intervention and those 

who least need it. However, the mechanisms leading to deficit in the disease course of MS are yet not 

fully understood. In addition to focal inflammatory white matter lesions, pathological changes occur 

in the normal appearing white and gray matter and neuroaxonal loss, as reflected by brain atrophy, 

develops early in the disease. Whether these processes are interrelated has to be further disentangled, 

but pathology data suggest that inflammation and neurodegeneration occur in parallel.35, 36 Clarification 

of these processes might further explain the cause of development of disability and aid in providing 

robust prognostic (MRI) parameters. Ultimately, these (probably clinical and paraclinical) findings need 

to be translated from group to individual level to provide efficient and standardized tools to evaluate 

MS therapies in general hospital practice. 

In the study presented in chapter 5 of this thesis we aimed to predict the rate of neurodegeneration, 

using the rate of change of whole brain volume as a surrogate marker. However, only limited 

correlations could be found on individual patient level. Additionally, the development of disability was 

difficult to predict from changes in focal lesion loads, clinical assessments of disease progression and 

atrophy measurements. The time course of atrophy and differences between the subgroups of MS 

were further studied within the MAGNIMS network.37 A large MS patient group, not treated for the 
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disease, was assembled from the different participating centres and atrophy over two time points 

measured. In this study the heterogeneity in atrophy rates largely disappeared between subgroups 

when corrected for baseline atrophy state, as reflected by the normalised brain volume. This suggests 

a rather even proceeding of atrophy over the course of MS with a rate independent of the MS subtype. 

Although recent work from Minneboo and colleagues38 revealed added information of brain atrophy 

for predicting progression of disability in early MS and work from Lukas and colleagues revealed better 

prediction when rate of ventricle enlargement is used as predictor instead (C. Lukas et al., JNNP, in 

press) the predictive property of conventional MRI for the development of disability has only shown 

mild correlations in previous studies. This is known as the clinicoradiologic dissociation.39 This might, 

at least partially, be explained by an adaptive capacity of the brain, limiting the clinical consequences 

of inflicted brain damage as appreciated with conventional MRI. Figure 2 represents a graphical 

interpretation of this process. By recruiting additional brain regions, normally active in complex or 

specific tasks, basic brain functions or tasks can be maintained on a certain level. This process is known 

as functional reorganization. As a result, the direct relationship between MRI derived metrics of brain 

damage and clinical measurements of disease progression get obscured. With the use of fMRI, the 

activated brain regions during a specific task can be visualized and the study in chapter 6, amongst 

other studies, revealed the activation of such additional brain regions in MS patients compared to 

healthy controls whilst performing a simple motor task. Additional fMRI studies within the MAGNIMS 

network collaboration revealed supportive evidence that enhancement of effective connectivity in 

Structural damage
Functional reorganization
Clinical disability

1                                  2                                3
                                Phase

Figure 2   Initially, very little structural damage causes a strong response in functional 
reorganization and hyperactivation in the brain, resulting in low disability and cognitive  

preservation in phase 1. After functional reorganization reaches its peak in phase 2 and decreases 
thereafter, cognitive impairment and disability progressively develop throughout phase 3. 

From: Schoonheim, M. M. et al. Neurology 2010;74:1246-1247
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brain networks may provide an (other) important compensatory mechanism in MS.16 Furthermore, it 

was demonstrated that attenuation of the fMRI response during repeated task execution, considered 

to be a physiological process, is preserved in MS.17 In future research these fMRI findings can be 

combined with conventional MRI metrics of brain damage to further explore the reactive changes of 

the brain. Ultimately, as outlined by Schoonheim and colleagues, combinations of task based fMRI, 

resting state fMRI and so-called graph analysis describing brain network efficiency, specific therapeutic 

targets in the brain might be revealed for cognitive rehabilitation or pharmacotherapy.40

Besides focal lesions on conventional imaging, changes in diffusely abnormal (dirty) white matter 

(DAWM) and normal appearing white matter (NAWM) have gained attention in their relationship with 

development of disability in MS. A recent study by Seewann and colleagues showed changes most 

likely associated with chronic ongoing inflammation and axonal pathology in DAWM regions.41 Further 

research is needed to analyze the role of these findings in disease burden rating for MS but might 

further diminish the radiological-clinical dissociation.

