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1.1 | Multiple Sclerosis

Multiple sclerosis (MS) is an infl ammatory, demyelinating and neurodegenerative disease, 

affecting the central nervous system (CNS), and is generally considered to be autoimmune 

in nature. Genetic, and possibly environmental factors, are thought to infl uence a 

person’s likelihood of developing MS. As in more autoimmune disorders, there is a female 

predominance, with a male-to-female ratio of approximately 1:2 1. Secondly, MS incidence 

rates and prevalence are highest in family members of MS patients, especially in twins 2. 

Thirdly, MS seems to occur more often in temperate climates, although such “a variance 

in latitude”, was not found in a extensive meta-analysis, when estimates for prevalence 

were age and sex adjusted 3,4. Recently, the annual incidence of MS was estimated to 

be 4.2/100,000 in the USA, and 4.6/100,000 in northern Europe; the prevalence was 

estimated to be 0.9/1,000 in the USA, and 1.2/1,000 in northern Europe 5. 

 Although the precise immune trigger is unknown, a cascade of immune events 

transpire, targeting the myelin sheaths around axons. In regions of infl ammation, 

breakdown of the blood-brain barrier occurs, with lymphocytic and monocytic infi ltration 

into the brain parenchyma. This results in focal areas of demyelination, axonal loss, 

gliosis, and edema, throughout both the white and gray matter, leading to the formation 

of multiple sclerotic plaques, which gives the disease it’s name. 

 At least in the early stages of MS, white matter tracts seem to be primarily affected, 

and MS lesions can form in virtually any location. Hence, clinical presentation is diverse. 

A fi rst clinical event, which may encompass e.g. sensory changes, motor dysfunction/

weakness, or visual complaints, is termed a clinically isolated syndrome (CIS). Clinically 

defi nite MS (CDMS)6 is diagnosed only after a second validated clinical event. Various 

paraclinical tools have shown prognostic value in identifying CIS patients at high risk 

of conversion to CDMS, of which Magnetic Resonance Imaging (MRI) is one of the most 

powerful (Box 1). 

 The clinical course of MS is highly variable, but several more distinct patterns or 

disease types can be identifi ed. In around 80% of patients, the disease starts with a 

relapsing-remitting form, which involves episodes of clinical decline followed by partial 

or complete recovery. The majority of these patients will eventually transgress towards 

a more progressive form, labeled secondary-progressive MS, in which the frequency of 

relapses decreases, but functional decline continues. This has been attributed to an 
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ongoing underlying neuronal deterioration. In a small subset of patients, around 10%, the 

disease starts with a progressive form, labeled primary-progressive MS 7. 

Presently, there is no curative treatment for MS. However, there are various disease-

modifying therapies available that are able to slow down the disease by blocking various 

immune events within the cascade. Among such agents are interferon beta-1b 8, glatiramer 

acetate 9, and natalizumab 10. 

1.2 | The role of conventional brain MR imaging in Multiple Sclerosis 

Conventional MR sequences used in MS are two-dimensional (2D) T2-weighted (T2w) and 

T1-weighted (T1w) spin-echo sequences, described in further detail below. 

T2-weighted sequences
MS lesions appear as bright hyperintensities on T2w images. T2 lesions are typically 

seen in periventricular, juxtacortical, infratentorial, and temporal regions, as well as 

in the corpus callosum (Figure 1). Although an increased signal on T2-weighted images 

is very sensitive to tissue alterations in the brain parenchyma, specifi city is low, as an 

increased T2 signal can be refl ective of demyelination, remyelination, edema, axonal 

loss, and gliosis. 2D T2w spin-echo sequences (2D-T2SE) typically consist of both the 

short-echo proton-density (PD) images and the long-echo T2 images. Both are frequently 

analyzed as a set, as both have inherent advantages and disadvantages, in visualizing 

MS lesions in various parts of the brain. For example, periventricular lesions are more 

easily identifi ed on PD images. Cerebrospinal fl uid (CSF) has an intermediate signal on 

PD images, which gives better contrast between periventricular MS lesions and CSF on PD 

images compared with T2 images, on which both CSF and lesions have high signal intensity. 

However, PD images suffer more from fl ow artifacts in the posterior cranial fossa, which 

hampers the identifi cation of infratentorial lesions, compared with T2 images (Figure 1). 

Hence infratentorial lesions identifi ed on PD images should always be confi rmed on the 

corresponding T2 images to rule out fl ow artifacts 11. 

T1-weighted sequences
T1w sequences are commonly acquired before (pre) and after (post) the application 

of an intravenous gadolinium-based contrast agent. The majority of MS lesions seen on 
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T2w images are isointense on T1w images. However, a subset of T2 lesions, is seen as 

hypointense lesions on T1w images, also called black holes (Figure 2). T1 hypointensity 

is thought to refl ect extracellular edema, demyelination, and axonal loss 12,13, and 

the degree of T1 hypointensity correlates with the extent of axonal loss 14. After the 

injection of gadolinium (Gd) intravenously, a subset of T2 lesions shows enhancement 

with gadolinium, and hence are called Gd-enhancing lesions (Figure 2). These lesions are 

thought to represent the acute infl ammatory phase in the development of MS lesions, in 

which the blood-brain barrier is disrupted 12, 15,16(Box 2). 

Figure 1 | Example of regions in 

which lesions are typically seen in 

MS. ACE: Proton-density (short-echo) 

images; BDF: T2 (long-echo) images. 

Arrowheads: juxtacortical lesion; 

Arrows: Periventricular lesion; Delta 

arrows: Infratentorial lesion. 
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Box 1: The role of serial brain MRI in the radiological practice

Diagnosis of MS
Whether based on clinical grounds, radiological grounds, or a combination thereof, the 

basis for the diagnosis of MS is to ascertain 1) dissemination in space, and 2) dissemination 

in time. 

Dissemination in Space (DIS)
In 2001, the modifi ed Barkhof criteria 17,18 were embedded into the international panel 

(IP) criteria 19 for the diagnosis of MS. These criteria provided an acceptable degree of 

sensitivity, while providing greater specifi city, compared with other MRI criteria 20-22, in 

predicting conversion to CDMS, in CIS patients. The modifi ed Barkhof criteria ascertain 

dissemination in space, if three of the following four criteria are fulfi lled:

1. One Gd-enhancing lesion or nine T2 lesions

2. At least one infratentorial lesion

3. At least one juxtacortical lesion

4. At least three periventricular lesions

The IP criteria were revised in 2005 23, but the role of brain MR lesions to ascertain DIS 

was unchanged. 

Dissemination in Time (DIT)
In 2001, the international panel also formulated MRI criteria to ascertain dissemination 

in time. These criteria were quite elaborate, making a distinction between: a fi rst scan 

three months after the initial event, or a fi rst scan within 3 months after the initial event. 

1. fi rst scan 3 months after the initial event: a Gd-enhancing lesion is evidence of DIT, 

provided that it is not at the site implicated in the original clinical event. In case 

of no Gd-enhancing lesions, a second scan 3 months later (i.e. 6 months after the 

initial event) is recommended. Any Gd-enhancing lesion or new T2 lesion identifi ed 

is considered as evidence of DIT.

2. fi rst scan within 3 months after the initial event: make a second scan three months 

after the initial event. In case of no Gd-enhancing lesions, a third scan 3 months 

later than the second scan is recommended and any Gd-enhancing lesion or new T2 

lesion identifi ed is considered as evidence of DIT.
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Work by Dalton et al 24, demonstrating that a new T2 lesion at 3 months already is a 

reliable marker of DIT, leading to a more liberal role for new T2 lesions in the 2005 

revisions. A new T2 lesion, if it appeared at any time compared with a reference scan 

(done at least 30 days after the initial event) now provides evidence of DIT. This both 

simplifi es the DIT criteria and allows for a more rapid diagnosis. 

Box 2: The role of serial conventional 2D brain MRI in clinical MS trials

Rationale
MRI, i.e. (the reduction of) the number of active MR lesions, is often used as outcome 

measure in MS clinical trials to evaluate treatment effi cacy, as it represents a more 

sensitive and objective method to monitor disease activity over time, compared with 

clinical measures 25-28. 

Gadolinium-enhanced T1w imaging
The cumulative number of new gadolinium-enhancing T1w lesions is often used as outcome 

measure in Phase II MS trials, which are designed to: 1) assess dosing requirements, and 2) 

to study drug effi cacy. Gadolinium-enhancement is thought to refl ect acute infl ammation 

in which the blood-brain barrier is disrupted 15,16, persisting on average for around one 

month 29,30. Anti-infl ammatory properties of new treatments are thus assessed using serial 

monthly Gd-enhanced T1w imaging.

Benefi ts: can be assessed with high interobserver agreement 31.

Drawbacks: 1) costly because of monthly scanning and contrast injections, 2) the repeated 

administration of gadolinium could potentially be harmful, given the possible association 

between the use of Gd–based contrast media and the occurrence of nephrogenic systemic 

fi brosis, especially in patients with (chronic) renal insuffi ciency 32,33.

 

T2w imaging
The (reduction of) the number of active (new and enlarged) T2 lesions, and changes in 

T2 lesion load, are often used as outcome measures in Phase III MS trials, which generally 

are randomized, double-blind, placebo-controlled multicenter trials designed to: provide 

a defi nitive assessment of drug effi cacy. Phase III trials encompass a larger number of 
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patients, followed over longer periods of time, compared with phase II trials. As monthly 

Gadolinium-enhanced T1w imaging scanning would become too costly, and a substantial 

amount of disease activity would be missed when using Gd-enhanced T1w imaging over 

larger time periods than one month, trials of longer duration supplementary use T2w MR 

scans performed at 3-monthly or even yearly intervals to monitor disease activity. In this 

setting, T2w images are thought to refl ect the cumulative residual of disease activity 34. 

Benefi ts: can capture disease activity over longer time periods without the need of 

gadolinium injections

Drawbacks: the detection of active T2 lesions is complicated by repositioning errors and 

a background of unaltered non-active lesions 35, leading to low interobserver agreement 
36 (Figure 2)

Figure 2 | Example of T2 lesions 

showing either gadolinium-

enhancement or T1 hypointensity on 

post-contrast T1-weighted images. AC: 

Proton-density (short-echo) images; 

BD: post-contrast T1 images. 

Arrowheads: gadolinium-enhancing 

lesions; Arrows: T1 hypointense lesion, 

also called a black hole. 
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1.3 | Moving towards single-slab 3D and Subtraction MR Imaging 

As described in Box 1, conventional 2D MR imaging is standardly used in the analysis of 

spatial disease activity. However, the cross-sectional detection of MS lesions in the brain 

is hampered by the inability of 2D sequences to acquire thin image slices, and by fl ow 

artifacts. Both could be ameliorated by using single-slab three-dimensional (3D) imaging 

1.3.1 | Single-slab 3D MR imaging
Although conventional 2D-T2SE sequences provide a good in-plane resolution (typically 

around 1 by 1mm), they do not allow the acquisition of a good through-plane resolution 

(i.e. thin image slices). 2D sequences on 1.5 Tesla (T) MR systems, are typically limited 

to a slice thickness of 3mm, as thinner slices result in either: 1) poor signal-to-noise 

ratio (SNR), degrading image quality, or 2) very long scanning times, which reduces 

scanning capacity. As the detection of MS lesions is directly related to slice thickness 37,38, 

lesion detection can be ameliorated by MR sequences providing thin image slices while 

maintaining adequate SNR within a clinically acceptable time frame. Also, the 1 by 1mm 

in-plane and 3mm through-plane resolution, results in an anisotropic voxel size, which is 

suboptimal for image post-processing purposes, which benefi t from small isotropic voxels 

with good SNR. 

 The SNR can be increased, while retaining all other acquisition parameters, by e.g. 

moving towards higher fi eld strength. However, the majority of MR systems still operate 

at 1.5 T. Alternatively, one can acquire 3D datasets, as 3D sequences have intrinsically 

higher SNR, compared with 2D sequences. Especially single-slab 3D imaging is of interest, 

as the advantages over multi-slab 3D sequences imaging are: 1) a substantial reduction 

in acquisition times, and a reduction of slice profi le and fl ow artifacts 39-41. As single-slab 

3D imaging allows the acquisition of smaller, (near) isotropic voxels, one would expect an 

improved spatial detection of MS lesions and benefi ts for image post-processing purposes, 

compared with conventional 2D imaging. 

1.3.2 | Subtraction MR Imaging 
As mentioned in Box 2, the number of active T2 lesions and changes in T2 lesion load, 

are often used as outcome measures in MS trials. However, the detection of active T2 

lesions is complicated by repositioning errors and a background of unaltered non-

active lesions 35, leading to low interobserver agreement 36. Changes in T2 lesion load 
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are commonly calculated by measuring two whole brain lesion loads at consecutive time-

points which are numerically subtracted. This is a labor-intensive and imprecise method, 

as the actual lesion load change is relatively small and affected by errors emanating from 

two separate whole brain lesion load measurements 42. 

 Subtraction images, after image registration, provide an alternative in which the 

effect of repositioning errors is reduced, and the contrast between active lesions and the 

non-active background is enhanced as stable lesions cancel out (Figure 3). Furthermore 

subtraction images allow direct measurement of lesion load change and quantifi cation of 

positive and negative disease activity. A previous study using subtraction images reported 

an increased detection of active MS lesions with good interobserver agreement using 

single-center data 43. Most phase III studies are multi-center trials using different MR 

systems, which presents an additional challenge for image postprocessing methods due 

to scanner-dependant variations in image contrast. A pipeline was designed to overcome 

these challenges, which is presented in Box 3. As subtraction MR imaging allows high 

contrast between active MS lesions and the non-active background and a reduction of 

repositioning errors, one would expect an improved temporal detection of MS lesions, 

especially when using (near) isotropic 3D datasets, compared with conventional 2D 

imaging. 

Figure 3 | Example of a subtraction image, in which the effect of repositioning errors is reduced, 

and the contrast between active lesions and the non-active background is enhanced as stable 

lesions cancel out. A: halfway-registered baseline PD image; B: halfway-registered follow-up 

PD image; C: subtraction image. Arrowheads: New lesion, which can be easily identifi ed on the 

subtraction image; Arrows: Stable lesions, which cancel out in the subtraction image. 
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1.4 | Goals and overview of this thesis

Prior paragraphs have outlined the role and shortcomings of serial conventional 2D MR 

imaging in both the radiological practice and clinical trials in MS. Briefl y, MRI criteria 

are strongly embedded in the diagnostic IP criteria for MS 19,23, for providing evidence of 

dissemination in space (DIS) and time (DIT). Secondly, (the reduction of) the number of MS 

lesions is used as an outcome measure in MS clinical trials to evaluate treatment effi cacy. 

As such, any imaging technique providing increased sensitivity for the detection of MS 

lesions in either space or time could provide an earlier diagnosis of MS, and increased 

power to evaluate treatment effi cacy. Previous studies have shown that more modern and 

sophisticated MR and post-processing techniques, such as multi-slab 3D and single-center 

subtraction MR imaging, increased the detection of MS lesions in both space and time, 

compared with conventional 2D-T2SE images 43,48-50. However, multi-slab 3D imaging 

suffers from fl ow and slice profi le artifacts and long acquisition times, hampering an 

introduction into the radiological practice. A single-slab 3D technique has been developed 
39, with shorter acquisition times and absence of fl ow artifacts 40, which has been adopted 

to include various contrasts 41. Furthermore, a pipeline was created See box 3 for the 

creation of multi-center subtraction images, overcoming the challenges presented by 

using multi-center, instead of single-center, data. Both single-slab 3D and multi-center 

subtraction imaging MR imaging have not yet been evaluated for the detection of MS brain 

lesions. If both imaging techniques show an increased detection of MS lesions in space 

and/or time, the combination of the two could provide the most optimal imaging scheme 

for the detection of spatiotemporal disease activity in MS. Such an imaging scheme could 

be important for both the radiological practice and clinical trials. 

 In this thesis our aim was: 1) to validate the role of conventional 2D MR imaging in 

large multi-center clinical trials for the detection of (MS) brain lesions Chapter 2, 2) to 

cross-sectionally examine the detection of MS lesions using single-slab 3D MR imaging, 

both in the whole brain and specifi cally in the hippocampus, compared with conventional 

2D MR imaging Chapter 3, and 3) to longitudinally examine the detection of active MS 

lesions and evaluate treatment effi cacy using 2D subtraction MR imaging, compared 

with conventional 2D MR imaging Chapter 4. Finally, single-slab 3D and subtraction MR 

imaging were combined, to provide an optimal imaging strategy for the detection of 

spatiotemporal disease activity in MS Chaper 5. 
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Box 3: Pipeline for the creation of subtraction images

In a collaborative effort by the VU University Medical Center, Amsterdam, The Netherlands, 

and the Center for Neurological Imaging (CNI), Boston, USA, a pipeline for the creation of 

subtraction images was designed, to overcome the challenges presented by using multi-

center MR data. The pipeline consists of several post-processing steps, embedded in a 

“master” script, which is executed “off-line” in a Linux/Unix environment. The pipeline 

sometimes switches between various fi le formats, indicated between brackets. 

Step 1: The original MR images are transported from the MR system to a Linux/Unix 

environment. 

Dicom -> Nifti. 

Step 2: For each time point, a brain mask is created using the brain extraction tool 

(BET) 44, part of FMRIB’s software library (FSL) 45. All subsequent post-processing steps 

are calculated within the brain masks (to prevent entities from outside the brain, e.g. 

fl ow artifacts from vessels in the neck, and sinusitis, from infl uencing the registration 

procedure) and subsequently applied to the whole scan, starting with:

Step 3: An intra-scan intensity normalization (bias fi eld correction) using the non-

parametric method N3 46Nifti -> Minc -> Nifti, followed by: 

Step 4: A global scaling step to equate the average intensities of consecutive scans.

Step 5: Finally, images are spatially normalized (rigid body registration) to a halfway 

position using FMRIB’s Linear Image Registration Tool (FLIRT) 47, part of FSL, with mutual 

information as cost function and sinc interpolation.Step 6: All halfway registered baseline 

images are subsequently subtracted from the halfway registered follow-up images to 

produce the fi nal subtraction images.
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Abstract 

Purpose: to report incidental fi ndings, including white matter changes (WMC) on brain 

magnetic resonance (MR) images in patients with Crohn’s disease (CD) or rheumatoid 

arthritis (RA), and explore associations between WMC and disease characteristics. 

Materials and Methods: MR images from 960 CD and 209 RA patients, who participated 

in the natalizumab safety evaluation, were evaluated for: 1) incidental fi ndings, 2) age-

related white matter changes (ARWMC), and 3) demyelinating WMC. Associations between 

ARWMC scores and disease characteristics were explored using a proportional odds 

cumulative logistic model

Results: In 960 CD patients, 35(3.6%) infarcts and 9(0.9%) incidental tumors were 

identifi ed; in 209 RA patients, 17 (8.1%) infarcts and 0 incidental tumors. In total 43.9% 

of CD and 62.6% of RA patients had ARWMC. Age was signifi cantly associated with ARWMC 

scores in CD (OR 5.17CI 3.94-6.77, p < .001) and RA (OR 3.24CI 1.92-5.46, p < .001), as 

was a history of autoimmune disease in CD (OR 0.72CI 0.54-0.96, p = .027) and the female 

gender in RA (OR 2.17CI 1.09-4.30, p = .027). Subclinical MS-like lesions, with evidence 

of dissemination in space, were present in 4 of 960, 0.4%CI 0.11-1.06 of CD and 1 of 209, 

0.5%CI 0.01-2.64 of RA patients. 

Conclusion: ARWMC were highly prevalent and most signifi cantly associated with age. The 

prevalence of incidental tumors was not apparently increased, while cerebral infarcts 

were slightly increased in RA. In both CD and RA patients, subclinical, multi-focal MS-like 

lesions were more common than would be expected from population-based clinical MS 

prevalence rates.
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Introduction  

Very late activation antigen-4 (VLA-4), also called α4β1 integrin, is an adhesion molecule 

expressed by various immune cells 1, and mainly interacts with vascular cell adhesion 

molecule-1 (VCAM-1) and fi bronectin 2,3. These interactions mediate the extravasation 

and subsequent migration of immune cells into infl ammatory sites, and blockage of this 

pathway had a therapeutic effect in several autoimmune disorders 4-6. Natalizumab, a 

recombinant monoclonal antibody directed against VLA-4, was approved as a treatment 

for multiple sclerosis (MS) in 2004 while being evaluated for rheumatoid arthritis (RA) and 

Crohn’s disease (CD). In 2005, usage was suspended by the manufacturer after two MS 

patients developed progressive multifocal leukoencephalopathy (PML) 7,8. Review of all 

prior treated patients discovered a third case in a CD patient, previously misdiagnosed as 

an astrocytoma 9. A safety evaluation was conducted on over 3000 MS, CD and RA patients 

and identifi ed no additional cases of PML 10. In the subgroups of CD and RA patients brain 

magnetic resonance (MR) images were also evaluated for incidental fi ndings including 

white matter changes (WMC). 

 WMC in non-demented elderly have been associated with vascular risk factors and 

increasing age 11,12. Previous work indicated that the prevalence of WMC was higher in CD 

patients than in age-related controls, possibly of vascular origin and resembling an extra-

intestinal manifestation of infl ammatory bowel disease 13. Treatment for both CD and RA 

is also known to cause WMC 14-16 and there are reports of a possible associati on with MS, 

characterized by demyelinating WMC 17-21. To elaborate on the aforementioned associations 

the purpose of this study was to report the prevalence of incidental fi ndings, including 

vascular and demyelinating WMC, detected on brain MR images in patients with CD or RA 

who participated in the natalizumab safety evaluation study. In addition, associations 

were explored between WMC and demographic parameters, vascular parameters, disease 

related parameters and treatment. 

Materials and Methods 

Patients and MR Image Acquisition
MR images were selected from the natalizumab safety evaluation study in which an expert 

panel evaluated potentially suspect cases, to rule out PML in MS, CD and RA patients 
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treated with natalizumab in clinical trials 10. In the present study, brain MR images from 

960 patients with CD (mean (SD) age 39.5 (12.8) years, 532 women) and 209 patients with 

RA (mean (SD) age 52.4 (10.7) years, 168 women) were reviewed. The number of MRI 

scans presented here (n=1169) is higher than that (n=1010) reported by Yousry et al., as 

several CD scans were received after the cut-off point used by Yousry et al. 10. However, 

all scans had similar review as scans evaluated during the Safety Evaluation Study and 

no further cases suspect for PML were identifi ed on these additional scans. Mean (SD) 

disease duration at the time of MR imaging was 11.6 (8.3) years for CD patients, and 9.8 

(8.1) years for RA patients. 935 (97.4%) of 960 CD patients were treated or were being 

treated with natalizumab, and 209 (100%) of 209 RA patients. Mean (SD) time since the 

last natalizumab dose at time of MR imaging was 199.6 (186.0) days for CD patients, and 

115.0 (46.5) days for RA patients. Mean (SD) number of natalizumab infusions received by 

patients before MR imaging was 14.2 (11.1) for CD patients, and 4.8 (1.2) for RA patients.

 The MRI protocol included a dual-echo, T2-weighted, turbo or fast spin-echo 

(2D-T2SE) sequence with a TR/TE1/TE2 of 2500-3300/10-40/80-100 ms. In addition, a 

(fast) fl uid-attenuated inversion-recovery (FLAIR) sequence was acquired with a TR/TE/

TI of 6000-9000/100-130/2000-2500 ms, and T1-weighted pre- and postcontrast (with 5-7 

minutes delay after administration of 0.1 mmol/kg gadolinium) spin-echo (TR/TE of 500-

700/10-20 ms) sequence. Field of view for all examinations was 25 cm, combined with a 

256 x 256 matrix, resulting in a roughly 1 x 1 mm² pixel size. All sequences were acquired 

in the oblique-axial plane in either two interleaved sets with a 3 mm gap, or contiguous 

without gap, and 3mm thick slices. 

Image Analysis 
All images were reviewed in consensus by one observer (BM) in conjunction with one of 

two experienced neuroradiologists (ES, FB), all three experienced in the serial analysis of 

MR images, especially in MS. Incidental fi ndings identifi ed during the fi rst analysis were 

reviewed a second time by all three readers in an additional consensus meeting before a 

tentative radiological diagnosis was made. All diagnoses were based solely on radiological 

grounds and not confi rmed by histopathology. Images were reviewed for: 1) incidental 

fi ndings, in particular cortical and lacunar infarcts and (enhancing) mass lesions, 2) age-

related white matter changes (ARWMC) using a visual rating scale described by Wahlund, 

et al. 22 (Table 1), 3) WMC suspected to be demyelinating were quantifi ed using the 

modifi ed Barkhof criteria (Table 1) 23. These criteria ascertain dissemination in space (DIS) 
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and are embedded in the diagnostic McDonald criteria for MS 24,25. However, it must be 

emphasized that none of the patients had a clinical diagnosis of MS at the b  eginning of the 

RA and CD studies as this was an exclusion criterion. Furthermore, none of the patients 

had neurological complaints at time of MR imaging, nor were they subjected to a clinical 

neurological exam afterwards, in case of WMC suspect for demyelination. 