In conclusion, we confirmed the diagnostic properties of MRI in the earliest stages of MS, in patients 

with a CIS. However, within the limits of conventional T1 and T2 weighted imaging, we were not able 

to significantly improve the MRI part of the current IP diagnostic scheme for MS. Though, within 

MAGNIMS collaboration, simplified and more sensitive criteria have been proposed that maintained 

current specificity. We discussed technological improvements and new insights in the development of 

MS that, in future research, might lead to higher diagnostic accuracy. 

In the second part of this thesis we applied nonconventional imaging techniques in patients with 

MS, including atrophy measurements and fMRI, in order to further explain the mechanisms leading 

to development of disability in several MS subgroups. However, current correlations between these 

measures and (future) disability remained weak. We argued that adaptive capabilities of the brain in 

reaction to inflicted damage by MS might to some degree be responsible for this phenomenon and 

research presented in this thesis supports this assumption. Future research with fMRI and expected 

improvement of methods to analyze brain networks hold great promise for the future to further explain 

these processes in the brain.
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Van diagnose tot prognose

Multiple sclerose (MS) is een chronische progressieve auto-immuum ziekte met onbekende origine 

die word gekarakteriseerd door laesies in het centraal zenuwstelsel. De pathologische kenmerken 

van deze laesies omvatten inflammatie, demyelinisatie en axonale schade. Omdat elk gedeelte van 

het centraal zenuwstelsel kan worden aangedaan zijn de klinische symptomen veelomvattend, zoals 

veranderingen in tastzin, visusstoornissen, spierzwakte, depressie en cognitieve problemen. MS heeft 

een incidentie van ongeveer 7 per 100.000 en een prevalentie van 120 per 100.000, waarbij tweemaal 

meer vrouwen dan mannen zijn aangedaan. De ziekte presenteert zich meestal in de derde of vierde 

decade van het leven, waardoor MS een van de meest voorkomende oorzaak is van handicaps bij 

jongvolwassenen. In ongeveer 85% van de patiënten presenteert de ziekte zich met een acute of sub-

actue episode van neurologische uitval gevolgd door herstel, bekend als een clinically isolated syndrome 

(CIS) ofwel een klinisch geïsoleerd syndroom. De aangedane gebieden betreffen meestal de oogzenuw, 

de hersenstam, ruggenmerg, of een combinatie van deze gebieden. Minder frequent zijn de grote 

hersenen aangedaan. Daarnaast presenteert ongeveer 10 tot 15% van de patiënten zich met een zich 

langzaam ontwikkelende, constant progressieve ziekte. Van deze groep zal ongeveer tweederde nooit 

een bijkomende acute terugval hebben (relapse) en deze patiënten hebben het primair progressieve 

subtype van MS.

De basis van MS diagnostiek is het aantonen van disseminatie in tijd en plaats van laesies in het centrale 

zenuwstelsel laesies. De klinische diagnose MS kan in patiënten met een CIS daarom pas gesteld worden 

na de tweede episode van neurologische uitval (disseminatie in tijd). In sommige gevallen kunnen deze 

episodes jaren uiteen liggen. Met behulp van Magnetic Resonance Imaging (MRI) kunnen de laesies in 

het centraal zenuwstelsel direct zichtbaar worden gemaakt, en bij herhaaldelijk afbeelden kan ook een 

toename van het aantal laesies over de tijd aangetoond worden(disseminatie in tijd). Uit verschillende 

studies blijkt echter dat de aanwezigheid, hoeveelheid, grootte of precieze locatie van deze laesies niet 

direct samenhangt met (de ernst van) de symptomen die de patiënt heeft. Dit fenomeen staat bekend 

als de klinisch-radiologische paradox. Daarnaast komen de laesies ook voor bij verschillende andere 

ziekten waardoor de diagnostiek en inschatting van de ernst van de ziekte met behulp van MRI wordt 

belemmerd. Om toch een uitspraak te kunnen doen over de aanwezigheid van MS in patiënten met 

een CIS zijn er in 2001 internationale afspraken gemaakt over de interpretatie van MRI afwijkingen, 

waardoor in veel gevallen de diagnose toch in dit vroege ziektestadium kan worden gesteld. Dit is 

belangrijk omdat bij vroege behandeling met de nu beschikbare geneesmiddelen mogelijk het optreden 

van verdere hersenschade kan worden vertraagd.

Om deze reden is het ook belangrijk het toekomstige verloop van de ziekte en het optreden van 

hersenschade te kunnen voorspellen (prognose). Sommige patiënten ontwikkelen zeer snel vanaf het 

begin van de ziekte ernstige handicaps, terwijl andere minimale ziektelast hebben tot vele jaren na 
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het stellen van de diagnose. Met specifieke predictoren voor het ziekteverloop en het ontwikkelen 

van handicaps kan onderscheid worden gemaakt tussen patiënten die het meest zullen profiteren 

van behandeling en kan onnodige behandeling worden voorkomen in patiënten met een gunstig 

ziekteverloop.

Het doel van dit proefschrift was het verder onderzoeken van de onderliggende mechanismen die leiden 

tot het verder ontwikkelen van de ziekte en handicaps in de verschillende MS subtypes. De studies 

werden ondergebracht in het MAGNIMS netwerk, een groep van Europese clinici en wetenschappers 

met belangstelling voor het ondernemen van samenwerkingsstudies met gebruik van MRI-methoden 

in MS. Deze samenwerking maakte het mogelijk voldoende grote groepen van MS-patiënten te 

verzamelen met corresponderende MRI-gegevens die representatief zijn voor de dagelijkse praktijk in 

verschillende centra.

Deel I Diagnose

Hoofdstuk 1 behandelde het onderzoek in de eerste subpopulatie MS patiënten, de patiënten met een 

CIS. We hebben kunnen bevestigen dat de afwijkingen die in dit vroege stadium van de ziekte zichtbaar 

kunnen worden gemaakt met conventioneel MRI onderzoek (T2-laesies) inderdaad de verwachte 

diagnostische waarde hebben die in eerder onderzoek in kleinere groepen patiënten is aangetoond. 

Deze afwijkingen vormen de basis van de al in 2001 vastgelegde internationale afspraken (McDonald 

criteria) voor de diagnostiek van MS met behulp van MRI. Onze grote patiëntengroep waarin het 

onderzoek werd verricht was afkomstig uit het eerder genoemde MAGNIMS netwerk. 

In hoofdstuk 2 zijn we verder ingegaan op de toepassing van deze McDonald criteria in de algemene 

klinische praktijk. Het blijkt dat wanneer de criteria worden toegepast door verschillende gebruikers, de 

uitkomst (wel of geen MS) mede afhangt van de mate van vertrouwdheid met MS diagnostiek. Minder 

ervaren gebruikers scoren wisselvalliger dan de ervaren gebruikers . Wij concludeerden dat voordat de 

criteria kunnen worden toegepast, de gebruikers kunnen profiteren van een voorafgaande training of, 

andersom geredeneerd, de criteria te ingewikkeld zijn voor directe toepassing buiten gespecialiseerde 

MS-centra. 

Hoofdstuk 2.1 beschrijft een observatie over het gebruik van ruggenmergafwijkingen bij het toepassen 

van de diagnostische criteria. Ook hier kan door een verschil in interpretatie van de diagnostische 

criteria een andere conclusie worden getrokken over de diagnose MS in CIS patiënten. 

Aangezien de T2 laesies die voorkomen bij MS patiënten op het MRI-onderzoek ook kunnen voorkomen 

bij andere ziekten, kan er worden getwijfeld of de diagnostische criteria van McDonald, waarin de 

MRI bevindingen worden meegenomen, specifiek genoeg zijn om deze andere ziekten uit te sluiten. 