Table 1 | The ARWMC rating scale and modifi ed Barkhof criteria

Age-related white matter changes (ARWMC*)

White matter lesions

0 No lesions (including symmetrical, well defi ned caps or bands)

1 Focal lesions

2 Beginning confl uence of lesions

3 Diffuse involvement of the entire region, with or without involvement of U fi bers

Basal ganglia lesions

0 No lesions 

1 1 focal lesion 

2 > 1 lesion

3 Confl uent lesions

Modifi ed Barkhof criteria (to determine DIS in MS) 

≥ 3 of the following:

≥ 9 T2 lesions or ≥ 1 gadolinium enhancing lesion

≥ 3 periventricular lesions

≥ 1 juxtacortical lesion

≥ 1 infratentorial lesion

DIS = Dissemination in space, MS = Multiple sclerosis. * The ARWMC score is composed of the following fi ve 
brain areas (both the left and right hemisphere): frontal, parieto-occipital, temporal, infratentorial and 
basal ganglia. Scores range from 0 to 30.

Statistical analysis
The prevalence of incidental brain fi ndings in both the CD and RA populations were 

calculated. Multiple events of a specifi c entity in one patient (i.e. multiple infarcts) 

were counted as a single occurrence. ARWMC scores were expressed as the proportion of 

patients with ARWMC scores of ≥ 4, 1-3, and 0. Associations between ARWMC scores (≥4, 

1-3, 0) and median age years (>38/ ≤38 for CD, >53/ ≤53 for RA) were analyzed using a 

proportional odds cumulative logistic model 26. Secondly, associations between ARWMC 

scores and specifi ed parameters were explored using a proportional odds cumulative 
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logistic model, with age and disease duration entered as continuous covariates in the 

models. Parameters examined were: 1) Demographic: gender (female/male), history of 

autoimmune disease (yes / no); 2) Vascular: systolic blood pressure (> 120 mm Hg / ≤ 120 

mm Hg), smoking (> 10 cigarettes/day / ≤ 10 cigarettes/day) CD patients only, glucose 

levels (> 150 / ≤ 150 mg/dL), history of cardiovascular disease (yes / no); 3) Disease-

related: C-reactive protein (CRP) (≥10 /<10 mg/dL); Crohn’s disease activity index (CDAI) 

median score at initial study baseline (> 285 / ≤ 285) CD patients only rheumatoid factor 

(positive / negative ) RA patients only; 4) Treatment: time since last dose of natalizumab (> 

median , ≤ median), methotrexate (on / off), steroids (on / off), 5-aminosalicylic acid (5-

ASA) (on / off) CD patients only, azathioprine and/or 6-mercaptopurine (6-MP), combined 

because azathioprine is metabolized to 6-MP (on / off) CD patients only. To explore dose 

dependant effects of these medications, patients were also stratifi ed according to dose 

(> median, ≤ median) for each medication.

Results

Incidental Findings 
During the natalizumab safety evaluation 32 MR scans were fl agged as “possible PML cases” 

(Figure 1A, 1B), however, an expert panel ruled out PML in all of these cases based on 

the combination of clinical history, physical examination, MR imaging and cerebrospinal 

fl uid testing 10. No signifi cant association was found between the occurrence of incidental 

fi ndings and the mean number of natalizumab infusions received by patients before MR 

imaging (OR= 1.96, 95% CI 0.70-5.49, p = .203). In the CD population, 35 of 960 (3.6%) 

patients (mean (SD) age 55.1 (14.0), mean (SD) ARWMC score 3.5 (3.7)), had radiologically 

diagnosed infarcts, compared with 17 of 209 (8.1%) patients (mean (SD) age 59.6 (8.3), 

mean (SD) ARWMC score 4.3 (2.2)) in the RA population (Table 2). In the CD population, 

9 of 960 (0.8%) patients (mean (SD) age 43.2 (15.5) had incidental tumors, fi ve (0.5%) 

meningiomas (Figure 1C, 1D), one (0.1%) macroadenoma, one (0.1%) ganglioglioma, one 

(0.1%) craniopharyngioma (Figure 1E, 1F), and one (0.1%) hamartoma; there were no 

incidental tumors at all in the RA population (Table 2). 
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Figure 1 | Three examples of incidental 

fi ndings. First row shows a case which 

was initially suspect for progressive 

multifocal leukoencephalopathy (PML), 

however, no progression was seen on 

follow-up MRI (not shown) and the lesion 

was subsequently diagnosed as capillary 

telangiectasia; axial T2-weighted image 

(A) shows a subtle diffuse increased 

signal in the right middle cerebellar 

peduncle (arrowhead), a predilection site 

of PML, which shows faint enhancement 

(arrowhead) on the T1-weighted post-

contrast image (B). Second row shows 

an axial pre- (C) and postcontrast (D) 

T1-weighted image, demonstrating a 

meningeal mass (arrowheads) which 

shows solid enhancement and a “dural-

tail” sign (arrows), diagnosed as a 

meningioma. Third row shows an axial 

pre- (E) and postcontrast (F) T1-weighted 

image, demonstrating a suprasellar mass 

(arrowheads) which shows enhancement, 

diagnosed as a craniopharyngioma. 

ARWMC scores and parameter interactions
ARWMC scores were initially analyzed separately for supratentorial and infratentorial 

brain areas, the distinction based upon the arterial blood supply (i.e. carotid and 

vertebrobasilar). However, both areas showed the same trends (data not shown) and 

hence only total ARWMC scores (for the whole brain) are reported. The mean total (SD) 

ARWMC score was 1.25 (2.15) in CD, and 2.24 (2.70) in RA patients; in total 421 (43.9%) 

of CD patients had WMC (ARWMC score ≥ 1) and 131 (62.6%) of RA patients. Signifi cant 

associations were found between total ARWMC score and age in both the CD (OR 5.17, 95% 

CI 3.94-6.77, p < .001) and RA (OR 3.24, 95% CI 1.92-5.46, p < .001) population (Table 3). 



Chapter 2

34

The only signifi cant associations found between ARWMC scores and demographic, vascular 

and disease-related parameters respectively, were a positive history of autoimmune 

disease in the CD population (OR 0.72, 95% CI 0.54-0.96, p = .027) and the female gender 

in the RA population (OR 2.17, 95% CI 1.09-4.30, p = .027, Appendix).

Table 2 | Incidental fi ndings in CD and RA patients

Finding CD (%) RA (%) Total (%)

 (N = 960) (N = 209) (N = 1169)

Infarcts

 Cerebral infarct 2 (0.2) 1 (0.5) 3 (0.3)

 Cerebellar infarct 13 (1.4) 7 (3.3) 20 (1.7)

 Lacunar infarct 20 (2.1) 9 (4.3) 29 (2.4)

Incidental Tumors

 Meningeoma 5 (0.5) 0 5 (0.4)

 Macroadenoma 1 (0.1) 0 1 (0.1)

 Ganglioglioma 1 (0.1) 0 1 (0.1)

 Craniopharyngeoma 1 (0.1) 0 1 (0.1)

 Hamartoma 1 (0.1) 0 1 (0.1)

Other fi ndings

 Capillary Telangiectasia* 6 (0.6) 0 6 (0.5)

 Cavernoma 4 (0.4) 0 4 (0.3)

 Dysplasia 2 (0.2) 0 2 (0.2)

 Post-infectious WMC 1 (0.1) 0 1 (0.1)

 DVA 48 (5.0) 10 (4.8) 58 (5.0)

CD = Crohn’s disease, RA = Rheumatoid arthritis. DVA = Developmental venous anomaly. DVA = Developmental 
venous anomaly.  Data are N (%). Multiple fi ndings in one patient were counted as a single fi nding. All diagnoses 
were made solely on radiological ground, not confi rmed by histopathology. * Diffuse lesions, sometimes with 
enhancement. Since both PML and lymphoma were excluded this diagnosis was assumed.

ARWMC scores and treatment interactions
The mean (SD) number of natalizumab infusions received by patients in this study before 

MR imaging was 12.5 (10.7). No signifi cant association between treatment and ARWMC 

scores (OR= 1.66, 95% CI 0.68-4.07, p = .270) was observed. Furthermore, there was 

no signifi cant association between time since the last dose of natalizumab and ARWMC 

scores. We did not fi nd any signifi cant association between ARWMC scores and any specifi c 
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prior or concomitant treatment for either CD (p > .011) or RA (p > .268), nor were any dose 

dependant associations seen (data not shown).

Table 3 | Association between age and total ARWMC score category in CD and RA

CD Stratifi cation N (960) Total ARWMC (%) Odds Ratio* P Value*

   0 (n=539) 1-3 (n=310) ≥ 4 (n=111) (± 95% CI)  

Age (years) > 38 472 177 (37.5) 197 (41.7) 98 (20.8) 5.17 (3.94-6.77) < 0.001

≤ 38 488 362 (74.2) 113 (23.2) 13 (2.7)

RA Stratifi cation N (209) Total ARWMC (%) Odds Ratio* P Value*

   0 (n=78) 1-3 (n=73) ≥ 4 (n=58) (± 95% CI)  

Age (years) > 53 101 24 (23.8) 37 (36.6) 40 (39.6) 3.24 (1.92-5.46) < 0.001

 ≤ 53 108 54 (50.0) 36 (33.3) 18 (16.7)   

ARWMC = Age-related white matter changes, CD = Crohn’s disease, RA = Rheumatoid arthritis. * Odds ratios, 
95% confi dence intervals, and p values were calculated using a univariate proportional odds cumulative logistic 
model.

Figure 2 | Three axial FLAIR images of a 48 year old patient with Crohn’s disease demonstrating 

abundant and typical vascular lesions (arrowheads) in the deep white matter (A) and around 

the ventricles (B). No lesions were seen in the temporal lobes or in the brainstem or cerebellum 

(C). Also note the diffusely increased signal on A in the corona radiata (arrows).



Chapter 2

36

Table 4 | Descriptives of 9 patients with suspected demyelinating lesions on brain MRI

Parameter Patients

 1 2 3 4 5 6 7 8 9

Disease CD CD CD CD CD CD CD RA RA

Age (yr) 28 41 54 27 47 18 40 49 55

Gender F M M M F M F M F

Co-morbid autoimmune disease No No No No No Yes No No No

Disease duration (yr) 5.4 16.1 14.8 8.8 11.9 4.1 3.0 8.0 7.0

Days since Natalizumab discontinued 100 483 445 57 115 86 127 80 281

CDAI score or RF presence/absence 243 263 234 325 305 248 268 + -

DIS

 >9 T2 or Gd + + + - + + - + +

 ≥3 PV + + + - + + - + -

 ≥1 JC + - + + + - - + +

 ≥1 IT - - - - + + - + -

 # of pos. crit 3 2 3 1 4 3 0 4 2

CD = Crohn’s disease, RA = Rheumatoid arthritis, F = Female, M = Male, CDAI = Crohn’s disease activity 
index, RF = Rheumatoid factor, DIS = Dissemination in space, Gd = Gadolinium, PV = Periventricular, JC = 
Juxtacortical, IT = Infratentorial 

Figure 3 | Three axial FLAIR images of a 54 year old patient with Crohn’s disease demonstrating 

typical MS like lesions around the ventricles (arrowheads on A, B), including Dawson’s fi ngers 

(linear lesions perpendicular on the ventricles). Also note the periventricular lesion in the right 

temporal lobe on C.
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Possible Demyelination
In total 9 of 1169 (0.8%) patients (mean age 40.5 ± 12.9, mean ARWMC score 5.1 ± 5.2) 

had lesions suspicious for a demyelinating disease like MS (Table 4, Figure 3). In the CD 

subgroup, 7 of 960 (0.7%) patients were identifi ed and in the RA subgroup 2 of 209 (1.0%). 

In total 5 of 1169 (0.4%) patients fulfi lled the diagnostic criteria for dissemination in space 

(≥ 3 positive Barkhof criteria) for MS, of which 4 of 960,0.4% CI 0.11-1.06 had CD and 1 

of 209 ,0.5% CI 0.01-2.64  had RA. One patient (number 7 in Table 4) used an anti TNF-α 

agent (who was also the only patient using such an agent). 

Discussion 

In the current study we examined 1169 brain MR images obtained during the natalizumab 

safety evaluation study to evaluate the prevalence of incidental fi ndings, including 

vascular and demyelinating WMC, in 960 patients with Crohn’s disease and 209 patients 

with rheumatoid arthritis. To our knowledge, these are the largest populations of CD 

and RA patients studied systematically with brain MR imaging. We found no signifi cant 

association between natalizumab treatment and either incidental brain fi ndings or ARWMC 

scores. Furthermore, we identifi ed no signifi cant association between ARWMC scores and 

the time since the last dose of natalizumab.

 All nine incidental tumors identifi ed in this study were in CD patients. Meningiomas 

were the most prevalent, identifi ed in 5 (0.5%) patients (mean age 52.7). In general, 

meningiomas are mostly benign, estimated to account for 13-26% of all intracranial tumors 

and occur more frequently with increasing age 27. Large autopsy studies have shown 

prevalence rates of 1.6-3%; however, these numbers included small (< 1 cm) asymptomatic 

lesions. Two large imaging studies of elderly populations reported incidence rates of 0.52% 

(19/3672, mean age 74.2 years) and 0.9% (18/2000, 0.5% in subjects younger than 59 

years, and 1.6% in subjects older than 75 years), respectively 28,29. Compared with the 

incidence rates from these large studies, the occurrence of meningiomas in this CD patient 

group does not seem to be more frequent than expected. 

 The prevalence of radiologically diagnosed infarcts was relatively lower in the CD 

population than in the RA population, 3.6% (35/960) and 8.1% (17/209), respectively. 

The mean age of CD patients with infarcts (55.1 years) was comparable to that of RA 

patients with infarcts (59.6 years), although the mean age of the CD population on the 
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whole (39.5 years) was substantially lower than the mean age (52.4 years) of the RA 

population. Furthermore, the prevalence rate of 8.1% found in RA patients seems to be 

slightly higher than the number of brain infarcts identifi ed with MR imaging in a healthy 

elderly population (4.0% in subjects aged between 45 and 59 , increasing to 6.8% in 993 

subjects aged between 60 and 74) 29. This could indicate that the occurrence of infarcts 

in patients with RA is a function of the underlying disease (i.e. a vasculitic change), 

whereas the occurrence of infarcts in patients with CD is a function of increasing age (i.e. 

arteriosclerotic changes). 

 In this study, we also quantifi ed the number of white matter changes on brain MRI. 

WMC occur more frequently with increasing age and are a common fi nding on brain MRI 

in elderly people 12. It has been postulated that WMC in systemic autoimmune disorders, 

such as CD and RA, could possibly represent an extra-intestinal manifestation of disease, 

possibly of vascular/vasculitic origin 13. In our study we found that 43.9% of CD patients and 

62.6% of RA patients had WMC. There are only a small number of studies of the prevalence 

of WMC in CD and RA, generally of small sample sizes and reporting contradictory results. 

Earlier work by Geissler et al reported WMC in 20 (42%) CD patients compared with 8 (16%) 

in age-matched controls. These data are consistent with our fi ndings in this study of a large 

CD population. However, this contrasts with other work reporting WMC in only 2 (9.1%) CD 

patients 30. In RA patients, Bekkelund et al reported WMC in only 9 (27%) RA patients (mean 

age 45.1) which did not differ from their 15 (31%) age-matched controls 31. Unfortunately, 

our study did not encompass age-matched controls with whom to compare ARWMC scores. 

Furthermore, literature reporting on WMC on brain MRI in young(er) populations is scarce. 

Weber and Knopf reported “occasional white matter lesions” in 66 (2.6%) healthy young 

males (mean age of all subjects 20.5 years) 32. A large study in a Chinese population of 

2164 healthy subjects (mean age 51.8 years) reported leukoaraiosis, another term for 

age-related white matter changes, in 5.1% of subjects 33. In all, the combination of a 

relative young age and high prevalence of WMC, especially in CD patients, corroborates 

the concept that WMC occur (more) frequently in these systemic autoimmune disorders, 

although the lack of an age-matched control group and comparative literature does not 

allow a defi nitive answer. 

 In contrast to the strong association between age and WMC in our study we found no 

associations between vascular risk factors and ARWMC scores, which have been reported 

in elderly populations 11, but not in CD populations 13. The major correlation factor seems 

to be age, and the related “exposure time” to vascular risk factors before complications 
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occur. Furthermore, we found no signifi cant associations between ARWMC scores and 

prior/concomitant therapy or dose. There are reports on metronidazole causing lesions on 

brain MRI in the basal ganglia, dentate nuclei, corpus callosum and frontal and subcortical 

white matter areas 15. These lesions are thought to occur due to mitochondrial dysfunction 

induced by metronidazole, which is reinforced by the occurrence of bilateral lesions in the 

subthalamic nuclei in patients being treated with metronidazole, considered typical for 

mitochondrial disorders 34. Methotrexate, used commonly in RA, is known to cause acute 

neurotoxicity, characterized on MRI by symmetrical confl uent areas   of T2 hyperintensity 

in the centrum semiovale, when administered intrathecally in high dosage in children 

being treated for acute lymphocytic leukemia. However, acute neurotoxicity is extremely 

rare in RA patients being treated with low dosage orally administrated methotrexate 35. 

Finally, anti TNF-α agents, used in both CD and RA, are associated with white matter 

demyelination in both CD 16 and RA 14. In our study only one patient (with CD) had a history 

of anti TNF-α agent therapy, who had periventricular WMC on brain MRI, consistent with 

demyelination. 

 Patients with CD and a positive history of autoimmune diseases had an unexpected 

reduced risk of ARWMC. Possibly patients with multiple autoimmune disorders have a 

genetic predisposition, with disease symptoms presenting at an early age. As WMC were 

most strongly associated with advancing age, the reduced risk for ARWMC associated with 

a positive history of autoimmune disease could merely refl ect the relatively young age of 

such patients. Several studies have reported on the clustering of autoimmune disorders 

in both patients with autoimmune disorders and their families. A recent study specifi cally 

examined the occurrence of comorbid autoimmune diseases in MS patients and reported 

autoimmune disorders in 26% of the patients, higher than would be expected from 

population-based prevalence rates 21. Similarly, the prevalence rate of MS in patients 

with CD and RA is reported to be far higher than expected by mere chance 17,18,20,36,37. 

In the present study we identifi ed nine patients with possible subclinical demyelination, 

similar to that seen in MS, on their brain MRI, fi ve of whom (4 CD and 1 RA) fulfi lled the MS 

diagnostic criteria for dissemination in space. Even though these patients had no clinical 

symptoms suggestive of MS, and in that sense are subclinical, MRI abnormalities are known 

to precede clinical onset and also occur more often than clinical events 38,39. 

 The concept of subclinical MS is now being recognized and recently two papers 

appeared reporting on clinical conversion profi les. Okuda et al report conversion to 

clinically isolated syndrome (CIS) or clinically defi nite MS (CDMS) in 10 of 41(24%) patients 
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with subclinical MS and radiological evidence of dissemination in space, with a median 

time of 5.4 years to the fi rst clinical event, whereas Lebrun et al report conversion to 

the fi rst clinical event in 11 of 30 (37%) patients, with a mean time of 2.3 years 40,41. 

Follow-up of CIS patients with MRI abnormalities at fi rst presentation has demonstrated a 

chance to convert to CDMS of up to 88% 42. Given that the prevalence of MS in the general 

North American and European population (geographic distribution of our study patients) 

was recently estimated to be 0.09% 43, the prevalence of subclinical MS-like lesions in our 

study of 0.4% in CD and 0.5% in RA, taking into account that not all these patients will 

eventually develop CDMS, still could be higher than to be expected by chance. All these 

fi ndings seem to support the theorem of a genetic background of generalized susceptibility 

to autoimmunity 21, although no clear mutual genetic cause for MS, CD and RA has yet 

been identifi ed. 

 The present study has several potential limitations. Firstly, the lack of an age-matched 

control group. Nevertheless, this study provides ample insight into the prevalence of WMC 

in both patients with CD and RA due to the large sample sizes and uniform MRI protocol 

employed. The latter included the acquisition of thin image slices and FLAIR images. Both 

facilitated the detection of higher numbers of WMC compared to previous work, as 1) the 

detection of WMC increases with decreasing slice thickness 44, and 2) FLAIR images are 

more sensitive in detecting WMC compared with conventional T2-weighted images 45. A 

second potential drawback could be that all diagnoses were made solely on radiological 

grounds without histopathological conformation, although MRI is a key component in 

establishing the diagnoses of interest. Thirdly, we did not investigate the incidence of 

CNS vasculitis, a known but rare complication of both CD and RA which can also cause 

WMC 46-48. 

 In conclusion, we examined the prevalence of incidental fi ndings, including WMC, 

diagnosed on brain MR images, in 960 CD and 209 RA patients in the natalizumab safety 

evaluation study. We found no signifi cant associations between natalizumab and either 

incidental brain fi ndings or ARWMC scores. In total, 43.9% of CD patients and 62.6% of 

RA patients had WMC, which were most signifi cantly associated with age. Moreover, we 

found no apparent increased prevalence of incidental tumors in CD or RA, and a possibly 

increased prevalence of cerebral infarcts in RA, when compared with prevalence rates 

reported in the literature. Finally, in both CD and RA patients, subclinical, multi-focal MS-

like lesions were more common than would expected from population-based clinical MS 

prevalence rates.
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Abstract

Background: Several studies have confi rmed the predictive value of baseline and follow-

up magnetic resonance (MR) imaging variables for conversion to clinically defi nite multiple 

sclerosis (CDMS), depending on the population, follow-up duration, and treatment 

intervention. However, the timing of follow-up imaging and the effect of treatment 

intervention on the predictive value of baseline MR imaging variables require further 

elucidation.

Objectives: To assess the prognostic value of baseline MRimaging variables for conversion 

to CDMS over 3 years and whether this was affected by treatment intervention and (2) to 

assess the increased risk for conversion posed by dissemination in time on follow-up MR 

imaging.

Design: Cohort study. 

Setting: Multicenter randomized clinical trial. 

Patients: Four hundred sixty-eight patients with a clinically isolated syndrome who had an 

initial clinical demyelinating event within the past 60 days who received early treatment 

(3 years of interferon beta-1b) or delayed treatment (placebo fi rst, followed by 1 year of 

interferon beta-1b). 

Interventions: Magnetic resonance imaging.

Main Outcome Measures: Time to CDMS

Results: The overall conversion rate to CDMS was 42%. Barkhof criteria with the strongest 

prognostic value were the presence at baseline of at least 9 T2-weighted lesions (hazard 

ratio HR, 1.64; 95% confi dence interval CI, 1.15-2.33; P=.006) and at least 3 periventricular 

lesions (1.66; 1.14-2.41; P=.009). No specifi c advantage was noted in using a fi xed 

cutoff of at least 3 Barkhof criteria (HR, 1.31; 95% CI, 0.95-1.79; P=.10). The prognostic 

value of all MR imaging criteria was unaffected by treatment intervention (P=.20 for 

all). Dissemination in time resulted in increased risk for CDMS only in patients without 

dissemination in space at baseline and was most informative at the 9-monthMRimaging 

(HR, 2.72; 95% CI, 1.26-5.87; P=.01). 

Conclusions: The modifi ed Barkhof criteria showed moderate predictive value for 

conversion to CDMS, although all patients had received interferon beta-1b therapy for 

at least 1 year. The predictive value was unaffected by treatment intervention. Follow-

up MR imaging was most informative after 9 months in patients without dissemination in 

space at baseline.
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Introduction 

In 85% to 90% of patients with multiple sclerosis (MS), the onset of symptoms occurs as 

a clinically isolated syndrome (CIS) 1. Long-term follow-up studies of patients with a CIS 

have shown that the syndrome eventually converts to clinically defi nite MS (CDMS) in only 

38% to 68% of patients 2 and that abnormal magnetic resonance (MR) images at disease 

presentation are a powerful prognostic tool, as 56% to 88% of patients having a CIS with 

abnormal images progress to CDMS compared with 19% to 24% with normal images 3-6. In 

2001, the modifi ed Barkhof criteria 7,8 were incorporated into the diagnostic McDonald 

criteria 9, allowing earlier diagnosis of MS based on MR imaging–derived measures. The MR 

imaging criteria included locations in the brain where demyelination typically occurs in MS 

(periventricular, juxtacortical, and infratentorial) and yielded high specifi city and adequate 

sensitivity in predicting conversion to CDMS. Several studies 10-13 have since confi rmed 

the predictive value of baseline and follow-up MR imaging variables for conversion to 

CDMS, depending on the population, follow-up duration, and treatment intervention. 

However, the timing of follow-up imaging and the effect of treatment intervention on the 

predictive value of baseline MR imaging variables require further elucidation. In 2001, the 

Betaferon/Betaseron in Newly Emerging Multiple Sclerosis for Initial Treatment (BENEFIT) 

study was started, in which 468 patients with a CIS were initially randomized to interferon 

beta-1b therapy or placebo. The objectives of the present study were (1) to assess the 

prognostic value of baseline MR imaging variables for conversion to CDMS over 3 years and 

whether this was affected by treatment intervention and (2) to assess the increased risk 

for conversion posed by dissemination in time (DIT) on follow-up MR imaging.

Patients & Methods 

Patients and MR Image Acquisition
The BENEFIT study was a multicenter, randomized, doubleblind, placebo-controlled, 

phase 3 trial, described in more detail by Kappos et al. 14. Briefl y, 468 patients aged 

18 to 45 years having an initial clinical demyelinating event within the past 60 days 

were randomized to interferon beta-1b (250 μg subcutaneously every other day) (n=292) 

therapy or to placebo (n=176) until CDMS was diagnosed or they had been followed up for 
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24 months. In total, 209 patients (71.6%) in the treatment group and 123 patients (69.9%) 

in the placebo group received corticosteroid treatment for the initial clinical event.

 The double-blind study period was extended by an open-label follow-up study in 

which all patients were offered interferon beta-1b therapy for at least 3 additional years. 

In total, 418 patients (261 receiving interferon beta-1b and 157 receiving placebo) entered 

the follow-up study, as 31 patients receiving interferon beta-1b (4 of whom had reached 

CDMS) and 19 patients receiving placebo (2 of whom had reached CDMS) had dropped 

out. In the present study, we report the integrated 3-year data for patients who received 

delayed treatment (placebo fi rst, followed by interferon beta-1b after converting to CDMS 

or completing 24 months of follow-up) or early treatment (interferon beta-1b for 3 years 

from the start of the double-blind study). Magnetic resonance imaging criteria for study 

entry were at least 2 clinically silent lesions of at least 3 mm on T2-weighted images, at 

least 1 of which was ovoid, periventricular, or infratentorial. The main outcome measure 

was time to CDMS, defi ned as a validated second clinical demyelinating event or as 

progression of at least 1.5 points on the Expanded Disability Status Scale 15.

 Baseline MR images were obtained as part of the prestudy screening using an oblique 

axial acquisition plane and gadolinium diethylenetriamine pentaacetic acid (0.1 mmol/

kg of body weight) as a contrast agent. The MR imaging protocol included a T1-weighted 

spin echo before and after contrast administration with repetition times of 400 to 700 

milliseconds and echo times of 5 to 25 milliseconds, in addition to a dual-echo T2-weighted 

spin echo with repetition times of 2000 to 3000 milliseconds and echo times of 20 to 40 

milliseconds (fi rst echo) and 60 to 100 milliseconds (second echo). The fi eld of view for all 

examinations was 25 cm with a 256 x 256–pixel matrix, resulting in a pixel size of roughly 

1 x 1 mm². Images were acquired in 2 interleaved sets with a 3-mm gap, resulting in 

whole-brain coverage with contiguous 3-mm-thick sections.

Image Analysis
Images were centrally evaluated by the Image Analysis Center, Amsterdam, the Netherlands, 

by raters blinded to treatment allocation. Gadolinium-enhancing lesions were identifi ed 

according to criteria described by Barkhof et al. 16. Hypointense T1-weighted lesions 

(black holes) were identifi ed after contrast administration according to criteria derived 

by van Walderveen et al. 17, and hyperintense T2-weighted lesions were identifi ed using 

short- and long-echo T2-weighted images according to the criteria described by Barkhof 

et al. 18. Supratentorial T2-weighted lesions were subclassifi ed as periventricular lesions 
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(in direct contact with the ventricular system), juxtacortical lesions (directly abutting the 

cortical gray matter), or deep white matter lesions (in neither of the other 2 subclasses). 

Infratentorial lesions comprised lesions in the brainstem and cerebellum.

Statistical Analysis
Descriptive statistics (number and percentage) of patients fulfi lling specifi c baseline MR 

imaging variables were calculated for each treatment arm. For time to CDMS, Kaplan-

Meier estimates were calculated beginning at study randomization, and corresponding 

survival curves were plotted. For patients who converted to CDMS within 1080 days, the 

number and proportion (Kaplan-Meier estimates) were calculated for all dichotomized 

baseline MR imaging variables, including the cumulative number of positive criteria and 

the modifi ed Barkhof criteria (≥ 1 gadolinium-enhancing lesions or ≥ 9 T2-weighted lesions, 

≥1 infratentorial lesions, ≥ 1 juxtacortical lesions, and ≥ 3 periventricular lesions). Cox 

proportional hazards regression models for all patients were used to assess the effect of 

each baseline MR imaging variable on time to CDMS (adjusted for age, sex, treatment 

intervention, corticosteroid use, clinical presentation optic neuritis vs. other, and disease 

onset type monofocal vs multifocal as described by Uitdehaag et al 19) by calculating the 

hazard ratios (HRs) (95% confi dence intervals CIs) and corresponding P values. Possible 

interactions with treatment regimen (early vs delayed) and disease onset type (monofocal 

vs multifocal) were explored using Cox proportional hazards models (adjusted for 

treatment intervention, disease onset type, and MR imaging by specifi c interaction term). 

Furthermore, Cox proportional hazards models were applied to evaluate the increased 

risk for conversion to CDMS among patients developing new lesions by 3, 6, and 9 months 

(all compared with baseline MR images) and were stratifi ed for patients with and without 

dissemination in space (DIS) at baseline. The presence of at least 1 new lesion on follow-up 

MR imaging is referred to as DIT. In general, P <.05 was considered statistically signifi cant; 

however, because all statistical analyses were exploratory in nature, P values were not 

corrected for multiple testing and should be interpreted descriptively. All statistical 

calculations were performed using commercially available software (SAS version 9.1.3; 

SAS Institute Inc, Cary, North Carolina; or SPSS version 12.0; SPSS Inc, Chicago, Illinois).
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Results

Baseline MR Imaging Characteristics
At baseline, 64.3% of all patients had DIS (≥ 3 Barkhof criteria). These results are 

summarized in Table 1.

Table 1 | Baseline Magnetic Resonace (MR) Imaging Characteristics

Characteristic Delayed Treatment (%) Early Treatment (%) Overall (%)

 (N = 176) (N = 292) (N = 468)

≥ 9 T2 lesions 123 (70) 207 (71) 330 (71)

≥ 1 Gd enhancing lesion 70 (40) 128 (44) 198 (42)

≥ 2 Gd enhancing lesions 41 (23) 65 (22) 106 (23)

≥ 1 T1 hypointense lesion 113 (64) 203 (70) 316 (68)

Individual Barkhof Criteria

≥ 1 Gd lesion or ≥ 9 T2 137 (78) 227 (78) 364 (78)

≥ 1 infratentorial lesion 97 (55) 162 (55) 259 (55)

≥ 1 juxtacortical lesion 109 (62) 197 (67) 306 (65)

≥ 3 periventricular lesions 129 (73) 218 (75) 347 (74)

No. of Barkhof Criteria

0 17 (10) 22 (8) 39 (8)

1 16 (9) 36 (12) 52 (11)

2 31 (18) 45 (15) 76 (16)

3 54 (31) 78 (27) 132 (28)

4 58 (33) 111 (38) 169 (36)

Predictive value of baseline MR Imaging variables for conversion to CDMS
After 3 years, the overall conversion rate to CDMS was 42% (51% for patients receiving 

delayed treatment and 37% for patients receiving early treatment). Table 2 gives the number 

and percentage of patients converting to CDMS per baseline MR imaging characteristic. 

Strong Barkhof criteria predictors of conversion to CDMS were the presence at baseline of 

at least 9 T2-weighted lesions (46% vs. 31% without; HR, 1.64, 95% CI, 1.15-2.33; P=.006) 

and at least 1 gadolinium-enhancing lesion (48% vs 37% without; 1.56; 1.15-2.10; P=.004). 

The predictive value of gadolinium-enhancing lesions increased slightly with the presence 

of more enhancing lesions (54% for ≥ 2 gadolinium-enhancing lesions vs. 40% without; HR, 
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1.74; 95% CI, 1.26-2.41; P=.001). Furthermore, there was predictive value in the spatial 

distribution of T2-weighted lesions at baseline, as patients with at least 3 periventricular 

lesions were more likely to convert to CDMS (46% vs. 29% without; HR, 1.66; 95% CI, 

1.14-2.41; P=.009). Patients fulfi lling more Barkhof criteria at baseline were more likely 

to convert to CDMS than patients fulfi lling few Barkhof criteria at baseline (Table 3 and 

Figure 1). Because the numbers of patients fulfi lling 0 or 1 Barkhof criterion are few in 

the BENEFIT study (Table 1), we only report the comparisons that produced more evenly 

balanced subgroup sizes. The McDonald criteria cutoff for DIS (≥ 3 criteria fulfi lled) did 

not show signifi cantly greater predictive value than fulfi llment of 1 to 2 criteria (45% vs. 

37% conversion to CDMS; HR, 1.31; 95% CI, 0.95-1.79; P=.10) (Table 3). Patients fulfi lling 

at least 4 criteria at baseline showed higher conversion rates than patients fulfi lling 1 

to 3 criteria (48% vs. 39%; HR, 1.32; 95% CI, 0.97-1.78; P=.08). Signifi cant covariates for 

conversion to CDMS in all models (in addition to treatment regimen) were age (P < .001 

for all) and corticosteroid use (range, P=.02 to .03) at the initial clinical demyelinating 

event, whereas no other covariates (sex, clinical presentation, or disease onset type) 

were signifi cant in any model (range, P=.41 to .96). Data regarding conversion to CDMS per 

the McDonald criteria are given in the eAppendix (http://www.archneurol.com).

Figure 1 | Survival curves demon-

strating conversion rates to clini-

cally defi nite multiple sclerosis 

(CDMS) in patients receiving early 

vs delayed treatment (Tx) and 

having 4 vs. fewer than 4 Barkhof 

criteria (B crit) at baseline.
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Predictive value of follow-up MR Imaging variables for conversion to CDMS 
In patients with DIS on MR imaging at baseline (and without CDMS at the time of follow-up 

MR imaging), DIT on MR imaging was not associated with increased risk of conversion to 

CDMS regardless of the timing of follow-up MR imaging (P >.18 for all) (Table 4). In patients 

without DIS on MR imaging at baseline, DIT on MR imaging was associated with increased 

risk of conversion to CDMS at the 9-month MR imaging (HR, 2.72;95% CI, 1.26-5.87; P=.01) 

(Figure 2) and at the 6-month MR imaging (2.24; 1.34-4.42; P=.02) but not at the 3-month 

MR imaging (1.25; 0.69-2.25; P=.46).

Is the prognostic value of baseline MR Imaging variables for conversion to 
CDMS affected by treatment intervention or disease onset type? 
The predictive value of all baseline MR imaging variables for conversion to CDMS was 

unaffected by disease onset type (P ≥ .24 for all). Similarly, it was unaffected by treatment 

intervention (P ≥ .20 for all).

Figure 2 | Dissemination in time (DIT) at the 9-month (M9) magnetic resonance imaging was 

associated with increased risk for conversion to clinically defi nite multiple sclerosis (CDMS) in 

patients without dissemination in space (DIS) at baseline (left panel). In patients with DIS at 

baseline, DIT was not associated with increased risk for conversion to CDMS (right panel).
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Table 3 | Conversion to Clinically Defi nite Multiple Sclerosis (CDMS) after 3 Years by number of 

Barkhof Criteria

No. of Barkhof 
Criteria

Delayed 
Treatment (%)*

Early 
Treatment (%)*

Overall (%)* Hazard 
Ratio ** 

p-value **

 (N = 176) (N = 292) (N = 468) (± 95% CI)  

 1-2 30 (49) 27 (29) 57 (37) 1.31 (0.95-1.79) 0.101

 ≥ 3 55 (51) 72 (29) 127 (45)

 1-3 54 (48) 54 (33) 108 (39) 1.32 (0.97-1.78) 0.076

 ≥ 4 31 (56) 45 (43) 76 (48)   

* Kaplan-Meier estimates at day 1080. ** Hazard ratios, 95% confi dence intervals, and p-values were calculated 
using Cox proportional hazard regression models (adjusted for the following covariates: treatment, age, 
presentation optic neuritis vs. other, gender, onset monofocal vs. multifocal, steroid use and the specifi c MRI 
variable in the model)

Table 4 | Conversion to Clinically Defi nite Multiple Sclerosis (CDMS) after 3 Years among 

patients having new lesions observed at 3-, 6-, and 9-month Magnetic Resonance (MR) Imaging 

with or without Dissemination in Space (DIS) at baseline

Timing follow-up DIS at New % CDMS** Hazard Ratio *** p-value ***

MRI (n) baseline (n) lesion (n)* (± 95% CI)  

Month 3 Yes Yes (126) 46 1.19 (0.80-1.78) 0.39

(420) (265) No (139) 37   

No Yes (50) 43 1.25 (0.69-2.25) 0.46

 (155) No (105) 32   

Month 6 Yes Yes (158) 42 1.43 (0.85-2.40) 0.18

(385) (243) No (85) 27   

No Yes (61) 43 2.24 (1.34-4.42) 0.02

 (142) No (81) 22   

Month 9 Yes Yes (157) 36 1.10 (0.64-1.89) 0.72

(367) (230) No (73) 29   

No Yes (68) 39 2.72 (1.26-5.87) 0.01

 (137) No (69) 19   

Note: Number of patients (n) refers to the subpopulation of patients without CDMS at the respective point 
in time. * MRI scan showing ≥ 1 new T2 or Gd enhancing lesion up to the respective visit, compared with the 
baseline MRI. ** Kaplan-Meier estimates at day 1080. *** Hazard ratios, 95% confi dence intervals, and p-values 
were calculated using Cox proportional hazard regression models (adjusted for the following covariates: 
treatment, age, presentation optic neuritis vs. other, gender, onset monofocal vs. multifocal, steroid use and 
the specifi c MRI variable in the model)
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Comment

In this study, we examined data from a large clinical trial (the BENEFIT study) to evaluate 

the predictive value of baseline and follow-up MR imaging variables in patients with a CIS. 

This had certain advantages. First, the population of patients with a CIS studied is one of 

the largest so far (N=468) and was recruited from 98 centers worldwide. Second, the MR 

imaging protocol comprised standardized acquisition variables, which, combined with 

centralized analysis, prevented center bias in interpretation of the MR imaging data. 

Third, considering the use of 5-mm-thick MR imaging sequences in previous clinical trials 
10,13, the 3-mm thickness used in this study allowed for ample detection of MS lesions in 

the brain, as lesion detection increases with decreasing section thickness 20,21. It is 

important to consider the design of the BENEFIT study when comparing the results of our 

study with those of other large patient cohorts having a CIS. The trial started with a 

double-blind phase of 2 years in which all patients were randomized to placebo or 

treatment, followed by an open-label phase in which all patients were offered interferon 

beta-1b therapy. Our study reports the integrated 3-year data, meaning that all patients 

received at least 1 year of open-label treatment. This likely lowered the overall conversion 

rates to the clinical end point (CDMS) and to the radiologic end point (McDonald criteria 

for MS), as interferon beta-1b exerts an inhibitory effect on the occurrence of a second 

clinical demyelinating event 13 and on the formation of new lesions 22. An overall lower 

event rate will lead to a lower predictive value for any prognostic variable studied. The 

percentage of patients converting to the clinical end point (CDMS) was higher in the 

presence (compared with the absence) of all baseline MR imaging variables. This difference 

was signifi cant for 2 of 4 Barkhof criteria, namely, the presence of at least 3 periventricular 

lesions and the presence of gadolinium enhancement or at least 9 T2-weighted lesions, 

which is consistent with results from the Early Treatment of Multiple Sclerosis Study 

(ETOMS) 13. However, we found no signifi cant increased risk associated with the presence 

of 1 or more infratentorial lesions, nor was there any specifi c advantage in using a fi xed 

cutoff of at least 3 Barkhof criteria. In accord with the CHAMPS (Controlled High-Risk 

Subjects Avonex Multiple Sclerosis Prevention Study) data set 10, the presence of at least 

2 gadolinium enhancing lesions was a strong predictor of conversion to CDMS, although the 

predictive value was less distinct than that of the presence of at least 1 gadolinium 

enhancing lesion. These confl icting results might be explained by the different trial 

designs, particularly the variations in inclusion criteria or population studied, treatment 
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regimen, and follow-up duration. Furthermore, the present study used Cox proportional 

hazards models (with age, treatment intervention, and corticosteroid use as signifi cant 

covariates in all models), while other analyses did not use covariate adjustment (eg, in 

the ETOMS dataset). The BENEFIT data HRs were 1.31 (95% CI, 0.95-1.79; P=.10) for at 

least 3 Barkhof criteria and 1.32 (0.97-1.78; P=.08) for at least 4 Barkhof criteria. Analysis 

with the same statistical method as that used in the ETOMS data set over 2 years of follow-

up results in substantially different HRs and P values, namely, 1.37 (95% CI, 0.97-1.94; 

P=.08) for at least 3 Barkhof criteria and 1.48 (1.08-2.04; P=.02) for at least 4 Barkhof 

criteria, showing a signifi cant result for the latter. This indicates that covariate adjustment 

can have a substantial effect on the results of the statistical analyses. Dissemination in 

time was associated with a signifi cantly increased risk for conversion to CDMS only in 

patients without DIS at baseline (Figure 2). This suggests that follow-up MR imaging is 

most informative in patients without DIS at baseline and is less so in patients with DIS at 

baseline. This might be refl ective of the interrelationship between DIS, DIT, and CDMS (ie, 

patients with DIS at baseline already have a higher risk of conversion to CDMS than patients 

without DIS, and the additional risk of new lesions on follow-up MR imaging might be 

lower). Clinical variables might infl uence this interrelation, although in this study both 

clinical presentation (optic neuritis vs other) and disease onset type (monofocal vs 

multifocal) showed no effect on time to CDMS. Furthermore, in patients without DIS (and 

without CDMS up to the respective time point), follow-up MR imaging to determine DIT 

was associated with increased risk for CDMS, most notably at the 9-month MR imaging and 

at the 6-month MR imaging but not at the 3-month MR imaging. Based on these data, 

follow-up MR imaging to determine DIT might best be performed after 9 months in patients 

without DIS at baseline; however, these results were not corrected for multiple comparisons 

and should be interpreted descriptively. We also analyzed whether the predictive value of 

baseline MR imaging variables was affected by treatment regimen (early treatment vs 

delayed treatment) by calculating treatment intervention x MR imaging variable 

interaction. For conversion to CDMS, no variables were statistically signifi cant, indicating 

that the predictive power of baseline MR imaging variables was unaffected by early 

treatment. As such, our data are consistent with results from the ETOMS data set, which 

also reported a lack of power among all MR imaging variables in predicting treatment 

response 13. Alternatively, treatment interactions can be interpreted as measures to 

identify which MR imaging variables predict treatment response (ie, which patients will 

benefi t the most from early treatment). For conversion according to the McDonald criteria 
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for MS, the predictive value of 4 Barkhof criteria was affected by treatment intervention, 

indicating that this MR imaging measure predicted treatment response. Our study had 

several potential limitations. First, patients in our population may not be representative 

of those seen in daily practice, as only patients with abnormal brain MR images were 

included, and other neurologic diseases were ruled out by appropriate tests such as 

cerebrospinal fl uid (CSF) analysis or laboratory measures. This is refl ected by a slightly 

higher overall conversion rate to CDMS of 42% over 36 months compared with an overall 

conversion rate of 32.5% after 85.3 months in a large (N=532) population of patients with 

a CIS at a less restricted referral center 11. Second, we did not investigate the full range 

of options in the McDonald criteria to ascertain DIS (eg, we did not investigate the 

combination of positive CSF status and 2 lesions on brain MR imaging). Furthermore, we 

did not include spinal cord MR imaging, although a recent study 23 showed that (compared 

with brain MR imaging only) the increased value of spinal cord imaging might be limited, 

adding only 1% to the sensitivity and specifi city of the 2001 McDonald criteria to predict 

CDMS. Third, we used the more conservative 2001 McDonald criteria 9 (because the 

BENEFIT study was initiated in 2001) rather than the revised 2005 criteria 24. However, the 

criteria for lesions on brain MR imaging were unchanged; hence, application of the 2005 

revisions would not have altered the results of the present study. Since introduction of the 

McDonald criteria in 2001, the diagnosis of MS in patients with a CIS has been made largely 

on radiologic grounds. New imaging techniques that cross sectionally and longitudinally 

detect more MS lesions in the brain will unequivocally have an effect on the number of 

patients fulfi lling DIS and DIT criteria, respectively. Recent studies have shown increased 

detection of MS lesions in various parts of the brain using 3-dimensional (single-slab) 

sequences 25,26 and higher fi eld strength (3.0 T) 27. Moreover, specifi c image contrasts 

such as double inversion recovery and (phase-sensitive) T1-weighted imaging are more 

sensitive than conventional methods in visualizing intracortical lesions 26,28-30. 

Furthermore, image subtraction has been shown to signifi cantly increase the detection of 

new T2-weighted lesions 31,32 vs. standard comparison of nonregistered images. Future 

work should examine the precise effects of new imaging sequences, contrasts, and 

hardware on the predictive value of MR imaging for conversion to CDMS. In conclusion, MR 

imaging predictors of conversion to CDMS were assessed in a large population (N=468) of 

patients having a CIS with abnormalities on brain MR imaging. In general, the percentage 

of patients converting to CDMS was higher in the presence (compared with the absence) 

of all baseline MR imaging variables. In particular, the modifi ed Barkhof criteria showed 
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moderate predictive value for conversion to CDMS, although all patients were treated for 

at least 1 year with interferon beta-1b. The predictive value of MR imaging variables was 

unaffected by treatment intervention. Follow-up MR imaging to determine DIT was most 

informative after 9 months in patients without DIS at baseline. 
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eAppendix 

Predictive value of baseline MR imaging variables according to the McDonald 
criteria for conversion to MS
In general, the predictive value of the McDonald criteria for conversion to MS showed the 

same trends as those for conversion to CDMS but with higher overall conversion rates and 

highly signifi cant HRs for all MR imaging variables (eTable). Patients with more positive 

criteria at baseline were more likely to convert than patients with few positive criteria at 

baseline. The McDonald criteria cutoff for DIS (≥ 3 criteria fulfi lled) showed signifi cantly 

more predictive value compared with 1 to 2 criteria fulfi lled (conversion rates were 86% 

vs 64% HR, 2.19; 95% confi dence interval CI, 1.73-2.78; P < .001). In addition to treatment 

intervention, age (P < .001 for all) and corticosteroid use at the initial demyelinating 

event (P<.01) were signifi cant covariates in all models, whereas all other covariates (sex, 

clinical presentation, and disease onset type) were not signifi cant in any model (range, 

P=.07 to .10).

Is the prognostic value of baseline MR imaging variables according to the 
McDonald criteria for conversion to MS affected by treatment intervention or 
by disease onset type?
For conversion to MS according to the McDonald criteria, the predictive value of baseline 

MR imaging variables was unaffected by disease onset type (P=.07 for all) and was largely 

unaffected by treatment intervention (P=.06). The sole exception was the predictive 

value of 4 Barkhof criteria that were affected by treatment intervention (HR, 0.49; 95% 

CI, 0.32-0.76; P=.002 for the interaction term). 
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Abstract

Purpose: To describe signal and contrast properties of an isotropic, single-slab 3D dataset 

(double inversion-recovery DIR, fl uid-attenuated inversion-recovery FLAIR, T2, and T1-

weighted magnetization prepared rapid acquisition gradient-echo MPRAGE), and to 

evaluate its performance in detecting multiple sclerosis (MS) brain lesions, compared to 

2D T2-weighted spin-echo (T2SE).

Materials and Methods: All single-slab 3D sequences and 2D-T2SE were acquired in 16 MS 

patients and 9 age-matched healthy controls. Lesions were scored independently by two 

raters and characterized anatomically. Two-tailed Bonferroni-corrected Student’s t-tests 

were used to detect differences in lesion detection between the various sequences per 

anatomical area after log-transformation.

Results: In general, signal and contrast properties of the 3D sequences enabled improved 

detection of MS brain lesions compared to 2D-T2SE. Specifi cally, 3D-DIR showed the 

highest detection of intracortical and mixed WM-GM lesions, whereas 3D-FLAIR showed 

the highest total number of WM lesions. Both 3D-DIR and 3D-FLAIR showed the highest 

number of infratentorial lesions. 3D-T2 and 3D-MPRAGE did not improve lesion detection 

compared to 2D-T2SE.

Conclusion: Multi-contrast, isotropic, single-slab 3D MRI allowed an improved detection 

of both GM and WM lesions compared to 2D-T2SE. A selection of single-slab 3D contrasts, 

for example 3D-FLAIR and 3D-DIR, could replace 2D sequences in the radiological practice.



Improved detection of spatial disease activity using single-slab 3D imaging

67

Introduction

Histopathological studies of patients with multiple sclerosis (MS) have provided evidence 

for lesions not only in the white matter (WM) but also in the cortical and deep gray 

matter (GM) 1-6. Magnetic resonance imaging (MRI) plays a prominent role in detecting 

and monitoring MS lesions in the brain. Quantitative analyses based on two-dimensional 

(2D) T2-weighted spin-echo (T2SE) techniques (for example T2 lesion loads, and counts of 

active T2 lesions in longitudinal comparisons) have been investigated as possible surrogate 

markers for clinical disease progression. However, cross-sectional and longitudinal 

analyses, focusing on focal white matter pathology, have generally shown only mild 

to moderate correlations to clinical measures 7,8. The fact that 2D-T2SE is relatively 

insensitive for detecting MS lesions in some parts of the brain, particularly the cortical 

GM 9, combined with imperfect registration to compensate for repositioning errors, likely 

contributes to the poor clinico-radiological correlations found so far. Hence, new MRI 

techniques are needed, that improve the detection of MS lesions in the brain and allow 

for a more accurate means of longitudinal comparison.