Hoofdstuk 3 beschrijft onze studie waarin de diagnostische McDonald criteria werden toegepast in 

patiënten die een andere ziekte dan MS hadden, maar sterk op MS lijkende MRI-bevindingen hadden. 
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Hieruit bleek dat de criteria een acceptabel onderscheidend vermogen hebben voor MS. Dit is met 

name een belangrijke bevinding voor de routinematige klinische praktijk wanneer een bevestiging 

nodig is van de diagnose. 

Gezien de conclusies uit voorgaande onderzoeken hebben we onderzocht of de diagnostische 

McDonald criteria en met name het MRI gedeelte hiervan, konden worden verbeterd. Hoofdstuk 4 

beschrijft het onderzoek waarin met geavanceerde statistische methoden werd gezocht naar MRI-

bevindingen in CIS patiënten die specifiek waren voor MS. Het doel daarbij was zowel tot een model te 

komen dat gemakkelijker was toe te passen door gebruikers, als het verbeteren van de diagnostische 

accuratesse. Opnieuw werd gebruik gemaakt van de grote verzameling patiënten gegevens uit het 

MAGNIMS samenwerkingsverband uit hoofdstuk 2.1. Alhoewel er nieuwe, eenvoudiger modellen 

konden worden opgesteld na analyse, bleek de diagnostische accuratesse niet verder te kunnen 

worden verbeterd. Waarschijnlijk bevat de door ons gebruikte conventionele methode om T2 laesies 

met MRI aan te tonen onvoldoende informatie. Het onderzoek werd afgesloten met de aanbeveling om 

bij vervolgonderzoek ook afwijkingen mee te wegen die kunnen worden gevonden na het toedienen 

van (Gadolinium) contrast of bij follow-up (MRI) onderzoek.

Deel II Prognose

Naast de gevestigde rol van conventionele MRI in de diagnostische criteria voor MS zijn de afwijkingen 

die gevonden worden bij het ontstaan van de ziekte ook voorspellend gebleken voor het verloop van de 

ziekte en het ontwikkelen van handicap. Zoals ook blijkt uit voorgaand beschreven onderzoek hebben 

de bevindingen van conventioneel MRI onderzoek echter te weinig sensitiviteit en specificiteit om de 

werkelijke schade aan de hersenen aan te kunnen tonen. Van nieuwe MRI technieken zoals automatische 

atrofie metingen of kwantitatieve MRI wordt gedacht dat deze een meer globaal beeld geven van de 

optredende hersenschade ten gevolge van inflammatie, demyelinisatie en axonaal verlies. Het is bekend 

dat hersenatrofie deels samenhangt met de hoeveelheid laesies op conventionele beelden die een 

weerspiegeling zijn van de optredende inflammatie in MS. Het exacte mechanisme dat hersenatrofie 

veroorzaakt is echter nog onbekend maar dit lijkt ook deels samen te hangen met veranderingen die 

optreden in hersengebieden die er normaal uitzien op het conventionele MRI beelden.

In de studie beschreven in hoofdstuk 5 werd het optreden van hersenatrofie in twee aansluitende 

tijdsintervallen bestudeerd in relatie met meetmethoden voor klinische verslechtering en de be- 

vindingen op conventioneel MRI onderzoek, om meer inzicht te krijgen in het oorzakelijke onderliggende 

proces van hersenatrofie. De klinische en MRI veranderingen over een relatief kort eerste en relatief 

lang tweede tijdsinterval werden gecorreleerd met de atrofie van zowel het eerste als tweede 

interval. Met deze methode kon ook de relatie tussen de optredende atrofie in het eerste en tweede 

interval worden bestudeerd. De studie werd verricht in een andere subgroep van MS patiënten dan 