 The detection of MS lesions may be improved in two ways, 1) by enhancing lesion-to-

background contrast and 2) by improving spatial resolution. Two-dimensional (2D)-fl uid-

attenuated inversion-recovery (FLAIR) nulls the signal of cerebrospinal fl uid (CSF), thereby 

increasing contrast between lesions and adjacent CSF. Studies using 2D-FLAIR indeed 

demonstrated an increased detection of WM lesions compared to 2D-T2SE, especially so 

for subcortical lesions, although at the cost of infratentorial lesion detection 10. The 2D 

double inversion recovery (DIR) technique combines two inversion pulses that suppress 

the signals of both CSF and WM, creating an image with a clear cortical delineation and 

demonstrated high lesion conspicuity 11. Regarding the improvement of spatial resolution, 

three-dimensional (3D) MRI allows for the acquisition of smaller (isotropic) voxels while 

maintaining a good signal-to-noise ratio (SNR). Initially, FLAIR and DIR could only be 

implemented as multi-slab 3D sequences, nevertheless FLAIR demonstrated an improved 

detection of WM lesions 12,13 and DIR showed an improved detection and classifi cation of 

cortical lesions 14, all compared to 2D-T2SE. A recent paper showed that, aside from with 

DIR, cortical lesions could also be visualized employing a 3D T1-weighted sequence 15. In 

spite of improved lesion detection, the relatively long acquisition times of multi-slab 3D 

sequences have so far hampered their introduction into the clinical setting. The advent of 

single-slab 3D methods, that use very long echo trains and refocusing pulses with variable 
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fl ip angles, allowed whole brain acquisition of FLAIR and T2 images 16. The advantages of 

single-slab 3D imaging over multi-slab 3D imaging are a signifi cant reduction of acquisition 

times, and the absence of venetian blind and fl ow artifacts. Recently, a single-slab 3D-DIR 

sequence was developed, in order to expand the range of single-slab 3D-based contrast 

mechanisms for MS lesion detection 17. So far, single-slab 3D sequences have not been 

comprehensively evaluated to determine their sensitivity in the detection of MS lesions 

in various parts of the brain. Furthermore, they have not been compared to a standard 

imaging technique such as 2D-T2SE, which is used routinely in both clinical treatment 

trials and the clinical radiological setting and has as such been incorporated into various 

MR imaging guidelines in MS 18-20. 

 Hence the goal of the current study was to describe signal and contrast properties of 

an isotropic, single-slab 3D dataset (DIR, FLAIR, T2, and T1-MPRAGE), and to prospectively 

evaluate its performance in detecting MS brain lesions compared to a 2D-T2SE sequence.

Materials and Methods

Patients and Controls
16 patients (9 women) with clinically defi nite MS 21, of which 5 with secondary progressive 

MS and 11 with relapsing-remitting MS, were randomly selected from a clinical database. 

Mean age of patients was 39.5 years (range 24.6-56.6), median expanded disability status 

scale score (EDSS) 22 was 2.0 (range 1.0-6.5) and mean disease duration was 10.4 years 

(range 4.0-26.4). In addition, 9 age-matched healthy controls (3 women), mean age of 32.0 

years (range 22.9-53.5), were examined. The study protocol was approved by the local 

ethics review board and all subjects gave written informed consent before investigation.

MR Image Acquisition
Imaging was performed on a 1.5T whole body MR system (Siemens Sonata, Erlangen, 

Germany), using a standard circularly polarized head coil. Five sequences were acquired 

per subject in pseudo-randomized order, 2D dual-echo T2SE, single-slab 3D-DIR, 3D-FLAIR, 

3D-T2 and a 3D-MPRAGE. The single-slab 3D sequences have very long echo trains, made 

possible by the use of refocusing pulses with variable fl ip angles 16. As a result, the 

effective echo time of 349 ms produces a T2 contrast approximately equivalent to a 

TE of 100 ms in 2D fast spin-echo sequences 23. Because all radio frequency pulses in 
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the single-slab 3D sequences are non-spatially selective, the 3D slab was placed in the 

sagittal orientation, with read-out in the head-to-feet direction to prevent infolding. For 

more technical details and artifact descriptions refer to 16 and 17. To obtain a high spatial 

resolution within clinically acceptable acquisition times (below 10 min), the inversion 

times for 3D-FLAIR and 3D-DIR were optimized at a chosen TR of 6500 ms. Sequence 

parameters and acquisition times are listed in Table 1.

Table 1 | Sequence parameters for all sequences

Parameter 3D-DIR 3D-FLAIR 3D-T2 3D-MPRAGE 2D-T2SE

Repetition time (TR) ms) 6500 6500 4300 2700 2690 

Echo time (TE) (ms) 349 349 349 5  45, 90

Inversion time (TI) (ms) 350, 2350¹ 2200 N/A 950 N/A

Bandwidth (Hz/pixel) 500 500  500 130 80 

Echo Train Length 191 191 191 N/A N/A

No. of slices/slab 120 120 120 120 2x25 ²

Slice thickness (mm) 1.3 1.3 1.3 1.3 3 

Matrix size 190 x 256 190 x 256 190 x 256 192x256  158 x 256

Field of view (mm) 230 x 310 230 x 310 230 x 310 230x310 176 x 256 

In-plane resolution (mm) 1.21 x 1.21 1.21 x 1.21 1.21 x 1.21 1.21x1.21 1.0 x 1.0  

Acquisition plane Sagittal Sagittal Sagittal Sagittal Axial

Acquisition time (min) 9.8 9.8 6.5 8.7 14.2

N/A = Not Applicable. ¹ The long inversion time is the duration between the two inversion pulses, and the 
short inversion time is the duration between the second inversion pulse and the excitation pulse. ² The 
sequence was scanned in an interleaved style.

Image Analysis
The sagittal 3D images were orthogonally reformatted (i.e., without interpolation) into 

the axial plane. All images were analysed using a digital workstation (Centricity Radiology 

RA 600, GE Medical Systems, Fairfi eld, USA). First, images from all controls were analyzed 

to identify possible artifacts and abnormalities. Subsequently, a training session was held, 

in the presence of an experienced reader, to ensure that both independent readers used 

the same criteria to characterize GM and WM lesions within the different anatomical 

areas. Images were scored independently by the two readers, with the order of the 

sequences being randomized, to avoid recall bias. Lesions were characterized anatomically 

as follows: intracortical, mixed WM-GM, juxtacortical, deep GM (including the internal 
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capsule), periventricular WM (directly abutting the ventricles or clearly connected to 

lesions abutting the ventricles), deep WM and infratentorial. In addition, three combined 

areas were defi ned: total cortical (intracortical + mixed WM-GM + juxtacortical), total 

WM (periventricular WM + deep WM) and overall (total of all anatomical areas). Lesions 

extending over multiple slices were scored only once.

Signal and Contrast Properties
Signal intensities (SIs) were determined by placing regions of interest (ROIs) on the 

original datasets. ROIs were placed in lesions (only in WM lesions because GM lesions 

generally have the same signal intensities as WM lesions and are commonly too small for 

accurate ROI-based measures), WM, GM (hippocampus, amygdala and cingulate gyrus), 

CSF and air (noise). Signal-to-noise ratios (SNRs) were calculated as: SNR = SI / Standard 

Deviation of the noise (SDnoise). The SDnoise was corrected for the underestimation that is 

due to magnitude reconstruction of the images 24. In addition, lesion contrast ratios (CRs) 

were determined between lesion and WM and between lesion and GM using the following 

equation: CR = |SI1- SI2| / SI2 were SI1 denotes the signal intensity of lesion.

Statistical Analysis
Per patient, the averages of the independent lesion counts of both readers, for each 

anatomical area and sequence, were calculated. Subsequently this data was used to 

calculate the mean and standard deviation (SD) of lesion numbers of all patients per 

anatomical area and sequence. Because data were not normally distributed a log 

transformation was applied. Two-tailed paired Student’s t-tests, adjusted for fi ve pairwise 

comparisons (Bonferroni), were used to test for statistical differences between the fi ve 

sequences per anatomical region. Corrected p-values of less than 0.05 were considered 

statistically signifi cant. The intraclass correlation coeffi cient (ICC) 25 was calculated, using 

the log transformed data, with a variance component analysis to express interobserver 

agreement. The ICC ranges from zero to one with a higher ICC indicating a higher level 

of agreement. All statistical calculations were performed with SPSS version 12.0 (SPSS, 

Chicago, USA). 
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Results

Control Subjects
Images from healthy controls, particularly the 3D-DIR and 3D-FLAIR images, contained 

several areas of intrinsically high signal intensity, such as the choroid plexus (Figure 

1). Small caps around the ventricles (Figure 1) were also frequently seen, as described 

previously for multi-slab 3D sequences 13,14. On the 3D-MPRAGE images vascular structures 

were recognizable as circular areas of low signal intensity in and around the cortex. 

The mean number for overall amount of lesions scored per control subject, presumably 

of vascular origin, was 0.3 lesions on 3D-DIR, 0.4 on 3D-FLAIR, 0.2 on 3D-T2, 0.1 on 

3D-MPRAGE and 0.2 on 2D-T2SE. 

Figure 1 | Two axially reformatted images from the same young healthy control, no contrast 

applied. A: 3D-FLAIR (TR/TE/TI 6500/349/2200 ms) and B: 3D-DIR (TR/TE/TI1/TI2 6500/349  

/2350/350 ms). Note two typical areas with high signal intensity on both sequences, arising 

from the choroid plexus (straight arrows) and from periventricular transependymal effusion 

(arrowheads). 

MS Patients
The mean number (SD) for overall amount of lesions scored per patient was 88.8 (67.8) on 

3D-DIR, 100.4 (72.3) on 3D-FLAIR, 77.8 (54.6) on 3D-T2, 83.5 (71.9) on 3D-MPRAGE and 82.4 
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(60.6) on 2D-T2SE images. The mean numbers per anatomical area, including statistical 

differences, are listed in Table 2. The highest numbers of intracortical and mixed WM-GM 

lesions were scored on 3D-DIR (Figure 2). Both fi ndings were signifi cantly higher compared 

to 2D-T2SE (p=0.036 and p=0.019 respectively). By comparison, the lowest number of 

juxtacortical lesions was seen on 3D-DIR whereas the most were scored on 2D-T2SE images; 

however, this difference was not signifi cant (p=0.086). The highest number of WM lesions 

was scored on 3D-FLAIR, which was signifi cant compared to 2D-T2SE (p=0.002). 3D-DIR 

showed the smallest number of deep WM lesions, although not signifi cantly compared to 

2D-T2SE. Both 3D-DIR and 3D-FLAIR, although not signifi cant when compared to 2D-T2SE 

(p=0.237 and p=0.173 respectively), showed the highest detection of infratentorial lesions 

(Figure 3).

Table 2 | Mean number of lesions detected, per anatomical region and sequence in MS patients

Region 3D-DIR 3D-FLAIR 3D-T2 3D-MPRAGE 2D-T2SE**

Total Cortical ¹ 15.3 ± 18.9 15.2 ± 15.3 9.0 ± 7.5 11.1 ± 14.5 12.6 ± 12.7

 Intracortical 4.3 ± 6.7‡^# 1.6 ± 2.0‡ # 0.1 ± 0.2 0.6 ± 1.4 0.3 ± 0.6

 Mixed WM-GM 4.0 ± 5.5 ‡ # 3.5 ± 3.9‡ # 1.1 ± 1.2 3.0 ± 4.2 1.5 ± 2.3

 Juxtacortical 7.0 ± 7.7 10.1 ± 10.3 7.8 ± 6.7 7.5 ± 10.3 10.8 ± 10.6

Total WM ² 63.7 ± 44.1 74.3 ± 50.7# 59.3 ± 41.6 63.4 ± 50.4 61.3 ± 41.7

 Periventricular WM 44.8 ± 34.0‡ 47.8 ± 36.7‡ # 38.2 ± 32.1 42.2 ± 39.8 38.7 ± 30.7

 Deep WM 18.9 ± 13.9 26.5 ± 19.4* 21.1 ± 13.4 21.3 ± 14.7 22.7 ± 14.1

Infratentorial 7.4 ± 6.3 7.4 ± 6.4 6.5 ± 5.7 6.2 ± 5.6 5.6 ± 5.5

Basal Ganglia 2.5 ± 2.3 3.5 ± 3.3 3 ± 2.6 2.8 ± 3.4 2.9 ± 3.2

Overall ³ 88.8 ± 67.8 100.4 ± 72.3‡^# 77.8 ± 54.6 83.5 ± 71.9 82.4 ± 60.6

WM=White Matter, GM=Gray Matter. ¹ Total Cortical = Intracortical + Mixed WM-GM + Juxtacortical, ² Total 
WM= Periventricular WM + Deep WM. ³ Overall = Total of all anatomical areas * Signifi cantly higher (p<0.05) 
compared to 3D-DIR, † to 3D-FLAIR, ‡ to 3D-T2, ^ to 3D-MPRAGE and # to T2 SE, based upon logtransformed 
data after Bonferroni correction. ** Both the fi rst and second echo images were used to detect and charac-
terize lesions.

Intraclass correlation Coeffi cient 
For the total cortical region the ICCs were highest for 3D-DIR (0.82) followed by 3D-MPRAGE 

(0.79). For the total WM region ICCs were highest for 3D-MPRAGE (0.86) and 3D-FLAIR 

(0.77). The ICCs for overall lesion counts were 3D-DIR (0.81), 3D-FLAIR (0.86), 3D-T2 

(0.72), 3D-MPRAGE (0.88) and 2D-T2SE (0.64).
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Signal and Contrast Properties
Mean SNRs and CRs, as well as their respective standard deviations are listed in Table 3. 

The 3D-DIR showed the highest CR for Lesion-WM (10.8 ± 2.8), corresponding with the 

lowest SNR for WM (2.7 ± 1.0) (and CSF), due to successful signal suppression. 

Figure 2 | Four axially reformatted images from an MS patient, no contrast applied. A: 3D-DIR, 

B: 3D-FLAIR, C: 3D-T2 and D: 3D-MPRAGE (sequence parameters are listed in Table 1). Images 

show several gray matter and white matter lesions. Straight arrows point out a juxtacortical 

lesion. Delta arrows point out a mixed WM-GM matter lesion that invades the cortical mantle. 

Arrowheads point out an intracortical lesion clearly seen on 3D-DIR and to a lesser extent on 

the other images. 
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Figure 3 | Five axial images from an MS patient, no contrast applied. A: 3D-DIR, B: 3D-FLAIR, 

C: 3D-T2, D: 3D-MPRAGE and E: First echo 2D-T2SE (sequence parameters are listed in Table 1). 

The 2D-T2SE image had a slice thickness of 3mm whereas the 3D sequences had a 1.3 mm slice 

thickness. Note the fl ow artifacts in the 2D-T2SE image from the basilar artery (straight arrows) 

and from the left transverse sinus (delta arrow), and note the absence of fl ow artifacts in the 

3D images. Also note the lesions in the pons and cerebellar peduncles and in the left trigeminal 

nerve (arrowheads). 



Improved detection of spatial disease activity using single-slab 3D imaging

75

Figure 4 | Twelve images from an MS patient, no contrast applied. A: 3D-DIR, B: 3D-FLAIR, C: 

3D-T2 and D: 3D-MPRAGE (sequence parameters are listed in Table 1). First and second column 

show axial and coronal reformatted MR images respectively, third column shows original sagittal 

images. Due to the near isotropic resolution, image quality is preserved in all orientations. 

Note the (intra)cortical lesion in the right posterior cingulate gyrus (arrowheads).
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Table 3 |  Mean Signal-to-Noise Ratios and Contrast Rations for all sequences

Signal-to-Noise Ratios

3D-DIR 3D-FLAIR 3D-T2 3D-MPRAGE 2D-T2SE*

WM 2.7 ± 1.0 27.8 ± 3.4 28.4 ± 3.3 47.1 ± 3.7 49.2 ± 4.5

GM 19.9 ± 1.8 46.4 ± 5.0 68.0 ± 6.8 25.0 ± 3.3 75.6 ± 6.6

CSF 2.6 ± 0.5 5.9 ± 1.1 137.5 ± 13.1 2.2 ± 0.4 72.4 ± 6.1

Lesion 29.0 ± 3.3 57.9 ± 5.1 108.5 ± 17.1 6 ± 2.7 88.7 ± 8.5

Contrast Ratios

Lesion-WM 10.8 ± 2.8 1.1 ± 0.3 2.8 ± 0.5 0.8 ± 0.1 0.8 ± 0.1

Lesion-GM 0.5 ± 0.1 0.3 ± 0.1 0.6 ± 0.2 0.6 ± 0.2 0.2 ± 0.0

Lesion-CSF 10.6 ± 3.1 9.2 ± 2.3 0.2 ± 0.1 3.5 ± 2.0 0.2 ± 0.1

WM=White Matter, GM=Gray Matter, CSF=Cerebrospinal Fluid. * SNRs and CRs were calculated using the fi rst 
echo images 

Discussion

Recent technological advances have made it possible to acquire a multi-contrast, 

isotropic, single-slab 3D dataset. In the current study we assessed this dataset for its 

signal and contrast properties and its benefi t in the detection of different types of MS 

brain lesions compared to a 2D-T2SE sequence. 3D sequences, with their intrinsically 

higher SNR and small, nearly isotropic voxel dimensions have several intrinsic advantages 

for post-processing purposes over 2D sequences. The 3D images can be easily reformatted 

without loss of image quality, which allows the selection of optimal viewing planes for 

various anatomical structures (see e.g. Figure 4). In addition, images can be registered 

more accurately, allowing for a more precise determination of spatiotemporal disease 

activity which is important for longitudinal studies. Finally, the absence of fl ow artifacts 

improves lesion visualization in the posterior cranial fossa.

 The evaluation of this 3D dataset showed an increased detection of both gray and 

white matter lesions, in comparison with a 2D-T2SE sequence. A conducive factor is the 

decrease in slice thickness, which is strongly associated with increased lesion detection 
26,27. Several authors have previously reported increased detection of WM lesions using 

3D multi-slab FLAIR sequences 12,13,26. In our study, the highest number of WM lesions 

was also detected on 3D-FLAIR. Moreover, signifi cantly more lesions were detected in the 

deep WM with 3D-FLAIR, compared to 3D-DIR. This was especially distinct for small lesions 
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and may be explained by partial suppression of WM lesions (due to the combination of 

the two inversion pulses of the 3D-DIR sequence) and reduced intensity of partial volume 

effects around lesions. In this study the highest numbers of infratentorial lesions were 

scored on 3D-DIR and 3D-FLAIR images, which is in contrast with previously reported 

decreased detection in the posterior cranial fossa 10,12,13. As stated above, this is related 

to the absence of blood and CSF fl ow artifacts in the 3D sequences, especially in the 

posterior cranial fossa (Fig 3), which is explained by the single-slab nature of the sequence 

employing non-spatially selective radio-frequency pulses 28. This is an important fi nding, 

as infratentorial lesions were found to strongly predict long term disability in patients 

with initial fi ndings suggestive of MS 29. 

 3D-DIR allowed an improved detection of lesions located intracortically or at the 

border of WM and GM (mixed WM-GM). The highest number of juxtacortical lesions was 

detected on 2D-T2SE, which likely represents a re-classifi cation phenomenon. Lesions 

classifi ed on 2D-T2SE images as juxtacortical were often seen to invade the cortical 

mantle on 3D-DIR images and were therefore scored as mixed WM-GM lesions. These 

results confi rm the previously reported improved detection and classifi cation of cortical 

MS lesions using multi-slab 3D-DIR 16. Although the CR for lesion-GM was lower on the 

3D-DIR (0.5 ± 0.1) compared to 3D-T2 (0.6 ± 0.2), the CR for lesion-CSF was much higher 

(10.6 ± 3.1) compared to 3D-T2 (0.2 ± 0.1), which indicates that the surrounding high 

signal of CSF on the 3D-T2 obscured (intra)cortical lesion detection. In accordance with 
15, we observed both intracortical and mixed WM-GM lesions as hypointense areas on 

the T1-weighted 3D-MPRAGE. Interestingly, several cortical lesions were observed that 

were clearly visible on 3D-MPRAGE images but were hardly or not visible on 3D-DIR and 

vice versa. Spatial variations in the T2 relaxation times throughout the cortical ribbon 30 

might infl uence cortical lesion conspicuity and/or the 3D-MPRAGE might be more sensitive 

to lesions that represent a more chronic form of disease, in which prolongation of T1 

relaxation time is more prominent than its T2 counterpart. Future studies will have to 

further investigate the nature of T1 hypointensity of cortical lesions and the benefi t of the 

3D-MPRAGE for the detection of black holes. 

 The images in this study were independently scored by two observers and ICCs were 

calculated to express interobserver agreement. The overall highest ICC was calculated for 

3D-MPRAGE (0.88) followed by 3D-FLAIR (0.86) and 3D-DIR (0.81), compared to an ICC of 

0.64 for 2D-T2SE. Besides improved detection the 3D sequences also appear very robust 

with ICCs indicating a more than good level of agreement between raters. 
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 The shorter acquisition times of the single-slab method, for example 9.8 minutes 

for the single-slab 3D-DIR versus 15.3 minutes for the multi-slab DIR 14, facilitate the 

introduction of this method into the clinical setting. Although 1.5T is still the dominant 

clinical fi eld strength, 3T scanners are becoming more common. In a study comparing 3T to 

1.5T, an increase of 13% in WM lesion detection was found for both 2D-FLAIR and T2SE 31. 

The current study was performed at 1.5T, using a standard circularly polarized head coil. 

Increased SNR might be obtained either by increasing the fi eld strength or by using multi-

channel phased array coils. Especially the 3D-DIR sequence will benefi t from higher SNR, 

because of its intrinsically low SNR. For the 3D-FLAIR, 3D-T2 and 3D-MPRAGE, the increase 

in SNR can be used either to increase spatial resolution or to decrease acquisition time 

(by using parallel acquisition techniques). On the other hand, the decrease in acquisition 

times and slice thickness while maintaining or even improving spatial resolution and SNR, 

will result in an increasing number of images that need to be analysed. While advantageous 

for post-processing techniques and research aims, this development will put an increasing 

strain on the radiological practice and gives impetus to introduce and improve techniques 

that visualize only areas of change such as image subtraction 32. 

 Besides reducing acquisition times, by use of e.g. parallel imaging techniques, 

a choice can also be made for specifi c contrasts from the 3D dataset. In case of time 

constraints, in for example an acute clinical setting, acquisition times can be reduced to 

less than 20 minutes by applying only 3D-FLAIR and 3D-DIR. These sequences provided the 

highest sensitivity for GM, WM and infratentorial lesions, whereas 3D-T2 and 3D-MPRAGE 

did not demonstrate an improved detection of lesions in any of the anatomical areas 

compared to any of the other sequences in particular 2D-T2SE. The reported increased 

sensitivity for lesions in various parts of the brain could lead to an earlier diagnosis of the 

disease as MRI criteria are strongly embedded in the diagnostic criteria for MS 33,34. Indeed 

this was recently reported, although with the use of 2D sequences applied at higher fi eld 

strength (3T) instead of applying single-slab 3D imaging at 1.5T 35. Furthermore, the 

increased sensitivity for (intra)cortical lesions using 3D-DIR could improve the clinico-

radiological correlations as lesions in eloquent grey matter areas could substantially 

contribute to clinical disability. Future studies, with a larger sample size would have 

to evaluate the specifi c benefi ts of multi-contrast, single-slab 3D imaging with respect 

to clinical correlations and an earlier diagnosis of the disease. A future clinical protocol 

based on the single-slab 3D dataset presented here, would ideally also include contrast-

enhanced 3D-MPRAGE images, to demonstrate disruption of the blood brain barrier. 
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Furthermore, such a protocol could include quantitative MR techniques like magnetization 

transfer (MTR) and diffusion tensor imaging (DTI) and it should be examined what the 

additional value of these techniques is for the identifi cation of focal pathology, compared 

to multi-contrast, single-slab 3D imaging. 

 In this paper, the multi-contrast nature of the protocol could have been exploited 

more fully, by one-on-one lesion evaluation of all four contrasts simultaneously. However, 

the primary goal of the current study was to describe general signal and contrast 

properties of the 3D dataset, as well as its overall performance in detecting lesions in 

different anatomical areas. Future studies will have to demonstrate the specifi c benefi ts 

of each separate contrast (or combinations thereof) for various post-processing purposes. 

Furthermore, it would have been possible to reslice the 3D sequences in the orientation 

of the 2D sequence, to equate slice orientation and thickness. However, such a strategy 

would have degraded image quality and would not have optimally utilized the intrinsic 

ability of the single-slab 3D method to acquire thin slices with good SNR.

 In conclusion, a multi-contrast, single-slab 3D dataset with near-isotropic voxels was 

presented and evaluated in MS patients. An increased detection of both GM and WM lesions 

was found compared to 2D-T2SE. 3D-DIR showed the highest detection of intracortical and 

mixed WM-GM lesions, while 3D-FLAIR allowed for the highest detection of WM lesions. 

Due to the absence of fl ow artifacts in the posterior cranial fossa, both 3D-DIR and 

3D-FLAIR enabled an improved visualization of infratentorial lesions. Furthermore, (intra)

cortical lesions were also visualized with a 3D T1-weighted sequence (MPRAGE). Finally, a 

selection of single-slab 3D contrasts, for example 3D-FLAIR and 3D-DIR, could replace 2D 

sequences in the radiological practice.
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Abstract

Purpose: To investigate whether a recently improved version of the 3D-Double Inversion 

Recovery (3D-DIR) technique enables the in vivo detection of hippocampal lesions in 

multiple sclerosis (MS). 

Materials and Methods: Magnetic resonance images of 16 patients and 9 healthy 

control subjects were acquired at 1.5T. Lesions were scored on 3D-DIR images and were 

anatomically classifi ed as white matter, cortical, or hippocampal lesions. Associations 

between hippocampal, cortical and white matter lesion numbers were evaluated. Also, 

hippocampal lesions were retrospectively assessed on 3D-T2 and hippocampal and brain 

volumes were measured.

Results: No hippocampal lesions were detected in control subjects. By contrast, 14 out of 

16 MS patients had at least 1 hippocampal lesion. The mean number (±SD) of hippocampal 

lesions detected with 3D-DIR was 2.6 ± 1.8 in MS patients, only 56% of these lesions could 

be observed on 3D-T2. 

Conclusion: Hippocampal lesions can be visualized in vivo with 3D-DIR and occur frequently 

in MS. The ability to visualize hippocampal lesions in vivo is of fundamental importance 

to future studies focusing on the role of grey matter damage in cognitive defi cits, which 

are common in MS.
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Introduction

Multiple Sclerosis (MS) is an infl ammatory, demyelinating disease of the central nervous 

system, which is usually diagnosed in early adulthood and in most cases leads to chronic 

disability. Recent histopathological studies have shown that, apart from the typical white 

matter (WM) lesions, grey matter (GM) demyelination is also common and extensive in 

MS 1-4. Similarly, in vivo quantitative magnetic resonance imaging (MRI) studies have 

consistently found abnormalities in the GM 5-7. Abnormalities in and around the cortex 

were found to be related to both physical and neuropsychological defi cits 8,9, and memory 

impairment is known to be prominent within the spectrum of neuropsychological defi cits 

in MS 10-12.

 GM demyelination has not been solely observed in the cortical GM, but also in deep 

GM structures, like the thalamus 13, the basal ganglia 14 and the hypothalamus 15,16. The 

occurrence of demyelination in the hippocampus was recently systematically investigated 

in a post mortem setting 17. Previously, only sporadic observations of hippocampal 

demyelination had been described 14,18,19. Experimental in vivo imaging studies 

have reported metabolic abnormalities in the MS hippocampus. In a Positron Emission 

Tomography study, a signifi cant reduction of the regional cerebral glucose meta-bolism 

was found in the hippocampi of MS patients with memory defi cits, indicating impaired 

hippocampal function 20. An MR spectroscopy study showed an increased concentration of 

myo-inositol, suggestive of gliosis, in the MS hippocampus 21.

With respect to memory function, the hippocampus is of critical importance 22, and part 

of the memory impairment in MS may well be explained by damage to this structure. In 

order to perform more clinically oriented research that aims to investigate the cognitive 

correlates of hippocampal abnormalities, the ability to visualize hippocampal lesions in 

vivo is essential. However, detection of GM lesions by conventional MR imaging techniques 

is generally poor 2,3, and hence, no information is available regarding the presence and 

distribution of hippocampal lesions in MS patients so far.

 Double inversion recovery (DIR) selectively nulls the signals from white matter (WM) 

and cerebrospinal fl uid (CSF), leaving only GM visible 23. An earlier multi-slab 3D version 

of this technique enabled a more than fi ve-fold increase of cortical lesion detection 

compared to conventional T2-weighted spin-echo (T2SE) images 24. In recent studies, 

a new single-slab version of this technique was presented 25,26, allowing for a clear 

reduction of fl ow and slice profi le artifacts, as well as a shorter acquisition time. 
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The purpose of the current study was to investigate whether hippocampal lesions can 

be visualized in vivo, by using the recently developed 3D-DIR MRI technique. We also 

studied whether the occurrence of hippocampal lesions is related to the occurrence of 

cortical GM and/or WM lesions. Accurate in vivo detection of hippocampal lesions in MS is 

a prerequisite for future studies investigating the selective impact of hippocampal lesions 

on memory impairment in MS. 

Materials and Methods

Patients
Sixteen patients (nine women; mean age: 39.5 years, range: 24-56, mean disease duration: 

116 months) with MS 27 were retrospectively and randomly selected from an existing 

MR database. Eleven patients had a relapsing-remitting (RR) course, while fi ve patients 

had a secondary progressive (SP) course 28. Furthermore, nine healthy control subjects 

(three women; mean age: 32.0 years, range: 22-53) were examined. The study protocol 

was approved by the institutional Ethics Review Board and all subjects gave written 

informed consent prior to participation, which also included possible use of images for 

future studies.

MR Imaging
A 1.5 Tesla whole body scanner (Sonata, Siemens Medical Systems, Erlangen, Germany) 

and a standard circularly polarized head coil were used. Sagittal 3D-DIR images (TR/TE/

TI1/TI2/NEX: 6500/349/2350/350/1; acquisition time: 9 min 47 s), and 3D T2-weighted 

turbo spin-echo images (3D-T2; TR/TE/NEX: 4300/349/1; acquisition time: 6 min 30 s) 

were acquired. Both sequences had a turbofactor of 191 and refocusing radiofrequency 

pulses with variable fl ip angles were applied. As a result, the effective echo time of 349 

ms creates a T2 contrast approximately equivalent to a TE of 100 ms in 2D fast spin-

echo sequences. The layout of single slab 3D sequences were described in more detail 

previously 26,29. Furthermore, 3D inversion-prepared T1-weighted gradient echo images 

(3D-T1; TR/TE/TI/NEX: 2700/5/950/1; acquisition time: 8 min 40 s) were obtained. For 

all sequences, a single sagittal 3D slab of 156 mm was placed, consisting of 120 partitions 

of 1.3 mm partition thickness. A 190x256 matrix and 230x310 mm fi eld-of-view was used, 

resulting in an in-plane resolution of 1.21x1.21 mm and nearly isotropic voxels.
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Analysis
Cerebral lesions were classifi ed according to their anatomical localization as white matter 

(WM; i.e. total of periventricular and deep WM lesions), cortical (total of intracortical, 

juxtacortical and mixed WM-GM lesions) or hippocampal lesions (intrahippocampal and 

mixed perihippocampal WM-hippocampal lesions). On the basis of prior experience with 

scorings of cortical GM lesions, the following criteria were used in the defi nition of 

(hippocampal) GM lesions, in order to distinguish them from non-pathological structures 

with high signal on 3D-DIR images (‘artifacts’) located near or in the GM: 1) the signal 

intensity of GM lesions should be in between signal intensities of normal GM and WM 

lesions; 2) GM lesions should be slightly irregularly shaped (as known from histopathology 

and to distinguish them from vessels), and 3) suspected GM lesions should be evaluated 

over multiple slices, again mainly in order to distinguish them from vessels.

 Cortical and WM lesions were scored on axial 3D-DIR and 3D-T2 images, reconstructed 

with sinc interpolation. For assessment of hippocampal lesions, the images were 

reformatted in coronal orientation, allowing for an optimal perpendicular view to the 

hippocampus. When in doubt, the images were also viewed in axial and sagittal planes to 

ensure accuracy. Subsequently, hippocampal lesions were retrospectively (i.e., with prior 

knowledge from the 3D-DIR scorings) assessed on the 3D-T2 images, which were similarly 

orthogonally reformatted. All scorings were reviewed by an experienced reader. In 

addition, a second, blinded rater independently scored the lesions, in order to determine 

the inter-observer consistency.

 Sienax software (http://www.fmrib.ox.ac.uk/fsl) 30 was used on 3D-T1 images to 

estimate normalized brain volume (NBV), which is the brain tissue volume normalized for 

subject head size.

 Hippocampal volumes were determined by a single experienced reader according 

to the following local standard operating procedure: 3D-T1 images were reformatted to 

2-mm-thick slices, perpendicular to the rostrocaudal axis of the hippocampus. Next, the 

hippocampal border was manually outlined according to criteria published previously, 

enclosing the dentate gyrus, cornu ammonis, alveus, fi mbria and the subiculum 31. The 

enclosed area was measured using home-developed software on a workstation (Sun, 

Mountain View, CA, USA). Subsequently, hippocampal volumes were also normalized for 

subject head size.
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Statistical Analysis
Correlations between hippocampal, cortical and WM lesion numbers were investigated 

using Spearman’s correlation coeffi cient. Spearman’s was also used to investigate possible 

correlations between brain and hippocampal volumes and the number of hippocampal 

lesions. The Mann Whitney U Test was used to analyze differences between the patient 

group and the healthy control group and additionally to analyze possible differences in 

hippocampal lesion numbers between disease types. Because of non-normal distribution, 

numbers of lesions found were logarithmically transformed and the inter-observer 

variability was determined by intraclass correlation coeffi cients (ICC). The ICC was also 

calculated to express intra-observer reproducibility in hippocampal volume measuring. 

 All statistical analyses were performed using SPSS version 12.0 (SPSS, Chicago, 

Illinois, USA). Values are reported as mean ± SD, unless indicated otherwise. P values 

< 0.05 were considered statistically signifi cant. 

Results

An example of a 3D-DIR image of a healthy control is shown in Figure 1. Areas of high 

intensity close to or within the hippocampus, such as the choroid plexus and small vascular 

structures, were defi ned on the control 3D-DIR images. Care was taken not to misinterpret 

such structures for lesions when assessing the images of the MS patients. 

Fourteen out of the total of 16 patients with MS had at least one hippocampal lesion. The 

mean number of hippocampal lesions in MS patients, as detected with 3D-DIR, was 2.6 ± 

1.8 (Table 1). The mean number of cortical lesions was 14.1 ± 13.9, and the mean number 

of WM lesions was 40.8 ± 20.8. With 3D-T2, a mean number of 4.1 ± 4.7 cortical lesions 

and a mean number of 41.4 ± 28.4 WM lesions was detected. Retrospectively, only 23 out 

of the total of 41 hippocampal lesions (56%) could be observed on 3D-T2 images. Figure 2 

shows an example of a hippocampal lesion that is visible both on 3D-DIR and on 3D-T2, 

while Figure 3 shows an example of a hippocampal lesion that is detectable on 3D-DIR 

only, and not on 3D-T2. 

 In MS patients, the hippocampal lesion number correlated signifi cantly with the 

number of cortical lesions (Spearman’s rho=0.56; p=0.03), but not with the WM lesion 

number (rho=0.28; p=0.30). No correlations between the number of hippocampal lesions 

and normalized hippocampal volume (rho= -0.30; p=0.26), NBV (rho= -0.45; p=0.08) or 
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disease duration (rho=0.12; p=0.66) were found. There were no signifi cant differences 

between RR and SP patients for hippocampal (Mann Whitney U=19; p=0.33), WM (U=22; 

p=0.53) and cortical (U=17.5; p=0.26) lesion numbers. 

Figure 1 | Coronal 3D-DIR image of a control subject, selectively displaying cortical and deep 

GM structures. The high signal of the choroid plexus (arrows) and the regional variation of 

signal intensity in different cortical GM areas (e.g. compare the signal between the cortical GM 

of the temporal lobe and the dorsal frontal gyri) can be clearly distinguished.

Table 1 | Subject group descriptives

 MS patients Controls

Number of subjects (M/F) 16 (7/9) 9 (6/3)

Age (yrs) 39.5 ± 9.8 32.0 ± 9.5

Hippocampal lesion number 2.6 ± 1.8 -

WM lesion number 40.8 ± 20.8 -

Cortical lesion number 14.1 ± 13.9 -

Normalized brain volume (mL) 1530 ± 80** 1610 ± 20

Normalized hippocampal volume (mL) 8.0 ± 1.1 8.3 ± 0.6

Data are mean number of lesions ± SD, except for no. of subjects. MS = Multiple Sclerosis, WM = White Matter. 
** p < 0.01, compared to controls
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Figure 2 | A: Many GM (arrowhead) and WM (curved arrow) lesions can be seen on this 

3D-DIR image of an MS patient. The arrow indicates a lesion in the left hippocampus. B: The 

hippocampal lesion is also visible on the corresponding 3D-T2 image (‘the gold standard’) of 

the same patient (arrow); however, only approximately half of the hippocampal lesions visible 

on 3D-DIR could be observed retrospectively on 3D-T2.
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Figure 3 | A: Image of another MS patient; a hippocampal lesion is visible on the 3D-DIR image 

(arrow). B: However, it cannot be seen on the 3D-T2 images.

The inter-observer variability for lesion scoring, as expressed by the ICC, was 0.82 for 

cortical lesions, 0.70 for WM lesions and 0.50 for hippocampal lesions. For clarity, and 

because scored mean numbers (±SD) of WM, cortical, and hippocampal lesions were similar 

between raters, only the (consensus) rating of the fi rst rater (SDR) is reported here.

 Normalized hippocampal volume did not differ signifi cantly (U=59; p=0.46) between 

MS patients (8.0 ± 1.1 mL) and healthy controls (8.3 ± 0.6 mL), as opposed to NBV (U=25; 

p < 0.01), which was 1530 ± 80 mL for patients and 1610 ± 20 mL for healthy controls. 

Absolute hippocampal volume was correlated with absolute brain volume both in healthy 
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controls (rho=0.67; p<0.01) and in patients (rho=0.72; p=0.03). The intra-observer 

reproducibility for hippocampal volume measurements was 0.95.

Discussion

This study has demonstrated that hippocampal lesions can be visualized in vivo with 3D-DIR 

MRI, and that these lesions occur frequently in a randomly selected sample of MS patients. 

Although the occurrence of cortical and deep GM (lesional) damage and its impact on 

clinical (including cognitive) impairment was already emphasized in previous MR and 

histopathology studies, hippocampal lesions could not be studied in vivo before. The high 

occurrence of hippocampal lesions in our own study population -14 out of the total of 16 

patients had at least one hippocampal lesion- confi rms the recent histopathological fi nding 

of extensive hippocampal demyelination in MS 17. It also fi ts with studies showing that GM 

lesions frequently affect regions that are strongly involved in information processing 32. 

 Huitinga et al. 15 found a high prevalence of actively demyelinating lesions in 

the hypothalamus which, like the hippocampus, is a mixed WM-GM structure in close 

proximity to the ventricle. In that study, active, infl ammatory hypothalamic lesions were 

associated with a less favorable disease course 16. Our study was primarily designed to 

investigate whether hippocampal MS lesions could be visualized in vivo. We used a dataset 

of previously acquired MR images to explore this, and were therefore unfortunately unable 

to directly relate our imaging fi ndings to clinical correlates (e.g. memory impairment). 

 In the current study, a higher number of hippocampal lesions was found in patients 

with higher total GM and WM lesion numbers. However, only the correlation between 

number of hippocampal lesions and total cortical lesion number was signifi cant. The lack 

of correlation between WM and hippocampal lesions might simply be explained by the 

small sample size, but could also underline previous fi ndings indicating that WM and GM 

demyelination may occur largely separately in MS 33. 

 MS patients were found to have a lower NBV than healthy controls in our study, 

indicating global brain atrophy. Normalized hippocampal volumes, however, did not 

signifi cantly differ between patients and controls. Although a false negative fi nding due 

to limited statistical power cannot be excluded, it might also well be that neuroaxonal 

elements are relatively preserved within the hippocampus, which was suggested by a 
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recent MRS study 21. In that study, a concentration of N-acetylaspartate (NAA) within 

normal ranges was found, as well as an increased concentration of myo-inositol, indicating 

that although (subtle) gliosis may already be present, the integrity of the axons may not 

(yet) be impaired in the hippocampus of MS patients. 

 The positive correlation between hippocampal and brain volumes, which was found 

in our study both for patients and for healthy controls, confi rms the fi ndings of previous 

studies, in which hippocampal volume was found to linearly increase with intracranial 

volume, and to be stable in healthy volunteers between 20 and 40 years 34.

 Great care was taken in the assessment of GM lesions on 3D-DIR images, in order 

to distinguish non-pathological structures with high signal intensity in or near the GM 

from GM lesions. These structures with an ‘inherently’ high signal intensity usually 

comprise the choroid plexus and small vessels in the GM. A further possibly complicating 

factor when assessing 3D-DIR images is the regional variation in GM signal intensity, with 

the archicortex displaying a slightly higher signal than the neocortical areas 26,35. This 

variation in signal intensity is likely to result from inherent differences in relaxation times 

between these areas 36. The inclusion and thorough examination of nine age-matched 

healthy controls for identifi cation of non-pathological structures of high signal intensity, 

as well as the consistent use of stringent criteria for the identifi cation of GM lesions in 

MS patients, have substantially reduced the possibility of misclassifi cation of artifacts for 

lesions.

 We interpret the inter-observer agreement in hippocampal lesion scoring (ICC of 

0.50) as moderate, and the inter-observer agreement in cortical and WM lesion scoring 

as good. The moderate inter-observer agreement in hippocampal lesion scoring is likely 

attributable to several factors. First, experience with these images, especially in this 

anatomical region, is still limited. Furthermore, there is no gold standard for MS lesions 

in the hippocampus: roughly half of these lesions could not be found on corresponding 

T2-weighted images (one of the fi ndings of the current study). Clearly, inter-rater 

agreement could be improved, and this can be expected to occur as more experience with 

3D-DIR imaging of the hippocampus is gained. Also, in future studies applying higher fi eld 

strengths with a higher signal-to-noise ratio, improvement of the ICC might be expected. 

In spite of the so far limited inter-observer agreement, we are confi dent about the 

data presented here, as the images were scored consistently and conservatively, and all 

scorings were reviewed by an experienced 3D-DIR reader. Moreover, although the number 
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of hippocampal lesions scored per patient varied between raters, mean numbers were 

comparable.

 For the assessment of hippocampal lesions, both 3D-DIR and 3D-T2 images were 

orthogonally reformatted to the coronal orientation, i.e., without interpolation and 

thus without changing image data. This enabled us to compare the ability of the 3D-T2 

sequence to visualize hippocampal lesions with the ability of 3D-DIR. This comparison is of 

interest because T2 sequences are still most commonly used in the clinical setting. Only 

56% of the hippocampal lesions visible on 3D-DIR could retrospectively be detected on 3D-

T2. Thus, although a (3D) T2 sequence may serve as an internal control, we conclude that 

3D-DIR is currently the technique of choice for hippocampal lesion detection in MS. The 

higher conspicuity of hippocampal lesions with 3D-DIR is likely caused by a higher contrast 

between lesions and hippocampal GM in 3D-DIR. This increased contrast is due to partial 

GM suppression caused by the double inversion scheme of the sequence 24. 

In the current study, a single-slab 3D-DIR sequence with a short acquisition time (less than 

10 minutes) was used, compared to the multi-slab 3D-DIR sequence. The use of this single-

slab sequence also has the advantage of absence of slice-to-slice variations of intensity 

and contrast along the slab-select direction, and a reduction of fl ow artifacts from blood 

or CSF.

 Our fi nding that hippocampal MS lesions can be visualized in vivo creates an 

important opening for future studies focusing on the clinical effects of these lesions. More 

information will be needed concerning, for example, the occurrence and distribution 

of hippocampal lesions in different MS disease subtypes. Future (longitudinal) studies 

using 3D-DIR combined with neuropsychological testing should increase our knowledge 

concerning the contribution of WM, cortical GM, and hippocampal GM lesions to the 

development of cognitive decline in MS. More specifi cally, a better understanding of which 

aspect of memory impairment is caused by hippocampal, and which part by cortical GM 

demyelination may then be specifi cally focused upon.

 In conclusion, this study has demonstrated that hippocampal MS lesions can be 

visualized with in vivo 3D-DIR MRI, and that these lesions occur frequently in a randomly 

selected sample of MS patients. The ability to visualize hippocampal MS lesions in vivo is 

of fundamental importance to future studies focusing on the role of GM demyelination in 

cognitive deterioration in MS.
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Abstract

Purpose: To explore the applicability of subtraction images to 1) detect active T2 lesions, 

2) directly quantify lesion load change, and 3) assess the ability to detect treatment 

effects (distinguish treatment arms) in a placebo-controlled, multi-center clinical trial, 

comparing the subtraction scheme with a conventional pair-wise comparison of non-

registered images.

Materials and Methods: 46 pairs of scans, from 40 patients (31 women, mean age 31.9 

years) from a multi-center, clinical trial (BENEFIT study), were used. The clinical trial 

was approved by local ethics review boards, and all subjects gave written informed 

consent. Active lesions were scored by two independent raters after which lesion load 

measurements were conducted using semiautomated software. Lesion counts were 

evaluated using Wilcoxon signed ranks tests, interrater agreement was evaluated using 

the intraclass correlation coeffi cient (ICC) and treatment effect (interferon beta-1b) was 

evaluated using Mann-Whitney U tests.

Results: Using subtraction images, there was a 1.7-fold increase in the detection of positive 

active lesions, compared to native image pairs, combined with a signifi cantly greater 

interobserver agreement (ICC 0.98 vs. 0.91, p < 0.001). Subtraction images also allowed 

direct quantifi cation of positive disease activity, a measure that provided suffi cient power 

to distinguish treatment arms (p=0.012), compared to the standard measurement of total 

lesion load change on native images (p=0.455). 

Conclusion: Image subtraction detected higher numbers of active lesions, with greater 

interobserver agreement, combined with increased power to distinguish treatment arms, 

compared to a conventional pair-wise comparison of non-registered images.
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Introduction 

Magnetic resonance (MR) imaging is a sensitive imaging modality to detect and monitor 

multiple sclerosis (MS) abnormalities in the brain. In clinical trials MRI indices (active T2 

lesions and T2 lesion load change) are used as outcome measures to monitor treatment 

effi cacy 1,2. However, the detection of active T2 lesions using serial conventional MR 

imaging is complicated by repositioning errors and a background of unaltered non-active 

lesions 3. This leads to low intra-observer 4 and inter-observer 5 agreement. Furthermore, 

the change in T2 lesion load is commonly calculated by measuring two whole brain lesion 

loads at consecutive time-points which are numerically subtracted. This is a labor-

intensive and imprecise method, as the actual lesion load change is relatively small and 

affected by errors emanating from two separate whole brain lesion load measurements 
6. Finally, overall disease activity, especially in an active patient, may be substantially 

underestimated as the lesion load contributions of positive disease activity (new and 

enlarged lesions) and of negative disease activity (shrunken and resolved lesions) are 

expressed as a single value, which could even result in a measurement of zero change 

when both processes cancel each other out. 

 Subtraction images, after image registration, provide an alternative in which the 

effect of repositioning errors is reduced, and the contrast between active lesions and the 

non-active background is enhanced as stable lesions cancel out. Furthermore subtraction 

images allow direct measurement of lesion load change and quantifi cation of positive 

and negative disease activity. A previous study using subtraction images reported good 

interobserver agreement for the detection of active lesions using single-center data 
7. However, most phase III studies are multi-center trials using different MR systems, 

presenting an additional challenge for image postprocessing methods due to scanner-

dependant variations in image contrast. Hence the purpose of our study was to: 1) explore 

the applicability of subtraction images to detect active T2 lesions, 2) to directly quantify 

lesion load change, 3) assess the ability to detect treatment effects (distinguish treatment 

arms) in a placebo-controlled, multi-center clinical trial, comparing the subtraction 

scheme with a conventional pair-wise comparison of non-registered images. 
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Materials and Methods 

Patients and MR Image Acquisition
Serial MR images were selected from a clinical trial examining the effects of interferon 

beta-1b (250 μg subcutaneously every-other-day n=292 vs. placebo n=176) on progression 

from clinically isolated syndromes (CIS) suggestive of MS to clinically defi nite MS (BENEFIT 

study) 8. Three of the authors (CP, LB and RS) are salaried employees of Bayer Schering 

Pharma AG, Berlin, Germany, which is the sponsor of the BENEFIT trial, and conducted 

part of the statistical analysis. However, all other authors maintained complete control 

of the data, and information submitted for publication. The clinical trial protocol was 

approved by local ethics review boards of all participating centers, and all subjects gave 

written informed consent. To create a dataset with a representative range of expected 

changes 92 MR images were selected, based on the number of new T2 and gadolinium 

enhancing lesions registered in the trial database (PAP). Four of the 92 (4.3%) initially 

selected MR scans were excluded because images suffered heavily from patient related 

movement artifacts. In those 4 instances the follow-up image of the fi rst scan pair was 

used as baseline image for the second scan pair. This resulted in 46 scan pairs, from 40 

patients (34 patients with one scan pair and 6 patients with two scan pairs). The mean age 

of the patients was 31.9 years (range 19.2-45.9), 31 of whom were women with a mean 

age of 32.9 years (range 19.2-45.9), and 9 were men with a mean age of 28.4 years (range 

19.6-44.7). Scans originated from 14 different MR systems (4 of which operated at 1T and 

10 at 1.5T), with a median number of 3 patients per site (range 1-6). The median time 

between successive scans was 96 days (range 71-364). 

 MRI scans were acquired between May 2002 and February 2004. The protocol included 

a dual-echo, T2-weighted, turbo or fast spin-echo (2D-T2SE) with a TR/TE1/TE2 of 2000-

3000/20-40/60-100 ms. Field of view for all examinations was 25 cm, combined with a 

256 x 256 matrix, resulting in a roughly 1 x 1 mm² pixel size. Images were acquired in two 

interleaved sets with a 3mm gap, resulting in whole brain coverage with contiguous 3mm 

thick slices. 

Post-processing/registration
For each scan pair, spatial normalization (affi ne registration) was performed, and images 

were resliced to the halfway position using an automated intensity-based registration 

algorithm with a mutual information criterion and spline interpolation 9. Intra-scan intensity 
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normalization (bias fi eld correction) was applied using the non-parametric method N3 10. 

Inter-scan intensity normalization (scanner drift correction) was applied based on the 

method described in 11. Briefl y, the image brightness and contrast of all follow-up scans 

is matched with the baseline scan, based upon the signal of the intracranial cavity (DSM, 

with 15 years of experience in digital image analysis). 