119

tot nu toe geanalyseerd: in patienten met reeds vastgestelde ziekte in een actieve fase (relapsing 

remitting MS) en in een gemixte groep van MS patienten (relapsing remitting en primair progressief) 

met meer stabiele ziekte. Ook voor deze studie werden de gegevens verzameld via het MAGNIMS 

samenwerkingsverband. De gevonden hersenatrofie in de tijdsintervallen van ongeveer 1% per jaar 

was vergelijkbaar met resultaten uit eerder verricht onderzoek. Er werd slechts een bescheiden 

relatie gevonden tussen de klinische en MRI veranderingen over de tijdsintervallen en de optredende 

atrofie in beide patiëntgroepen. Ook de atrofie tussen de twee intervallen toonde slechts een zwakke 

relatie. We concludeerden dat de onderliggende pathologie die leidt tot atrofie niet volledig wordt 

weergegeven door de bestaande meetmethoden van klinische verslechtering, in vivo conventionele 

MRI bevindingen en veranderingen daarvan over korte tijdsintervallen. De matige onderlinge correlatie 

tussen de atrofiemetingen van beide tijdsintervallen suggereert dat atrofie wisselt over de tijd in 

individuele patiënten.

In hoofdstuk 6 bestudeerden we het functionele motor systeem in relapsing remitting MS patiënten 

gedurende een eenvoudige motor taak in relatie met klinische parameters van ziekte progressie. 

Eerdere studies lieten zien dat hersengebieden die worden geactiveerd bij MS patiënten gedurende 

het uitvoeren van eenvoudige motor taken verschillend zijn van gebieden die worden geactiveerd 

bij gezonde proefpersonen. De regio’s die worden betrokken door de MS patiënten bij het uitvoeren 

van een eenvoudige taak zijn onderdeel van netwerken die bij gezonde proefpersonen alleen 

worden gebruikt bij het uitvoeren van meer complexe taken. Dit kan een weerspiegeling zijn van een 

adaptief proces: een poging van de hersenen van MS patiënten om het hoofd te bieden aan schade 

die veroorzaakt wordt door de ziekte, die helpt de klinische uiting van de ziekte te beperken. Er is 

tot nu geen directe relatie aangetoond tussen functionele veranderingen gerelateerd aan beweging 

en klinische uitingen van ziekte progressie, mogelijk door gelimiteerde aantallen patiënten in de 

voorgaande studies. Onze studie werd ingebed in het MAGNIMS netwerk om een grote hoeveelheid 

patiënten mogelijk te maken en de haalbaarheid van een fMRI studie in multi-center verband te 

onderzoeken. De resultaten bevestigen eerdere studies met grotere bilaterale taak gerelateerde 

activatie in verschillende hersenregio’s in patiënten. Daarnaast lieten patiënten een grotere activatie 

zien in verschillende hersenregio’s in gecorreleerd met lagere handvaardigheid. Zowel patiënten 

als gezonde controles lieten hogere activatie zien bij hogere leeftijd. De resultaten impliceren dat 

reorganisatie van de hersenen met recrutering van additionele regio’s de klinische presentatie van de 

ziekte verandert. Tussen de verschillende centra werd relatief gelimiteerde variatie gevonden, wat de 

haalbaarheid van een multicenter fMRI studie bevestigt. 
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Dankwoord

Na jaren van werken is het er dan toch van gekomen; het proefschrift is af. Ik wil van de gelegenheid 

gebruik maken om iedereen te bedanken en een aantal mensen in het bijzonder die een belangrijke rol 

hebben gespeeld bij het tot stand komen van dit proefschrift. 

Prof.dr. F. Barkhof: Beste Frederik, ik wil je graag bedanken voor de mogelijkheid die je me geboden 

hebt om onder jou te promoveren. Ik heb het contact dat we hadden altijd zeer gewaardeerd. Jouw 

opbouwende commentaren en je betrokken begeleiding zijn van cruciaal belang geweest bij het tot 

stand komen van dit proefschrift. De manier waarop jij je inzet voor het onderzoek heeft mij altijd erg 

geïnspireerd. Je kennis en scherpe analyses hebben een diepe indruk op mij gemaakt. Ook wil ik je 

bedanken voor je vertrouwen en steun in de afrondende fase van mijn promotietraject. 