Image Analysis 
The native and subtraction images were each analyzed separately by 2 independent 

observers (BM and PAP, with 3 and 5 years of experience in serial MRI analysis in MS 

respectively), using home-developed, custom software featuring a split-screen modality 

and window-level adjustments (GDC-viewer, Boston, MA). The order of analyses was 

randomized to avoid recall bias, with an interval of at least 1 month between successive 

analyses of the same patient. Both raters were blinded to treatment allocation during 

all analyses. The native proton density (PD) images were analyzed alongside their T2 

counterparts, according to the consensus rules described in 5. The subtraction images were 

analyzed alongside the halfway registered (postprocessed) baseline and follow-up images, 

to ensure that change identifi ed on the subtraction images genuinely represented disease 

activity (rather than artifact). Criteria used to defi ne lesions and to identify artifacts 

on subtraction images were described previously 7. Briefl y, a lesion had to be a clearly 

visible, non-artifactual, area of change (bright or dark) against the grey background and 

have a diameter larger than 3 mm. In the subtraction image, new and enlarged lesions 

(positive activity) appear as bright areas, whereas resolved or shrunken lesions (negative 

activity) appear as dark areas (Figure 1). Three types of artifact were identifi ed on the 

subtraction images: residual registration errors (partly due to patient movement during 

acquisition), fl ow artifacts on the native images, and lesion signal intensity differences 

between the baseline and follow-up image resulting in false-positive lesions (Figure 1). All 

types of artifact could be readily identifi ed by direct visual reference with the registered 

(non-subtraction) images. 

 Lesions were subclassifi ed according to the following criteria. New: a non-artifactual 

bright area, clearly visible against the grey background. It had to be identifi able on the 

registered follow-up image but not on the registered baseline image. Enlarged: a lesion 

that increased in size by at least 50%. Resolved: a non-artifactual dark area, clearly 

visible against the grey background. It had to be visible on the registered baseline image 

but not on the registered follow-up image. Shrunken: a lesion that decreased in size by at 
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least 50%. In addition, two combined lesion classes were defi ned: positive activity (new + 

enlarged lesions) and negative activity (resolved + shrunken lesions). Both raters digitally 

marked all the lesions on both the native and subtraction images and these markings were 

used by a single technician (WMAJ, with more than 10 years of experience in MS trials and 

subtraction images) to perform lesion load measurements, using home-developed, custom 

software based on local thresholding and edge-detection using a canny-fi lter 4. 

Treatment effect
Per scan pair, the averages of the independent lesion counts of both readers, and lesion load 

change data, were calculated and subsequently used to test for a signifi cant differences in 

detecting a possible treatment effect (interferon beta-1b vs. placebo), between the two 

analysis strategies. Variables compared were: active lesion counts, volumes of positive 

activity (new and enlarged lesions) and (total) lesion load change. These analyses were 

conducted by the sponsor of the trial to ensure appropriate blinding of both raters.

Statistical analysis 
Lesion counts were expressed as means and standard deviations (SDs) for each analysis 

method, per lesion subtype and rater, and compared using Wilcoxon signed ranks tests. 

Lesion loads were expressed as means and SDs, per rater. The interrater agreement for 

each lesion subtype and lesion load change was expressed as an intraclass correlation 

coeffi cient (ICC) per analysis method, using a variance component analysis, for a two-way 

random effects model without interaction variance, after log-transformation of the data 
12. To compare statistical differences between ICCs a Fisher z-transformation was applied. 

 Treatment effect was evaluated using Mann-Whitney U tests. All statistical 

calculations were performed with SPSS version 12.0 (SPSS, Chicago, IL), and p-values of 

less than 0.05 were considered statistically signifi cant. 
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Figure 1 | Three examples of disease activity. First column (ADG): halfway-registered 

baseline proton density (PD) images (TR/TE 2000-3000/60-100 ms). Second column (BEH): 

corresponding halfway-registered follow-up PD images. Third column (CFI): subtraction images 

(follow-up minus baseline image) on which the detection of active lesions is not hampered by 

a background of non-active lesions (which cancel out) as on the PD images. ABC: Arrowheads 

point out a typical example of a new lesion (positive activity) visualized as a hyperintensity 

on the subtraction image. Straight arrows point out fl ow artifacts. DEF: Arrowheads point out 

a typical example of a shrunken lesion (negative activity) visualized as a hypointensity on the 

subtraction image. Straight arrow points out residual registration artifacts. GHI: Arrowheads 

denote two new lesions, one of which is juxtacortically located and easily missed on the follow-

up PD image but clearly visible on the subtraction image. Delta arrows denote “false-positive” 

negative activity as the lesion was visible on both the baseline and follow-up PD image and does 

not decrease in size.
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Results

Lesion Counts and Loads
The mean number of positive active lesions identifi ed by both raters was signifi cantly 

(1.7-fold) higher on the subtraction images, compared to the native images (4.15 and 2.40 

respectively, p < 0.001). Likewise, the mean number of negative active lesions identifi ed 

by both raters was signifi cantly (2.9-fold) higher on the subtraction images, compared to 

the native images (0.52 and 0.18 respectively, p < 0.001, Table 1).

Table 1 | Mean number of active lesions detected, per rater and subtype of lesion, on native 

and subtraction images.

 Rater 1 Rater 2 

Lesion Type Native Subtraction Native Subtraction 

New 1.9 ± 2.5 3.7 ± 5.5*** 2.3 ± 3.4 3.3 ± 4.7***

Enlarged 0.3 ± 0.9 0.5 ± 1.5 0.2 ± 0.5 0.5 ± 1.4*

Resolved 0.1 ± 0.4 0.0 ± 0.2 0.0 ± 0.0 0.1 ± 0.5

Shrunken 0.3 ± 0.6 0.5 ± 0.9** 0.1 ± 0.3 0.5 ± 1.1***

Positive activity¹ 2.1 ± 2.9 4.2 ± 6.1*** 2.5 ± 3.6 3.8 ± 5.5***

Negative activity² 0.4 ± 0.9 0.5 ± 0.9 0.1 ± 0.3 0.6 ± 1.4***

Data are mean number of lesions ± standard deviation (SD). * p<0.05, ** p<0.01, *** p<0.001, compared to 
native images (Wilcoxon signed ranks test). ¹ Positive activity = new + enlarged lesions. ² Negative activity = 
resolved + shrunken lesions

Both raters detected higher numbers of all subtypes of active lesions (new, enlarged, 

resolved, and shrunken) with greater interobserver agreement (Table 2). The ICC for 

positive activity on subtraction images was signifi cantly higher, compared to native 

images (0.98 and 0.91 respectively, p < 0.001). Likewise, the ICC for negative activity was 

signifi cantly higher on subtraction images (0.89 vs. 0.27, p < 0.001).

 The change in T2 lesion load measured on the native images was very small and resulted 

in a rounded up value of zero, which matches approximately the net change measured 

on the subtraction images (Table 3). However, the direct lesion load measurements on 

the subtraction images of both positive and negative disease activity represent disease 

activity that was not recognized by the value of zero change on the native images. The 

ICCs for total lesion load change (0.94) and for positive lesion load change (0.97) on the 
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subtraction images were both signifi cantly higher (p<0.01), compared to the total lesion 

load change on native images (0.80) (Table 2, Figure 2).

Table 2 | IntraClass Correlation Coeffi cients (ICCs) expressing interobserver agreement for 

lesion counts and lesion load change

 ICC ( 95% Confi dence Intervals)

Lesion Count Native Subtraction

New 0.90 (0.83-0.94) 0.97 (0.95-0.98)**

Enlarged 0.47 (0.21-0.66) 0.70 (0.52-0.82)

Resolved --- 0.66 (0.47-0.80)

Shrunken 0.32 (0.05-0.55) 0.91 (0.84-0.95)***

Positive activity¹ 0.91 (0.85-0.95) 0.98 (0.96-0.99)***

Negative activity² 0.27 (0.00-0.50) 0.89 (0.81-0.94)***

Lesion Load Change   

Total Change 0.80 (0.67-0.88) 0.94 (0.90-0.97)**

Positive activity¹ 0.97 (0.95-0.99) 

Negative activity²  0.94 (0.90-0.97)

** p<0.01, *** p<0.001 compared to native images. --- Could not be calculated since one rater scored no 
resolved lesions on the native images. ¹ Positive activity = new + enlarged lesions. ² Negative activity = 
resolved + shrunken lesions

Table 3 | Total lesion loads and change in lesion loads measured on native and subtraction 

images. Data are per rater and in cm³ 

Rater 1 Rater 2 

 Mean (SD) Median (IQR) Mean (SD) Median (IQR)

Native Images

 Baseline 3.0 ± 3.7 1.3 (0.6-3.8) 3.2 ± 3.9 1.8 (0.6-3.6)

 Follow-Up 3.0 ± 3.6 1.5 (0.7-3.8) 3.2 ± 3.7 1.7 (0.8-4.2)

 Total Change 0.0 ± 1.5 0.0 (-0.2-0.2) 0.0 ± 1.3 0.0 (-0.3-0.2)

Subtraction Images

 Positive activity¹ 0.4 ± 0.9 0.2 (0.0-0.4) 0.4 ± 0.8 0.2 (0.0-0.4)

 Negative activity² 0.3 ± 0.8 0.0 (0.0-0.2) 0.3 ± 1.0 0.0 (0.0-0.2)

 Total Change 0.2 ± 1.3 0.0 (0.0-0.3) 0.1 ± 1.3 0.0 (0.0-0.4)

SD = standard deviation, IQR = interquartile range. ¹ Positive activity = new + enlarged lesions. ² Negative 
activity = resolved + shrunken lesions
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Treatment effect
Although, the raters detected a higher mean number of active lesions using subtraction 

images, in both the on- and off-treatment groups, compared to native images, this 

did not resulted in increased power to distinguish treatment arms (p=0.006 and 0.007 

respectively, Table 4). Both analysis methods also did not detect a signifi cant treatment 

effect, for the total lesion load change measured on either subtraction or native images 

(p=0.154 and 0.455 respectively). However, using the advantage of subtraction images 

to directly quantify positive lesion load change (Figure 3), a signifi cant treatment effect 

was detected (p=0.012), even in this relatively small sample. Signifi cance was maintained 

when corrected for statistical dependencies arising from the use of multiple scanpairs 

from one patient. 

Figure 2 | Example of the variability in lesion outlinings (for lesion load measurements) on 

native images. A: native baseline proton density (PD) image (TR/TE 2000-3000/60-100 ms). B: 

native follow-up PD image. C: subtraction image. Although the pathology as displayed by the 

native images does not change (besides one new lesion), the lesion outlinings (of stable lesions) 

do show variability (delta arrows), lowering the precision and subsequently the power to detect 

treatment effects on native images. Subtraction images circumvent this problem as only active 

lesions (arrowheads) are displayed allowing direct quantifi cation of change. 
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Figure 3 | Example of a large lesion load of negative activity relative to positive activity, 

possibly confounding the detection of treatment effect. A: Native baseline post-contrast T1-

weighted image (TR/TE 400-700/5-25 ms). B: Native baseline proton density (PD) image (TR/TE 

2000-3000/60-100 ms) with lesion outlines overlaid. C: Native follow-up PD image with lesion 

outlines overlaid. D: Subtraction image with lesion outlines overlaid. Arrowheads denote an 

enhancing lesion on the baseline images surrounded by edema (delta arrow) which is resorbed 

on the follow-up PD image. Straight arrows point out a new lesion on both the follow-up PD and 

subtraction image and curved arrows point out “false-positive” positive activity as the lesion 

was visible on both the baseline and follow-up PD image and does not increase in size.



Chapter 4

112

Table 4 | Evaluation of treatment effects comparing patients on either interferon beta-1b or 

placebo, per analysis method

 Mean scores (± SD) of both raters 

 Native Subtraction 

PA Counts

Interferon (n=22) 1.25 ± 2.12 2.09 ± 3.58

Placebo (n=18) 3.97 ± 3.88 6.94 ± 7.46

P Value * 0.019 0.012

Total LL Change (cm³)

Interferon (n=22) -0.32 ± 1.60 -0.30 ± 1.37 

Placebo (n=18) 0.40 ± 1.26 0.55 ± 1.52 

P Value * 0.828 0.250

PA LL Change (cm³)

Interferon (n=22) 0.21 ± 0.37 

Placebo (n=18) 0.85 ± 1.32 

P Value *  0.032

Data are mean scores (± SD) of both raters. PA = Positive activity (new + enlarged lesions), LL = Lesion Load. 
* P values are based on Mann-Whitney U tests, comparing patients on either interferon beta-1b or placebo. 
For patients (n=6) with two scanpairs over time, only the fi rst scanpair was included.

Discussion 

Using MR images from a clinical, multi-center trial, we found image subtraction to detect 

higher numbers of active lesions, with greater interobserver agreement, combined with 

increased power to distinguish treatment arms, compared to a conventional pair-wise 

comparison of non-registered images.

 Previous studies examining interobserver agreement for active lesion detection 

reported weak to moderate interobserver agreement, expressed as weighted kappa values 

of 0.35-0.46 for new lesions and 0.11-0.21 for enlarging lesions, based on conventional 

analyses 5, 13. The use of image registration alone increased the interobserver agreement 

to 0.62 for new lesions and 0.20 for enlarged lesions 13. A previous study 7 that applied 

image subtraction to detect active MS lesions, although in a single-center setting, 

reported moderate to good interobserver agreement, expressed as weighted kappa values 

of 0.71 for positive activity (new and enlarged lesions) and 0.50 for negative activity 

(shrunken and resolved lesions). However, the sample size in that study was smaller (30 



Improved detection of temporal disease activity using 2D Subtraction MR imaging 

113

scan pairs vs. 46 used here) and a different registration procedure was used, registering 

the follow-up images to the baseline images using trilinear interpolation, instead of a 

halfway registration combined with spline interpolation, as used in our study. Both of 

these differences introduce relatively more blurring in the follow-up images than in the 

baseline images, possibly reducing the sensitivity in active lesion detection and biasing 

lesion load measurements. 

 Mean baseline whole brain lesion loads measured in our study (3.0 cm³ for rater 1 and 

3.2 cm³ for rater 2) are in the order reported for the whole trial 14, and typify patients in 

the early phase of the disease. The marginal change in T2 lesion load is refl ective of the 

overall robust effect of interferon beta-1b on MRI measurements as reported elsewhere 
14. Using subtraction images we found greater interobserver agreement (0.94) for the 

change in total lesion load compared to the conventional analysis (0.80). In part, this is 

related to the higher ICCs found for the detection of active lesions on the subtraction 

images and refl ects the “real-life” situation in which a technician and rater form a unit of 

analysis. Also, the registration of the images could have reduced the variance of the lesion 

load measurements as even small changes in scan orientation of unregistered images 

can result in errors of up to 7% in measured volumes 15,16. Lesion load change measured 

using conventional analyses likely under-represents true disease activity, as it refl ects 

the difference between the lesion loads of positive and negative activity 17,18. Indeed, 

in previous studies, using subtraction images to determine lesion load changes, the total 

lesion load change was much lower than the lesion load of positive activity 19-20, which is 

in accordance with our fi ndings. 

 Both counts of active lesions and total lesion load change are used in clinical 

trials, as secondary endpoints, to discern treatment effi cacy. Increased sensitivity for 

an outcome measure could lead to a sample size reduction while maintaining power, 

meaning a reduction of the number of patients and/or follow-up examinations needed for 

clinical trials. Even with a relatively small sample size of 46 scan pairs, our results show 

an increased power in distinguishing treatment arms (interferon beta-1b vs. placebo), for 

the lesion load change of positive activity on subtraction images (p=0.012) compared to 

the standard measurement of total lesion load change on native images (p=0.455). This 

underlines the inherent advantages of subtraction images to directly identify and quantify 

positive disease activity, circumventing measurement errors emanating from quantifying 

two individual brain lesion loads and the confounding effect of negative disease activity, 

besides the aforementioned benefi ts of increased detection of active lesions with greater 



Chapter 4

114

interobserver agreement. A future study with a larger sample size should evaluate whether 

the quantifi cation of positive disease activity alone could be used as a more sensitive 

outcome measure to determine treatment effect in clinical multi-center trials. 

 A potential limitation of our study was the introduction of selection bias. MR scans 

were derived from a multi-centre trial in which all scans had been subjected to a routine 

quality control procedure 14. In addition, 4 of the 92 (4.3%) initially selected MR scans 

from the trial database were excluded since both the expert visual analysis and software 

postprocessing steps perform suboptimally in case of images suffering heavily from patient 

related movement artifacts. The quality of subtraction images is defi ned by the quality 

of the source images, the quality of the registration and intensity correction procedures. 

Especially the early echo of the 2D-T2SE, the proton density image, may suffer from 

blood and CSF fl ow artifacts in the posterior cranial fossa which are inconsistent over 

time, leading to artifacts in the subtraction image. Furthermore, the 2D-T2SE features an 

anisotropic voxel size producing interpolation effects due to reslicing of data during the 

registration procedure. An improvement could be the use of single-slab 3D sequences that 

apply spatially non-selective RF pulses with variable fl ip angles preventing fl ow artifacts 
21,22. Also, 3D sequences have intrinsically higher signal-to-noise ratios, allowing the 

acquisition of small isotropic voxels, and can easily be combined with image contrasts 

such as Fluid Attenuated Inversion Recovery (FLAIR) and Double Inversion Recovery (DIR) 

that detect substantially more lesions compared to 2D (fast) spin-echo techniques 23-25. 

However, the combination of high-resolution datasets and more sensitive contrasts means 

image analysis will demand more time, which could be an additional incentive to use 

subtraction images that allow a faster and direct identifi cation of change. 

 A second possible limitation of our study was the relatively short time between 

successive scans (median around 3 months), in which hardly any brain atrophy will have 

occurred. Brain atrophy can infl uence the quality of MR image registration and is higher in 

the MS brain compared to the normal-ageing brain 26. In phase III clinical trials intervals 

between successive scans could exceed one year, resulting in more atrophy between time 

points. Thirdly, the registered images should be examined alongside the subtraction images 

to rule out artifacts, some of which result from lesion/focal signal intensity differences 

between the baseline and follow-up image, which we considered false-positive lesions, but 

could also be the resultant of T2 signal variation due to actual changes in histopathology. 

Furthermore, our study focused on reliability and precision rather than accuracy, because 

of the lack of an independent reference standard. However, in a clinical trial precision 



Improved detection of temporal disease activity using 2D Subtraction MR imaging 

115

provides greater power to detect treatment effects than accuracy 27, which can be 

extrapolated to the results of the current study. 

 Finally, our study devoted time and effort to create optimal image postprocessing, 

but we did not quantify the amount of time taken for these steps. Future studies can 

easily automatize our method, by means of an integrated script. All postprocessing steps 

use open-source software, freely available through the internet, further facilitating 

incorporation into an automated pipeline. Although not directly quantifi ed, the computing 

time for the various postprocessing steps was compensated for by a time gain for the 

quantifi cation of total lesion load change on subtraction images. In case of a patient with 

30 lesions on the baseline scan and 31 lesions on the follow-up scan (i.e. one new lesion), 

61 lesions needed to be outlined to determine the change in total lesion load on the native 

images, whereas only one lesion needed to be outlined on the subtraction images. The 

apparent increased effi ciency of subtraction images could substantially shorten the time 

(and costs) needed to analyze serial MR data in clinical treatment trials. 

 To conclude, we found an increased detection of all subtypes of active lesions (new, 

enlarged, resolved, and shrunken) with greater interobserver agreement for the detection 

of active lesions and total lesion load change. Also, subtraction imaging allowed the direct 

quantifi cation of positive and negative disease activity demonstrating that overall disease 

activity can be severely underestimated on native images. All these advantages contributed 

to an increased power to distinguish treatment arms, translating into a possible reduction 

of the number of patients and/or follow-up examinations needed for clinical trials. 
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Abstract

Objective: To compare long-interval T2-weighted subtraction (T2w-Sub) imaging with 

monthly gadolinium-enhanced T1-weighted (Gd-T1w) imaging for 1) detection of active 

lesions, 2) assessment of treatment efficacy, and 3) statistical power, in a multiple 

sclerosis (MS), phase II, clinical trial setting. 

Methods: MRI data over 9 months from 120 patients (61 treatment, 59 placebo) from 

the oral temsirolimus trial were used. T2w-Sub images were scored for active lesions, 

independent of the original reading of the monthly Gd-T1w images. Treatment efficacy 

was evaluated using the nonparametric Mann-Whitney U test, and parametric negative 

binomial(NB)-regression, and power calculations were conducted. 

Results: Datasets from 116 patients (58 treatment, 58 placebo) were evaluated. The 

mean number of T2w-Sub lesions in the treatment group was 3.0(±4.6) vs. 5.9(±8.8) for 

placebo; mean cumulative number of new Gd-T1w lesions in the treatment group was 

5.5(±9.1) vs. 9.1(±17.2) for placebo. T2w-Sub imaging showed increased power to assess 

treatment efficacy compared with Gd-T1w imaging, when evaluated by: Mann-Whitney 

U test (P=.017 vs. P=.177), NB-regression without (P=.011 vs. P=.092) or with baseline 

adjustment (P<.001 vs. P=.002). Depending on the magnitude of the simulated treatment 

effect, sample size calculations showed reductions of 22%-34% in the number of patients 

(translating into reductions of 81%-83% in the number of MRI scans) needed to detect a 

significant treatment effect in favor of T2w subtraction imaging. 

Interpretation: Compared with monthly Gd-enhanced T1w imaging, long-interval T2w 

subtraction MRI exhibited increased power to assess treatment efficacy, and could greatly 

increase the cost-effectiveness of phase II MS trials, by limiting the number of patients, 

contrast injections and MRI scans needed. 
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Introduction

Magnetic resonance imaging (MRI) is used as the primary outcome measure in multiple 

sclerosis (MS), phase II, clinical trials as it represents a more sensitive and reproducible 

method to monitor disease activity over time, compared with clinical measures 1,2. 

Gadolinium(Gd)-enhancement is thought to refl ect acute infl ammation in which the 

blood-brain barrier is disrupted 3,4, persisting on average for around one month 5,6. Anti-

infl ammatory properties of new treatments are thus assessed using serial Gd-enhanced 

T1-weighted (T1w) imaging, which is costly because of monthly scanning and contrast 

injections. Furthermore, the repeated administration of gadolinium could be potentially 

harmful, given the possible association between the use of Gd–based contrast media and 

the occurrence of nephrogenic systemic fi brosis, especially in patients with (chronic) 

renal insuffi ciency 7,8.

 As the scanning interval between consecutive MRI scans is lengthened, an increasing 

amount of disease activity is likely to be missed when assessed solely by Gd-enhanced 

T1w imaging. Therefore, trials of longer duration make supplementary use of T2-weighted 

(T2w) MR scans, performed at 3-monthly or even yearly intervals to monitor disease 

activity. In this setting, lesions on T2w images are thought to refl ect the cumulative 

residual of disease activity 9. However, the detection of active (new and enlarged) T2 

lesions using serial conventional MR imaging is complicated, by repositioning errors and a 

background of unaltered non-active lesions 10. 

 T2w subtraction imaging, after image registration, provides an alternative in which 

the effect of repositioning errors is reduced, and the contrast between active lesions and 

the non-active background is enhanced as stable lesions cancel out. This method detected 

higher numbers of active lesions with greater interobserver agreement, compared with a 

standard analysis of non-registered T2w images, in both a single and multi-center clinical 

trial setting 11,12. Furthermore, subtraction imaging identifi ed higher lesion volumes of 

disease activity, and demonstrated increased power to evaluate treatment effi cacy using 

direct quantifi cation of positive disease activity, compared with standard volumetric 

analyses 12,13. Until now, long-interval T2w subtraction imaging has not been directly 

compared with serial Gd-enhanced T1w imaging for the identifi cation of active lesions 

and assessment of treatment effi cacy. If the residual disease activity identifi ed by T2w 

subtraction imaging over many months exhibits at least the same power to evaluate 

treatment effi cacy compared with serial Gd-enhanced T1w imaging, this greatly would 
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increase the cost-effectiveness of clinical trials (by limiting the number of patients, scans 

and contrast injections needed), and increase patient safety and compliance. Hence 

the goals in this study were to explore the applicability of long-interval T2w subtraction 

imaging to 1) detect active lesions, 2) assess treatment effi cacy, and 3) secure statistical 

power, in comparison with serial monthly Gd-enhanced T1w imaging, in an MS, phase II, 

clinical trial setting.

Materials and Methods

Patients and MR Image Acquisition
Serial MR images were derived from a multicenter, randomized, double-blind, placebo-

controlled, phase II, clinical trial, described in more detail in 14. Briefl y, 296 patients 

(with relapsing-remitting or secondary progressive MS with superimposed relapses) were 

randomized to 2, 4 or 8 mg temsirolimus orally every day (which selectively blocks 

interleukin-2 driven T-cell proliferation) or placebo for 9 months. Patients were not 

included in the trial if they had received systemic corticosteroid therapy within one month 

prior to randomization. In the present study only those patients randomized to either 8 mg 

temsirolimus (76 patients) or placebo (69 patients) were selected. Secondly, only patients 

with complete MRI data over all nine months were included, which resulted in 61 patients 

on treatment and 59 on placebo. The clinical trial protocol was approved by local ethics 

review boards of all participating centers, and all subjects gave written informed consent. 

 Patients were monitored for nine months using monthly MRI scans, acquired according 

to published guidelines describing the use of MRI in clinical trials 15. The MRI protocol 

included an oblique-axial, dual-echo, PD-weighted and T2-weighted, spin-echo or turbo/

fast spin-echo (TR/TE of 2000-3000 / 15-40 & 60-100 ms) and a T1-weighted, spin-echo 

(TR/TE of 400-700 / 5-25 ms), before and after administration of 0.1 mmol/kg gadolinium 

diethylene triamine pentaacetic acid intravenously. Field of view for all examinations was 

25 cm, combined with a 256 x 256 matrix, resulting in a roughly 1 x 1 mm pixel size in-

plane. Images were acquired in two interleaved sets with a 3mm gap, resulting in whole 

brain coverage with contiguous 3mm thick slices.
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Post-processing/registration
Subtraction images were generated by applying a series of post-processing steps. First, for 

both timepoints, a brain mask was created using the brain extraction tool (BET) 16, part 

of FMRIB’s software library (FSL) 17. All subsequent post-processing steps were calculated 

within the brain masks and subsequently applied to the whole scan, starting with an 

intra-scan intensity normalization (bias fi eld correction) using the non-parametric method 

N3 18, followed by a global scaling step to equate the average intensities of consecutive 

scans. Finally, images were spatially normalized (rigid body registration) to a halfway 

position using FMRIB’s Linear Image Registration Tool (FLIRT) 19, with mutual information 

as cost function and sinc interpolation. 

Image Analysis
The non-registered Gd-enhanced T1w images, had been centrally evaluated by the 

Image Analysis Centre (IAC), Amsterdam, The Netherlands, by expert reviewers blinded 

to treatment allocation. The number of new Gd-enhancing T1w lesions was assessed 

according to published guidelines 20 and available from the trial database. All subtraction 

images were evaluated by an expert reviewer (BM), also blinded to treatment allocation, 

using the freely available medical image processing, analysis, and visualization (MIPAV) 

software package developed at the National Institutes of Health, Bethesda, MD (http://

mipav.cit.nih.gov/) 21. The subtraction images comprising both the short and long echo 

T2w images were analyzed as one set. All subtraction images were analyzed alongside 

the halfway registered baseline and follow-up images, to ensure that changes identifi ed 

on the subtraction images genuinely represented disease activity (rather than artifact). 

Lesions on subtraction images were identifi ed according to published criteria which are 

described in more detail in 11,12. Briefl y, a lesion had to be a clearly visible, non-artifactual, 

area of change (bright or dark) against the grey background. In the subtraction image, 

new and enlarged lesions (positive activity) appear as bright areas, whereas resolved or 

shrunken lesions (negative activity) appear as dark areas. In the present study only new 

and enlarged lesions (positive activity) were identifi ed, since these are used as outcome 

measure in MR monitored MS treatment trials and comparable to new activity detected by 

Gd-enhanced T1w images.
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Statistical Analysis
The correlation between the number of T2w subtraction lesions (month nine T2w scan 

minus the month one T2w scan) and the cumulative number of new Gd-enhancing T1w 

lesions (month two T1w scan through month nine T1w scan) was explored using Spearman’s 

correlation coeffi cient. Lesion counts were expressed as means with accompanying 

standard deviations (SDs) for each imaging scheme, and compared using the Wilcoxon 

signed ranks test. By means of linear regression analysis, the predictive value of 1) the 

baseline number of Gd-enhancing T1w lesions, and 2) T2 lesion load (T2LL), for the 

development of on-study numbers of Gd-enhancing T1w lesions and T2w subtraction 

lesions, was determined. Statistically signifi cant predictors were subsequently entered as 

covariates in the treatment effi cacy analysis described below. 

 Treatment effects (reduction of active lesions) of oral temsirolimus as determined by 

the two imaging schemes was evaluated threefold; fi rst, by means of the nonparametric 

Mann-Whitney U test; secondly, parametrically using a general linear model (GLM) based 

on the negative binomial (NB) distribution (NB-regression) without the inclusion of 

covariates; fi nally, again by means of NB-regression with the inclusion of covariates. 

 Subsequently, power calculations were conducted to estimate the required number 

of patients to determine a signifi cant treatment effect. Additionaly, the number of MRI 

scans was calculated by multiplying the number of patients by two for T2w subtraction 

imaging, and eight for Gd-enhanced T1w imaging. For the sample size estimates of 

T2w subtraction imaging the optimal fi tting distribution for describing the number of 

T2w subtraction lesions was selected from a selection of conceivable statistical count 

distributions (Poisson, NB) by comparing their maximized log-likelihood values as measure 

of their goodness of fi t of the data. Then, the statistical model was implemented using a 

parametric resampling and simulation methodology 22 which, for a given power, calculates 

the required sample sizes for a range of anticipated treatment effects (MATLAB version 

2007a). For Gd-enhanced T1w imaging the same resampling and simulation procedure 

was applied, assuming the data to be NB distributed 23,24. All statistical analyses were 

performed with SPSS version 15.0 (SPSS, Chicago, IL) and Stata version 10 (StataCorp, 

College Station, TX).
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Results

Lesion counts and correlations
In total 4(3.3%) of the 120 subtraction datasets were excluded from the visual analysis 

due to technical limitations; twice the registration procedure failed because the month 

one and nine T2w images were acquired with a different matrix size, and twice because 

extensive motion artifacts severely degraded the quality of the subtraction images. As a 

result, datasets from 116 patients were evaluated, of who the demographic descriptors are 

summarized in Table 1. The numbers of active (new and enlarged) T2w subtraction lesions 

and cumulative number of new Gd-enhancing T1w lesions detected were signifi cantly 

correlated (rho = 0.80, P < .001), albeit that the difference between both measures 

increased in patients with increasing lesion numbers (Figure 1). Overall, the mean 

cumulative number of new Gd-enhancing T1w lesions was signifi cantly higher (1.7-fold) 

than the mean number of T2w subtraction lesions (7.28 vs. 4.41, P < .001, Figures 2-4). 

Figure 1 | Scatterplot visualizing the correlation (Spearman’s rho 0.80, P < .001) between the 

cumulative number of gadolinium-enhancing T1w lesions identifi ed (horizontal axis) versus the 

number of T2w subtraction lesions identifi ed (vertical) axis for all 116 patients.
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Figure 2 | Examples of Gd-enhancing T1w lesions visible as positive activity on the T2w 

subtraction image. MS activity on A, halfway registered month one T2w MR image; B, halfway-

registered month nine T2w image; C, T2w subtraction image; D, E, F, month three, month 

fi ve, and month nine non-registered Gd-enhanced T1w images respectively. Arrowheads = 

Gd-enhancing T1w lesions on various timepoints, also visible on the follow-up registered T2w 

image, and easily identifi ed on the T2w subtraction image. Arrows = very small lesion not 

readily identifi ed on the T2w subtraction image which did correspond to a Gd-enhancing T1w 

lesion. 

The baseline T2LL signifi cantly predicted the development of on-study T2w subtraction 

lesions (ß = 2.464, P = .001), and stratifi cation by the median baseline T2LL showed 

a signifi cantly (2.8-fold) higher mean number of lesions developing in the “above the 

median” group compared with the “below the median” group (6.5 vs. 2.3, P < .001). 
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Likewise, the baseline number of Gd-enhanced T1w lesions signifi cantly predicted the 

development of on-study Gd-enhanced T1w lesions (ß = 2.189, P < .001), and stratifi cation 

by the median baseline number of Gd-enhancing T1w lesions also showed a signifi cantly 

(3.6-fold) higher mean number of lesions developing in the “above the median” group 

compared with the “below the median” group (11.9 vs. 3.3, P < .001).

Figure 3 | Example of Gd-enhancing T1w lesion in the temporal lobe which was not identifi ed 

on the T2w subtraction image. A, halfway registered month one T2w MR image; B, halfway-

registered month nine T2w image; C, Gd-enhanced T1w image; D, T2w subtraction image. 

Arrowheads = Gd-enhancing T1w lesion on month two, not identifi ed on the T2w subtraction 

image, due to fl ow artifacts (arrows) of the basilar artery.

Detection of treatment effect 
The mean cumulative number of new Gd-enhancing T1w lesions identifi ed in the treatment 

(temsirolimus) group was (38%) lower compared with the placebo group (5.5 vs. 9.1 
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respectively), but this difference was not signifi cant when evaluated by using the Mann-

Whitney U test (P = .177), nor by using NB-regression without covariates (P = .092, Table 

2). The reduction in the cumulative number of new Gd-enhancing T1w lesions was deemed 

statistically signifi cant only when either the baseline number of Gd-enhancing T1w lesions 

(P = .005), or baseline T2LL (P = .011), or both (P = .002), were entered as covariates in 

the NB-regression model.

Table 1 | Baseline descriptives

Characteristic Placebo (n = 58) Treatment (n = 58)

General

 No. Female (%) 43 (74) 38 (66)

 No. RRMS* (%) 50 (86) 53 (91)

 Mean age (SD) 38.3 (9.4) 38.6 (8.5)

 Mean disease duration (SD) 4.7 (5.1) 5.1 (5.3)

 Median baseline EDSS (IQR) 2.5 (1.5-3.5) 2.0 (1.5-3.5)

MRI

 No. ≥ 1 T1w Gd lesion (%) 19 (33) 35 (60)

 Median T2 lesion volume in cm³ (IQR) 4.8 (2.1-8.6) 4.6 (2.5-10.2)

IQR = Interquartile range, SD = standard deviation. * remaining patients have SPMS with relapses

Table 2 | Analysis of treatment effi cacy comparing patients on either temsirolimus or placebo, 

per analysis method

 Analysis method

 T1w Gd T2w Sub 

Lesion Counts (Mean ± SD)

 Temsirolimus (n=58) 5.5 ± 9.1 3.0 ± 4.6

 Placebo (n=58) 9.1 ± 17.2 5.9 ± 8.8

 Analysis of treatment effi cacy (P value)

Mann-Whitney U test .177 .017

NB-regression, adjusted for: 

 no adjustment .092 .011

 no. of baseline T1w Gd lesions .005 .002

 baseline T2 lesion load .011 < .001

 both .002 < .001

NB = negative binomial



Improved detection of temporal disease activity using 2D Subtraction MR imaging 

129

Figure 4 | Example of Gd-enhancing T1w lesion which was not identifi ed on the T2w subtraction 

image. A, halfway registered month one T2w MR image; B, halfway-registered month nine T2w 

image; C, Gd-enhanced T1w image; D, T2w subtraction image. Arrowheads = Gd-enhancing T1w 

lesion on month two, seen as a very subtle lesion on the month nine registered T2w image, not 

identifi ed on the T2w subtraction image. 

The mean number of T2w subtraction lesions identifi ed in the treatment group was (49%) 

lower compared with the placebo group (3.0 vs. 5.9, respectively). In contrast to the 

case using the number of Gd-enhancing lesions as outcome, this difference was signifi cant 

with all the statistical methods used. In particular, the signifi cance level was P=.017 

when evaluated by using the Mann-Whitney U test, and P=.011 when using NB-regression 

without covariates (see Table 2 for more details). 

 

Sample size calculations
Depending on the magnitude of the simulated treatment effect, the number of patients 

required per treatment arm to determine a signifi cant treatment effect in a placebo 

controlled, parallel grouped clinical trial design, were 22 to 33 percent lower for T2w 
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subtraction imaging, compared with Gd enhanced T1w imaging (Table 3, Figure 5). This 

translated into reductions of 81% to 83% in the number of MRI scans needed to detect a 

signifi cant treatment effect (Table 3). The point estimates are based on simulations with 

the following NB parameters derived from the data (T2w subtraction imaging: mean 

( ) = 5.9, dispersion parameter ( ) = 0.58; Gd enhanced T1w imaging: mean ( )= 9.1 

and dispersion parameter ( ) = 0.41). 

Table 3 | Number of patients/MRI scans per treatment arm, necessary to perform parallel 

group designed trials with a statistical powers of 80%, to signifi cantly detect a mean percentage 

decrease from 30% to 90% in mean number of new lesions.

Treatment effect T1w Gd T2w Sub % Reduction

 Patients (n) MRI (n) Patients (n) MRI (n) Patients (n) MRI (n)

30% 540 4320 366 732 32 83

40% 266 2128 184 368 31 83

50% 150 1200 101 202 33 83

60% 88 704 60 120 32 83

70% 51 408 39 78 24 81

80% 30 240 22 44 27 82

90% 18 144 14 28 22 81

Figure 5 | Relationship between the number of patients needed in each treatment arm and 

various simulated treatment effects for a power of 80%, for both Gd-enhanced T1w imaging 

(dotted line) and T2w subtraction imaging (solid line). 
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Discussion

Despite an expected loss in sensitivity, we found that long-interval T2w subtraction MR 

imaging exhibited increased power to assess treatment effi cacy, compared with monthly 

serial Gd-enhanced T1w imaging. In particular, the subtraction scheme used in our study 

detected around half of the lesions compared with Gd-enhanced T1w imaging. Several 

factors contributed to this fi nding. First, very small (1-2mm) lesions that were identifi ed 

with Gd-enhanced T1w imaging were readily missed on subtraction images. The T2w 

images used in this study to create the subtraction images, featured an isotropic voxel 

size inducing subtle misregistration artifacts and blurring in the subtraction images, which 

particularly hampered the detection of (very) small lesions (Figure 2). This could be 

ameliorated by the application of 3D sequences with intrinsically higher signal-to-noise-

ratios compared with 2D sequences 25-27, allowing the acquisition of smaller isotropic 

voxels, leading to a potentially more accurate registration result. Secondly, fl ow artifacts, 

arising from the carotid and vertebrobasilar arteries and transverse sinuses, hampered 

the detection of lesions in the posterior fossa and temporal lobes on subtraction images 

(Figure 3). This could also be improved by the application of single-slab 3D sequences 

which employ non-spatially selective radio-frequency pulses 28,29, resulting in the absence 

of blood and cerebro-spinal fl uid (CSF) fl ow artifacts, thereby improving the visualization 

of infratentorial lesions 27. Thirdly, some lesions only appeared as very subtle T2 

hyperintensities on the month 9 T2w scan, and hence on the subtraction image, whereas 

their initial area of enhancement was quite extensive (Figure 4). This was most prominent 

for lesions identifi ed with Gd-enhanced T1w imaging during the fi rst months of the study, 

which had the largest time-window between the initial enhancement and the month nine 

T2w scan. 

 Conversely, some lesions were detected with T2w subtraction imaging that were not 

detected with Gd-enhanced T1w imaging (above the dashed reference line from equation 

in the zoom-in of Figure 1). Gd-enhanced T1w imaging was undertaken monthly in the 

oral temsirolimus trial. However, some new lesions, i.e. those new lesions that appear 

just after a monthly scan and enhance for only a couple of weeks, will be missed. Cotton 

et al reported a mean duration of enhancement of new lesions of 3.07 weeks 30, which 

makes it likely that some new lesions will not be captured with monthly Gd-enhanced 

imaging. Indeed, early literature already reported that not all new or enlarging T2 lesions 

demonstrate enhancement on monthly scanning 5,31,32.
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 Using the nonparametric Mann-Whitney U test we found a signifi cant reduction (49%, 

P=.017) of the mean number of T2w subtraction lesions in the treatment (temsirolimus) 

group compared with the placebo group, whereas we found a non-signifi cant reduction 

(40%, P=.177) of the mean cumulative number of new Gd-enhancing T1w lesions. 

Alternatively, we used the negative binomial (NB) distribution, which has been described 

to adequately model lesion count data over time 23,24, allowing a statistically more 

powerful parametric approach (e.g. general linear regression) to evaluate treatment 

effi cacy (i.e. the reduction in active lesions) in MS patients. Indeed, the aforementioned 

reductions in active lesions showed lower P values when evaluated by NB-regression 

compared with the non-parametric Mann-Whitney U test, which was more evident for 

Gd-enhanced T1w imaging (P=.092 vs. P=.177 respectively) than for T2w subtraction 

imaging (P=.011 vs. P=.017 respectively). Another advantage of using NB-regression is the 

possibility to adjust for (baseline) covariates, which can reduce the interpatient variance, 

and thereby increase the statistical power of MRI-monitored trials 22,33. We also found 

this in our study, especially for Gd-enhanced T1w imaging, as NB-regression adjusted for 

the number of baseline Gd-enhancing T1w lesions and T2LL, resulted in a lower P value 

(P = .002), compared with unadjusted NB-regression (P= .092). Short of stratifi cation for 

the aforementioned baseline determinants, statistical analysis of MRI-monitored phase II 

clinical trials should employ baseline covariate adjustment to increase statistical power.

 Our study had several potential limitations. Firstly, the T2w MR images were acquired 

after the administration of gadolinium, resulting in a slighty increased signal intensity of 

Gd-enhancing lesions on T2w images 34. Consequently, lesions that had a higher signal 

intensity on the month one scan than on the month nine scan (i.e. all lesions that showed 

Gd-enhancement on the month one scan), appeared as negative rather than positive 

activity and were not identifi ed on the subtraction images. To make a rational comparison 

with Gd-enhanced T1w imaging, the cumulative number of new Gd-enhancing T1w lesions 

was calculated from the month 2 to the month 9 scans. Signifi cance of all outcomes was 

maintained when including data from the month one Gd-enhanced T1w scans (data not 

shown). Secondly, 4 patients were excluded from our study due to technical limitations 

of the subtraction scheme. However, 25 patients (15 treatment, 10 placebo) included in 

the original trial, were excluded from our study because Gd data was not available for 

all nine months of follow-up, whereas the month one and month nine T2w scans were 

available. Thirdly, the analysis of T2w subtraction images was undertaken by one reviewer 

in a research setting, whereas the Gd-enhanced T1w images were reviewed by multiple 
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reviewers, as part of the clinical trial, in accordance with published guidelines. Finally, 

T2w subtraction imaging could have a lower specifi city compared with Gd-enhanced T1w 

imaging for the detection of MS activity. Age-related white matter changes, appearing 

as T2 hyperintensities without enhancement, also termed leukoaraiosis, are frequently 

found on brain MRI in elderly populations and thought to be the resultant of small vessel 

disease 35,36. These lesions could be mistakenly identifi ed as new MS lesions on T2w 

subtraction imaging. However, the mean age of patients in this study was around 38 years 

which makes it highly unlikely that the T2w subtraction lesion identifi ed were vascular in 

origin. 

 In conclusion, despite an expected loss in sensitivity, we found long-interval T2w 

subtraction MR imaging to exhibit increased power to assess treatment effi cacy, compared 

with serial monthly Gd-enhanced T1w imaging, in an MS, phase II, clinical trial setting. 

T2w subtraction MR imaging could greatly increase the cost-effectiveness of phase 2 MS 

trials, by limiting the number of patients, contrast injections, and MRI scans needed, and 

decrease patients’ risk by obviating gadolinium administration.
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Abstract

Purpose: To examine the benefi ts of using near-isotropic, single-slab, three-dimensional 

(3D) MR imaging for the creation of subtraction images, and to evaluate their performance 

in detecting active MS brain lesions compared with two-dimensional (2D) subtraction 

images. 

Materials and Methods: The study protocol was approved by the local ethics review board 

and all subjects gave written informed consent before investigation. 3D MR sequences, 

including double inversion-recovery (DIR), fl uid-attenuated inversion recovery (FLAIR), 

T2, and T1- weighted magnetization prepared rapid acquisition gradient-echo (MPRAGE), 

and corresponding 2D sequences were acquired twice in fourteen multiple sclerosis (MS) 

patients (8 women, mean age 37.6 years) and nine age-matched healthy controls (3 

women, mean age 31.7 years). Active lesions were scored by two independent raters, 

followed by a consensus reading. Lesion counts were evaluated using negative binomial 

regression; interrater agreement was evaluated using intraclass correlation coeffi cient 

(ICC). 

Results: 3D subtraction images suffered less from residual misregistration and fl ow 

artifacts, and detected higher numbers of active lesions with greater interobserver 

agreement, compared with 2D subtraction images. Among the 3D sequences, MPRAGE 

subtraction imaging detected a signifi cantly higher mean number of positive active 

MS lesions compared with 2D subtraction imaging (2.8 vs. 1.7, P=.012), particularly, 

infratentorial lesions (0.6 vs. 0.1, P < .05), and a substantially higher mean number of 

small (<3mm) lesions (0.6 vs 0.1, P > .05). 

Conclusion: 3D subtraction imaging, after image registration, produced better image 

quality, leading to increased detection of active MS lesions with greater interobserver 

agreement, compared with 2D subtraction images. 3D-MPRAGE subtraction imaging 

represents a promising technique to increase sensitivity in ascertaining lesion dissemination 

in time, and increase the power of MRI metrics for the evaluation of treatment effects in 

clinical trials.
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Introduction 

Magnetic resonance (MR) imaging is extensively used in the diagnosis and management of 

patients suffering from multiple sclerosis (MS), as it represents a sensitive and objective 

method to monitor disease activity over time. The clinical relevance of MR imaging 

is refl ected by the integration of new MS lesions in the diagnostic international panel 

(IP) criteria to determine dissemination in space (DIS) and time (DIT) 1,2. In addition, a 

reduction of the number of active MS lesions is used as an outcome measure in treatment 

trials to evaluate treatment effi cacy of new therapeutic agents 3,4.

 Notwithstanding the importance of MR imaging in MS, the detection of active 

lesions, both new and enlarging, using serial, non-registered, standard two-dimensional 

(2D) T2-weighted spin-echo (2D-T2SE) images is complicated by repositioning errors 

and a background of unaltered non-active lesions 5. Subtraction images, after image 

registration, provide an alternative strategy in which the effect of repositioning errors is 

reduced, cancelling out radiographically stable pathology. In both single- and multi-centre 

settings, 2D subtraction imaging detected higher numbers of active lesions with greater 

interobserver agreement, compared with non-registered 2D-T2SE images 6,7. 

 Even though 2D subtraction imaging shows substantial promise, it is limited because 

the anisotropic voxels reduce the accuracy of image registration techniques. The quality 

of subtraction images, and hence the detection of active lesions, could be further 

ameliorated by the application of isotropic, three-dimensional (3D) images. Furthermore, 

2D-T2SE imaging suffers from blood- and CSF-fl ow artifacts in the posterior fossa, which 

are inconsistent over time and leading to artifacts in the subtraction images. 3D sequences 

allow the acquisition of small, isotropic voxels while maintaining a good signal-to-noise 

ratio (SNR). In particular, single-slab 3D sequences that apply non-spatially selective 

radio-frequency pulses with variable fl ip angles, thereby minimizing fl ow artifacts, are 

of specifi c interest for the creation of subtraction images 8-10. In a recent cross-sectional 

study, a near-isotropic, single-slab 3D dataset demonstrated an improved detection of 

both GM and WM lesions compared with 2D-T2SE 11. The purpose of our retrospective 

study was to examine the benefi ts of using near-isotropic, single-slab, 3D imaging for the 

creation of subtraction images, and to evaluate their performance in detecting active MS 

brain lesions, as compared with 2D subtraction images. 



Chapter 5

142

Materials and Methods 

Subjects and MR Image Acquisition
Fourteen patients (8 women) with clinically defi nite MS 12, of which 3 with secondary 

progressive MS and 11 with relapsing-remitting MS, were imaged twice on a 1.5T whole 

body MR system (Siemens Sonata, Erlangen, Germany), using a standard circularly polarized 

head coil. Brain MR imaging was performed between November 2004 and February 2005, 

the median time between successive scans was 84 days (IQR: 77-97 days). The mean age of 

the patients at time of fi rst examination was 37.6 years (range 24.6-53.5), 8 of whom were 

women with a mean age of 37.1 years (range 24.6-53.5), and 6 were men with a mean age 

of 38.2 years (range 26.9-45.1). The median expanded disability status scale score (EDSS) 
13 was 2.75 (range 1.0-6.5) and mean disease duration was 10.0 years (range 3.6-26.4). In 

addition, 9 age-matched healthy controls (3 women), mean age of 31.7 years (range 22.9-

53.5), were examined. The study protocol was approved by the local ethics review board 

and all subjects gave written informed consent before investigation.

 The MRI protocol consisted of four sagittal single-slab 3D sequences: 3D-DIR (TR/

TE/TI1/TI2 of 6500/349/2350/350 ms), 3D-FLAIR (TR/TE/TI of 6500/349/2200 ms), 3D-T2 

(TR/TE of 4300/349 ms), and a 3D-MPRAGE (TR/TE/TI of 2700/5/950 ms), and an oblique-

axial, dual-echo 2D-T2SE with a TR/TE1/TE2 of 2690/45/90 ms. Field of view for the 3D 

examinations was 230 x 310 mm, combined with a 190 x 256 matrix (192 x 256 for the 

MPRAGE), resulting in a 1.2 x 1.2 mm in-plane pixel size. Slice thickness was 1.3 mm with 

120 slices per slab. Field of view for the 2D examinations was 176 x 256 mm, combined 

with a 158 x 256 matrix, resulting in a roughly 1 x 1 mm in-plane pixel size. The 2D images 

were acquired in two interleaved sets with a 3mm gap, resulting in whole brain coverage 

with contiguous 3mm thick slices. 