Prof.dr. C. Polman: Beste Chris, ik kijk met veel waardering terug op het contact wat we tijdens mijn 

promotieperiode hebben gehad. Ook jouw betrokkenheid bij het onderzoek bij het opstellen en 

corrigeren van manuscripten heeft mij veel geholpen. De stortvloed aan nieuwe ideeën die ontstaan 

wanneer jij en Frederik van gedachten wisselen is opmerkelijk. 

Prof.dr. B.M.J. Uitdenhaag: Beste Bernard, jouw kennis over epidemiologie is voor dit proefschrift van 

buitengewone waarde geweest. Ik kan me nog goed de hotellobby in Barcelona herinneren waar jij 

op sublieme wijze nog vlak voor mijn presentatie de epidemiologische component van het onderzoek 

invulde. Dit heeft dan ook tot een mooie publicatie geleid. 

Dr. H. Vrenken: Beste Hugo, ik wil je bedanken voor de goede tijd die we als kamergenoten en 

naastencollega’s hebben gehad. Ook op wetenschappelijk vlak is jouw bijdrage aan dit proefschrift van 

grote betekenis geweest. Zonder jouw hulp had dit proefschrift nooit de inhoud gekregen die het nu 

heeft. Ik wil je in het bijzonder bedanken voor je steun en vertrouwen in de afrondende fase van mijn 

promotie, niet alleen in wetenschappelijke zin maar met name ook op persoonlijk vlak. Het is voor 

mij van grote betekenis geweest dat ik je op ieder moment van de dag kon benaderen voor advies 

en commentaar op het geleverde werk. Je bent een copromotor die veel promovendi zich zouden 

wensen. 

Dr. J. Geurt: Beste Jeroen, zonder jouw aanwezigheid had mijn promotieperiode niet zoveel kleur 

gekregen. Je was een prima collega en kamergenoot; om mee van gedachte te wisselen, maar zeker ook 

om mee te lachen. Ik kijk met veel plezier terug op de congressen en gezellige uitjes en bijeenkomsten 

die we samen hebben ondernomen. Jouw energie en inzet voor alles wat je doet is benijdenswaardig. 

Je bent een lichtend voorbeeld als het aankomt op helder schrijven; een gave waar ik met enige 
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jaloezie, maar vooral met grote bewondering naar kan kijken. Dat je hierin uitblinkt blijkt ook uit het 

boek “over de kop”, dat je onlangs uitgaf. 

Overige leden van de commissie: Prof. dr. Castelijns, Prof. dr. Hintzen, Dr. van Walderveen en Dr. Adér 

wil ik hartelijk danken voor het kritisch beoordelen van het manuscript en het opponeren. 

MAGNIMS: I would like to thank all members from the MAGNIMS group for their pleasant and inspiring 

collaboration. Your generosity in sharing your research data and the valuable input during meetings, 

analysis and manuscript preparation provided the basis of this thesis. 

Dirk Knol: Bedankt voor de statistische onderbouwing in meerdere analyses. Je idee voor de “tree-

analyse” heeft mooi uitgepakt. 

Mede-onderzoekers radiologie: Stefan, Ivo, Bastiaan, Arjan: ik wil jullie allemaal bedanken voor de 

gezellig tijd tijdens mijn promotieperiode en opleidingstijd erna. Onderzoek doen is essentieel en 

inspirerend, maar niet altijd even makkelijk. Het is fijn om goede collega’s te hebben waarop je terug 

kan vallen in tijden dat het even niet zo wil vlotten om de ervaring te delen. Dankzij jullie zal ik met veel 

plezier terug kijken op deze periode en ik hoop jullie allen in de toekomst nog te zien en spreken. Drs. 

V. Popescu: Dear Veronica, I would like to thank you for your collaboration and especially for all your 

work on lesionloads and atrophy measurements! I enjoyed working with you and all conversations 

really helped me to improve my understanding of the English language. Ernesto en Hanife, bedankt 

voor jullie inspanningen voor de “resting state” analyses! 

De neuro’s: Beste Bas, Jolijn, Jessica, Femke, Jack, Alexandra, Machteld, Judith en andere onderzoekers 

die samengepakt waren op die ene kamer. Hoewel ik tijdens mijn promotie niet met iedereen evenveel 

contact heb gehad wil jullie allemaal bedanken voor de gezellige tijd (zoals tijdens de ECTRIMS Judith 

en Jessica!) en de goede samenwerking. Het heeft een aantal mooie publicaties opgeleverd. De MS-

neurologen: waaronder Bob van Oosten en Brechtje Jelles, bedankt voor jullie inbreng tijdens de MS 

bespreking. Het combineren van klinische presentatie van patiënten met de radiologische bevindingen 

is natuurlijk nooit mogelijk zonder jullie betrokkenheid. 

Alle medewerkers en contacten van het MS Centrum Amsterdam: Bedankt voor jullie werk die (in)

direct het onderzoek mogelijk maken. Ik wil nog Ton Schweigman en Karin Barbiers bedanken voor de 

ondersteuning bij het inplannen of scannen van patiënten op de MRI. Natuurlijk ook Petra Pouwels 

en Joost Kuijer van de FMT voor de implementatie van de scanprotocollen. Geert de Vos voor de 

linux ondersteuning. Regina Wijhenke-Rakim voor de administratieve ondersteuning, met name in de 

laatste voorbereidende fase van het proefschrift. 
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Ook wil ik van de gelegenheid gebruik maken om mensen te bedanken buiten het onderzoek een 

doorslaggevende rol hebben gespeeld in de totstandkoming van dit proefschrift.

Mijn schoonouders: Lieve Thierry en Eelke, bedankt voor de steun en liefde die jullie mij de afgelopen 

jaren hebben gegeven, ik zal het nooit vergeten. Zonder jullie was mijn leven waarschijnlijk niet zo rijk 

gevuld geweest als nu. Aanvankelijk als vreemde eend (of vis?) in de familie zijn we erg naar elkaar toe 

gegroeid en ik hoop ook in de toekomst nog veel lief en leed met elkaar te kunnen delen. Jullie energie 

en veerkracht is verbazingwekkend en een voorbeeld, door de stormen heen staan jullie nog steeds 

overeind en zijn de basis waarop we altijd op jullie terugvallen. En een fantastische apa en ama! 

Mijn zwager en schoonzusjes: Beste Joris en Caroline, collega’s! Jullie weten uit ervaring wat een 

promotie traject en werken in een ziekenhuis inhoud zodat we de ervaringen hebben kunnen delen. 

Bedankt voor jullie steun en het meedenken tijdens de moeilijke periodes in mijn carrière en daarbuiten. 

Want belangrijker is het leven wat we delen buiten onze professie, ik ben blij en dankbaar dat ik altijd 

op jullie onvoorwaardelijke steun kan rekenen. Ik hoop in de toekomst nog veel weekjes in Frankrijk 

met elkaar te kunnen doorbrengen, misschien dan ook wel met een paar ‘kids’ van jullie kant. Ik vind 

het fantastisch hoe jullie je inspannen als oom en tante om het onze kinderen goed te laten hebben. 

Ook Loesje wil ik hiervoor bedanken! 

Mijn vrouw: Liefste Roosje, heerlijkheid. Je bent de beste vrouw die ik mij heb kunnen wensen en 

ik hou heel veel van je. Door al je liefde en goede zorgen voor mij heb ik een basis en een thuis in 

mijn leven waar ik niet zonder kan. Zonder deze basis was dit proefschrift er dus ook nooit geweest. 

Bovendien heb je me de mooiste en liefste kinderen gegeven die er zijn. Ik heb een groot ontzag voor 

je tomeloze inzet, liefde en energie waarmee je ons door alle tegenslagen heen omringt. Ik weet niet 

wat de toekomst ons brengen zal, maar met jou aan mijn zijde kan ze niet anders dan goed zijn.

Mijn kinderen: Lieve Tije, Seger en Fiene. Jullie zijn natuurlijk het ware middelpunt van mijn leven. 

Thuiskomen bij jullie na de arbeid is wel de beste dagafsluiting die ik mij kan wensen. Van mij hoeven 

jullie niet ouder te worden…