Post-processing/registration
The sagittal 3D images were corrected for gradient non-linearity in 3 dimensions (3D 

geometric distortion correction, Siemens Avanto, Erlangen, Germany), and subsequently 

orthogonally reformatted, that is,, without interpolation, into the axial plane. The 2D 

images were automatically corrected for gradient non-linearity in two dimensions by 

the MR system during image reconstruction. For each imaging session, a brain mask was 

created using the brain extraction tool (BET) 14, part of the FSL software library 15. All 

subsequent post-processing steps were calculated within the brain mask and applied 
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to the whole scan, starting with an intra-scan intensity normalization using the non-

parametric method N3, which spactially removes slowly varying components from the 

signal intensity in each individual image 16, followed by a global scaling step, in which the 

average intensities between baseline and follow-up images are set to equal values. Briefl y, 

the image brightness and contrast of the follow-up scans was matched with the baseline 

scans, based upon the signal of the intracranial cavity. Finally, images were spatially 

normalized using rigid body registration to a halfway position using FLIRT 17, part of FSL. 

A halfway registration procedure in which the baseline and follow-up images are moved 

to the halfway position in comparison with simply registering the follow-up images all the 

way back to the baseline image; this technique thereby nullifi es artifacts arising from 

interpolation-based blurring. The registrations were conducted with mutual information 

as cost function and sinc interpolation (B.M., with 4 years experience in digital image 

analysis). All halfway registered 3D-DIR, 3D-FLAIR, 3D-T2 and 2D-T2SE baseline images 

were subsequently subtracted from the halfway registered follow-up images to produce 

the fi nal subtraction images. Conversely, the halfway registered T1w 3D-MPRAGE follow-

up images were subtracted from the baseline images, which inverted the grayscale, to 

ensure that for all types of subtraction image, positive activity was always depicted as a 

bright area against a gray background 6. 

Image Analysis and Lesion Scoring 
All images were analyzed separately by 2 independent observers (B.M., M.P.W., with 4 

and 8 years experience, respectively, in serial MR image analysis of MS) using the freely 

available medical image processing, analysis, and visualization (MIPAV) software package 

developed at the National Institutes of Health, Bethesda, MD (http://mipav.cit.nih.gov/) 
18. First, subtraction images from all healthy controls were analyzed in order to identify 

residual registration and fl ow artifacts. Subsequently, a training session was held using 

images not included in the current study to ensure that both independent readers used 

the same criteria to characterize active MS lesions; no alterations were made to the 

criteria during these training sessions. The 2D subtraction images, including both the fi rst 

and second echo images, were analyzed as one set. All subtraction images were analyzed 

alongside the halfway registered baseline and follow-up images, to ensure that change 

identifi ed on the subtraction images genuinely represented disease activity rather than 

artifact. To avoid recall bias, the order of analyses was randomized, with at least two 

weeks between successive analyses of the same patient.
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Criteria used to defi ne lesions and to identify artifacts on subtraction images have 

previously been described 6,7,19. Briefl y, three types of artifact are generally identifi ed 

on subtraction images as: 1) residual registration errors, 2) fl ow artifacts, and 3) 

artifactual lesions, emanating from either lesion signal intensity differences between the 

baseline and follow-up image or partial volume effects. In the present study all types of 

artifact could be readily identifi ed by direct visual reference with the non-subtracted, 

registered images. Lesions scored on subtraction images were subclassifi ed according 

to the following criteria. (1) New lesion: a non-artifactual bright area, clearly visible 

against the gray background. New lesions had to be identifi able on the registered follow-

up image but not on the registered baseline image. New lesions were subdivided into 

those smaller and those larger than 3mm in any diameter. (2) Enlarged lesion: a lesion 

that increased in diameter by at least 50%. (3) Resolved lesion: a non-artifactual dark 

area, clearly visible against the gray background. Resolved lesions were required to be 

visible on the registered baseline image but not on the registered follow-up image. (4) 

Shrunken lesion: a lesion that decreased in diameter by at least 50%. In addition, three 

combined lesion classes were defi ned: positive activity (new + enlarged lesions), negative 

activity (resolved + shrunken lesions), and overall activity (positive + negative activity). 

Both raters digitally marked all the lesions on all subtraction images and these markings 

were reviewed side-by-side to form a consensus scoring for all lesion subclasses per type 

of subtraction image. During the consensus scoring all positive active lesions were also 

subdivided per anatomical region (deep white matter, periventricular, infratentorial, and 

juxtacortical). 

Statistical analysis 
Lesion counts derived from the consensus scoring were expressed as means and standard 

deviations and compared by using a negative binomial regression analysis 20,21, which 

included a sandwich method to estimate the standard errors 22. Interrater agreement 

(based on the independent lesion scorings from both raters prior to the consensus scoring) 

was expressed as an intraclass correlation coeffi cient (ICC), using a variance component 

analysis for a two-way random effects model without interaction variance 23, after log-

transformation of the data. To compare statistical differences between ICCs a Fisher 

z-transformation was applied. In short, the delta method was used to obtain the variances 

of the ICCs, and the standard error of the difference between two Fisher z-transformed 

ICCs was calculated by taking the square root of the sum of both variances. As such, the 
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difference between two ICCs was defi ned as the ratio between the difference and the 

stand error of the difference. Statistical calculations were performed with SPSS version 

15.0 (SPSS, Chicago, IL) and Stata version 10 (StataCorp, College Station, TX). Bonferroni 

corrected P values, adjusted for four pairwise comparisons for the Lesion count analysis 

and sixteen pairwise comparisons for the Regional classifi cation analysis, of less than 0.05 

were considered statistically signifi cant.

Results

Subjects
The mean and median age of the patients at time of fi rst examination were 37.6 years 

and 37.3 years (range 24.6-53.5), 8 of whom were women with a mean age of 37.1 years 

(range 24.6-53.5), and 6 were men with a mean age of 38.2 years (range 26.9-45.1). The 

median expanded disability status scale score (EDSS) 13 was 2.75 (range 1.0-6.5) and mean 

and median disease duration were 10.0 years and 9.1 years (range 3.6-26.4). In addition, 

9 age-matched healthy controls (3 women), mean age of 31.7 years (range 22.9-53.5), 

were examined.

Image quality
 In general, 3D subtraction images suffered less from artifacts compared with 2D images. 

This was particularly true for residual registration artifacts, and fl ow artifacts (especially 

in the posterior fossa, Figure 1, 2). Also the numbers of artifactual lesions identifi ed on 

3D subtraction images (n=13 on DIR, n=2 on FLAIR, n=1 on T2, and n=0 on MPRAGE), were 

lower compared with 2D subtraction images (n=24). 

Lesion counts 
No active lesions were identifi ed on any of the subtraction images of healthy controls. 

In MS patients, the overall highest mean number (SD) of active lesions identifi ed in 

the consensus scoring was 3.1 (4.1) on 3D-MPRAGE, followed by 2.4 (2.9) on 3D-DIR, 

2.3 (3.2) on 3D-FLAIR, 2.1 (2.7) on 3D-T2, and lastly 2.1 (2.5) on 2D-T2SE subtraction 

images (Table 1, Figure 3). Only the difference between 3D-MPRAGE and 2D-T2SE was 

statistically signifi cant (P=.028). The mean number of positive active (new + enlarged) 

lesions identifi ed was signifi cantly (1.6-fold) higher on the 3D-MPRAGE than on the 2D-T2SE 
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subtraction images (2.8 vs. 1.7, P = .012). 3D-MPRAGE enabled detection of a substantially 

higher mean number of new lesions larger than 3mm, compared with 2D-T2SE (1.7 vs. 

1.2). Furthermore, 3D-MPRAGE (0.6), 3D-DIR (0.4), and 3D-FLAIR (0.4) detected higher 

mean numbers of new lesions smaller than 3mm (Figure 4), compared with 2D-T2SE (0.1), 

but these differences were not statistically signifi cant. The lowest mean number (0.1) 

of negative active (resolved + shrunken) lesions was detected on 3D-FLAIR subtraction 

images, which was substantially lower compared with 3D-MPRAGE (0.3). 

Figure 1 | 53 year old female. Improved quality (i.e. reduction of residual registration artifacts) 

of 3D subtraction images, compared with 2D subtraction images. A, B, halfway-registered 

baseline and follow-up 2D-T2SE images; C, 2D subtraction image; D, E, halfway-registered 

baseline and follow-up 3D-MPRAGE images; F, 3D subtraction image. C, Arrowheads = residual 

registration artifacts which are not visible on the corresponding 3D subtraction image (F).
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Figure 2 | 53 year old female. Improved quality (i.e. reduction of fl ow artifacts) of 3D 

subtraction images, compared with 2D subtraction images. A, B, halfway-registered baseline 

and follow-up 2D-T2SE images; C, 2D subtraction image; D, E, halfway-registered baseline and 

follow-up 3D-MPRAGE images; F, 3D subtraction image. C, Arrowheads = fl ow artifacts from 

the basilar artery, arrows = fl ow artifacts from the transverse sinusses, both not visible on the 

corresponding 3D subtraction image (F). 

Regional classifi cation of lesions
In general, all sequences detected the highest number of positive active lesions in deep 

white matter regions, followed by periventricular, and either infratentorial or juxtacortical 

regions (Table 2). Of the 3D sequences, only 3D-MPRAGE detected a statistically higher 

number of active infratentorial lesions compared with 2D-T2SE (0.6 vs. 0.1, P < .05, 

Figure 5). 
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Figure 3 | 45 year old male. Example 

of MS activity, i.e. a new lesion in the 

knee of the right internal capsule (ar-

rowheads) on 3D and 2D subtraction 

images. A, B, C, baseline and follow-up 

halfway-registered and subtraction 3D-

DIR images; D, E, F, baseline and follow-

up halfway-registered and subtraction 

3D-FLAIR images; G, H, I, baseline and 

follow-up halfway-registered and sub-

traction 3D-T2 images; J, K, I, baseline 

and follow-up halfway-registered and 

subtraction 3D-MPRAGE images; M, N, 

O, baseline and follow-up halfway-reg-

istered and subtraction 2D-T2SE images. 

Interobserver agreement 
In general both raters detected all subtypes of active lesions on the 3D subtraction images 

with greater interobserver agreement compared with the 2D subtraction images (Table 3). 

In particular, the ICC for negative active lesions was signifi cantly higher on the 3D-MPRAGE 

than that on 2D-T2SE images (0.95 vs. 0.33, P < .05). Likewise, the ICC for overall number 
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of lesions identifi ed on 3D-FLAIR was signifi cantly higher than that on 2D-T2SE images 

(0.95 vs. 0.68, P < .05).

Figure 4 | 25 year old female. Example of improved detection of small (<3mm) MS lesions 

(arrowheads) on 3D-MPRAGE subtraction images compared with 2D subtraction images. A, 

B, baseline and follow-up halfway-registered 2D-T2SE images; D, E, baseline and follow-up 

halfway-registered 3D-MPRAGE images; C (2D-T2SE) and F (3D-MPRAGE) subtraction image. 

The small new lesion on the left is in retrospect visible on the 2D subtraction image (C) but 

its identifi cation is hampered by the various fl ow and subtle misregistration artifacts (arrows), 

whereas on the 3D-MPRAGE subtraction image (F) both lesions are clearly visible (arrowheads).
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Figure 5 | 33 year old female. Example of improved detection of infratentorial MS lesions 

(arrowheads) on 3D-MPRAGE subtraction images compared with 2D subtraction images. A, 

B, baseline and follow-up halfway-registered 2D-T2SE images; D, E, baseline and follow-up 

halfway-registered 3D-MPRAGE images; C (2D-T2SE) and F (3D-MPRAGE) subtraction image. 

Arrows = a new infratentorial lesion identifi ed on both the 2D and 3D subtraction images. 

Arrowheads = two new infratentorial lesions identifi ed on the 3D-MPRAGE subtraction images 

but not on the corresponding 2D subtraction images. Also note the presence (delta arrows) and 

absence of fl ow artifacts of the 2D and 3D subtraction images respectively. 
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Discussion 

3D subtraction imaging, after image registration, had a lower propensity to artifacts 

which resulted in better image quality, and demonstrated a signifi cantly (3D-MPRAGE) and 

a non-signifi cantly but substantially (3D-DIR and 3D-FLAIR) improved detection of (small) 

positive active MS lesions in various parts of the brain, compared with 2D subtraction 

imaging. Previously published guidelines for the use of MRI in monitoring treatment in MS 
3,4 suggested the use of 3D sequences for image post-processing purposes. The intrinsically 

higher signal-to-noise ratio of 3D sequences as compared to those of 2D imaging allows 

acquisition of small, isotropic voxels, which increase the accuracy of image registration 

procedures and reduce partial volume artifacts during image interpolation. Secondly, 

small isotropic voxels, with thin slices, are strongly associated with increased lesion 

detection 24, 25 and the absence of fl ow artifacts in single-slab 3D sequences improves 

the visualization of infratentorial lesions 11. Indeed, in our study, the effect of subtle 

misregistration artifacts , and fl ow artifacts, especially in the posterior fossa, was 

substantially reduced on 3D subtraction images. 

 Our fi nding of substantially increased numbers of active MS lesions on 3D subtraction 

images is in agreement with a previous study that reported a 35% increase in the detection 

of positive active lesions using multi-slab 3D-FLAIR subtraction images in comparison with 

2D subtraction images 26. In particular, multi-slab 3D-FLAIR subtraction images detected 

signifi cantly greater numbers of small lesions, defi ned in that study as lesions <5mm, 

which is in accordance with our fi ndings. The slightly smaller increase in the detection 

of positive active lesions using single-slab 3D-FLAIR subtraction imaging in our study as 

compared to the previous study by Tan, et al., can be explained by the shorter time 

interval for follow up in our study compared to theirs. In our study the highest number of 

positive, active lesions of any size were detected using 3D-MPRAGE subtraction imaging. 

Although 3D-MPRAGE images are commonly used in research settings, most often for 

atrophy measurements, they are not standardly acquired in clinical practice 27. As such, 

future studies should examine the benefi t of 3D-MPRAGE images for the detection of MS 

lesions.

 Several factors could contribute to the increased detection of active lesions using 

3D-MPRAGE subtraction images. The image quality of 3D-MPRAGE subtraction images was 

most optimal, as can be derived from the fi gures. If a perfect registration is achieved, 

and no changes in brain parenchyma occur, the subtraction image would largely consist 
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of noise, which is temporally uncorrelated between MR acquisitions 28. 3D-MPRAGE 

images exhibit good anatomical detail and clear gray-white matter tissue contrast, which 

was e.g. shown to improve the classifi cation of cortical lesions 29. Possibly the clear 

contrast also allows the registration algorithm, which uses a mutual information voxel-

similarity measure, to more accurately sample the histogram bins, thereby reducing 

the chance of ending up in a local maximum, and therefore a suboptimal registration. 

A more accurate registration will produce subtraction images of better image quality 

which especially facilitates the detection of small MS lesions, which were indeed best 

detected on 3D-MPRAGE subtraction images. It remains possible that the registration, and 

hence the image quality, of the other 3D contrasts could be improved by using exactly 

the same transformation matrix as derived from the halfway registration procedure of the 

3D-MPRAGE images, and future studies, aimed at obtaining the most accurate and reliable 

method for application in clinical work, should look into this. 

 The improved detection of active MS lesions using 3D subtraction imaging could 

have considerable implications for both MRI-monitored treatment trials and the clinical 

practice. Recently, 2D subtraction imaging was demonstrated to offer multiple advantages 

over standard, volumetric analyses on non-registered 2D-T2SE images, including detection 

of a higher numbers of active lesions with greater interobserver agreement, identifi cation 

of higher lesion volumes of disease activity, and achieving increased power to evaluate 

treatment effi cacy 7,19. The current study shows that the detection of active lesions can 

be further ameliorated by the use of single-slab 3D sequences. As such, 3D subtraction 

imaging could increase the power of MRI metrics for the evaluation of treatment effects 

in clinical trials. Secondly, MRI criteria are strongly embedded in the diagnostic IP criteria 

for MS 1,2, for providing evidence of dissemination in both space (DIS) and time (DIT). As 

such, any imaging technique providing increased sensitivity in the detection of active MS 

lesions will provide increased sensitivity in ascertaining DIT and hence in diagnosing MS. 

As an alternative display mechanism for change assessment, some have used ‘fl ickering’ 

between corresponding images. However, subtraction imaging has a large advantage over 

‘fl ickering’, namely that only “change” information is visualized as stable pathology is 

cancelled out, allowing for an easier and faster method to characterise disease activity. 

 Our study had several potential limitations. Firstly, we did not create a gold standard 

by simultaneously reviewing subtracted images of all 5 sequences, which would have 

allowed a formal sensitivity analysis. However, such a strategy would have required the 

reslicing of either the 3D or the 2D images, thereby degrading image quality, as they 



Improved detection of spatiotemporal disease activity using 3D Subtraction MR imaging 

155

were acquired in different slice orientations. The current strategy allowed us to compare 

both 2D and 3D techniques using their optimal performance characteristics, and the post-

hoc consensus session strengthened our lesion scorings. Secondly, our protocol did not 

encompass a conventional 2D-T1w sequence, which would have allowed a comparison with 

the T1w 3D-MPRAGE, to elucidate whether the increased detection of active lesions on 

3D-MPRAGE subtraction images is possibly partly due to the T1 contrast, in addition to the 

benefi cial properties of the 3D technique. Thirdly, DIT criteria, unlike DIS criteria, do not 

specify areas in the brain in which demyelination in MS typically occurs. This increases the 

likelihood of a false-positive diagnosis, especially in elder patients, as age-related white 

matter changes are frequently found on brain MRI in elderly populations 30,31. However, in 

this study the mean age of patients was around 38 years, making it unlikely that the brain 

lesions identifi ed were age-related. Correspondingly, the improved detection of MS lesions 

in various parts of the brain on 3D subtraction images could be important when the spatial 

distribution of lesions is incorporated into DIT criteria. Furthermore, the time between 

consecutive scans (median 84 days) in our study was relatively short, in which hardly 

any brain atrophy will have occurred. Brain atrophy can infl uence the accuracy of the 

registration procedure, and is likely to be more pronounced with longer scan intervals. A 

follow-up period of 3 months is, however, clinically relevant and is recommended by the 

IP criteria to ascertain DIT in patients with a fi rst clinical event 1,2. Finally, despite the 

improved quality of 3D subtraction images, the registered images should be examined 

alongside the subtraction images to make an accurate distinction between genuine disease 

activity and artifacts. The reliability of this procedure is refl ected by the identifi cation of 

zero (false-positive) MS lesions on the subtraction images of healthy controls.

 This study was conducted in a research setting, in which the time needed to conduct 

image post-processing was not of crucial interest. To introduce these techniques into 

a clinical setting, faster methods are needed. Ideally, postprocessing can be directly 

performed on the viewing console of the MR scanner, allowing the radiologist near 

immediate access to subtraction images. Two steps could facilitate this process. Firstly, 

the use of a uniform fi le format in image postprocessing, as changing the fi le format 

between consecutive post-processing steps increases computational time. Secondly, by 

using more powerful hardware, ideally in a parallel setup, so that the computational 

power of more than one computer can simultaneously be accessed. 

 To conclude, earlier work already demonstrated an increased detection of MS brain 

lesions using 2D subtraction and single-slab 3D imaging, compared with conventional 
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2D-T2SE imaging 7,11. It was postulated that single-slab 3D imaging could be ideal for 

image post-processing purposes, including subtraction imaging, because of the small, 

near-isotropic voxels, and absence of fl ow artifacts (which improved the visualization 

of lesions in the posterior cranial fossa). Our study examined and compared both 2D 

and 3D techniques and indeed found high-resolution 3D subtraction images, after image 

registration, to suffer less from residual registration and fl ow artifacts, resulting in better 

image quality, compared with 2D subtraction imaging. This resulted in an increased 

detection of disease activity over time using 3D subtraction imaging. In particular, 

3D-MPRAGE subtraction imaging detected signifi cantly higher numbers of (positive) active 

MS lesions, especially small and infratentorial lesions. 3D subtraction imaging could be a 

promising technique to increase sensitivity in ascertaining dissemination in time, and to 

increase the power of MRI-monitored treatment trials. 
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6.1 | Summarizing discussion

The goal of the research presented in this thesis was to improve the detection of 

spatiotemporal disease activity in the MS brain, by using more sophisticated acquisition 

and post-processing techniques. This could have important implications for both the 

radiological practice and for clinical trial design. In Chapter 2, we fi rst evaluated the use 

of conventional 2D techniques in large multi-center trials, both for the detection of (MS) 

brain lesions, and for determining the predictive value of MRI variables for the diagnosis 

of MS. Secondly, in Chapter 3, we used single-slab 3D MR imaging to improve the spatial 

detection of both gray matter (GM) and white matter (WM) MS lesions throughout the 

whole brain, and also specifi cally within the hippocampus. Thirdly, in Chapter 4, we used 

subtraction MR imaging, to improve the temporal detection of active MS lesions, and 

compared this technique with conventional 2D images for the evaluation of treatment 

effi cacy. Finally, in Chapter 5, we combined single-slab 3D and subtraction MR imaging in 

order to provide an optimal imaging strategy for the detection of spatiotemporal disease 

activity in MS 

Chapter 2 | Detection of (MS) brain lesions using conventional 2D MR imaging 
In this chapter we used conventional MR images from large multi-center studies, namely 

the natalizumab safety evaluation 1, which included 1169 patients with Crohn’s disease 

(CD) and rheumatoid arthritis (RA), and the BENEFIT study 2, which included 468 patients 

with a fi rst clinically isolated syndrome (CIS) suggestive of MS. RA, CD and MS are all 

autoimmune disorders, thought to develop against a shared background of generalized 

susceptibility to autoimmunity 3. All three diseases can cause WM lesions within the brain, 

either through infl ammation and demyelination or through vasculitis. In this chapter we 

quantifi ed the number of abnormalities in the brain using conventional 2D sequences, and 

evaluated associations with possible causative disease markers and clinical outcome. 

Chapter 2.1
The study presented in this chapter represents a quantifi cation of the number of incidental 

fi ndings, including white matter changes (WMC) on conventional brain MR images of 

patients with CD and RA. Furthermore, associations between WMC scores and etiological 

parameters (demographic, vascular, disease-related, and treatment) were explored. 

Compared with prevalence rates reported in the literature in healthy populations 4,5, the 
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occurrence of incidental tumors was not apparently increased in our CD or RA cases, while 

the prevalence of cerebral infarcts seemed slightly increased in RA. We found WMC to be 

present in 43.9% of CD patients and 62.6% of RA patients. Of the etiological parameters 

examined age was most strongly associated with WMC scores in both CD and RA. There 

are reports of various types of treatment causing WMC in both CD and RA 6-8. However, in 

this study we did not fi nd any signifi cant association between WMC and any specifi c sort 

of treatment. Also, there are various reports that the prevalence of MS is higher in both 

CD and RA than to be expected by mere chance 3,9-12. In our study, subclinical, multi-focal 

MS-like lesions were indeed more common than would be expected from population-based 

clinical MS prevalence rates. This fi nding reinforces the theorem of a similar genetic 

background in patients with autoimmune disorders, although no clear mutual genetic 

cause for MS, CD and RA has yet been identifi ed. 

Chapter 2.2
In this study we focused solely on CIS patients, at high risk for developing MS. MRI is known to 

be a powerful prognostic tool, and is frequently used to estimate the probability that these 

patients convert to CDMS. The modifi ed Barkhof criteria 13,14, representing a prognostic 

model based on typical MRI fi ndings, have been incorporated into the International Panel 

(IP) criteria for the diagnosis of MS 15,16. However, the infl uence of early disease-modifying 

treatment on the prognostic value of the criteria is not clear, nor is the ideal timing for 

follow-up scans. We assessed the prognostic value of baseline and follow-up MRI variables 

in 468 CIS patients, who received either early or delayed treatment, for conversion to 

CDMS after 3 years. In general, the percentage of patients converting to CDMS was higher 

in the presence, compared with the absence, for all baseline MRI variables investigated. 

In particular, the presence of at least nine T2 lesions in the brain was a strong predictor, 

next to the spatial distribution of T2 lesions, for example the presence of more than three 

periventricular lesions. However, there was no specifi c advantage for a fi xed cut-off point 

of three or more fulfi lled Barkhof criteria, currently imposed in the IP criteria to ascertain 

dissemination in space (DIS). This could be refl ective of using the integrated three year 

data, in which all patients received at least one year of open-label treatment, lowering 

overall conversion rates. An overall lower event rate will lead to a lower predictive 

value for any prognostic variable studied. Also, compared with previous studies, we used 

statistical models with covariate adjustment, which lowered the predictive value of the 

MRI variables studied. Secondly, we found that the prognostic value of MRI criteria was 
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unaffected treatment intervention. Thirdly, follow-up MRI, to ascertain dissemination in 

time (DIT), was most informative after 9 months, and in patients without DIS at baseline. 

This might be refl ective of the interrelation between DIS, DIT and CDMS, i.e. patients 

with DIS at baseline already have a higher chance compared with patients without DIS 

to convert and hence the additional risk of new lesions at follow-up MRI might be lower.

Chapter 3 | Improved detection of spatial disease activity using single-slab 
3D imaging

The previous studies confi rm the (predictive) value of conventional 2D MR sequences. 

Although conventional 2D sequences still are the cornerstone of MS imaging protocols, the 

last decade has seen an increasing number of studies describing more modern acquisition 

techniques able to improve the detection of MS lesions in various parts of the brain. For 

example, the spatial detection of WM lesions can be improved by using 3D sequences, 

especially when combined with image contrasts such as fl uid-attenuated inversion-

recovery (FLAIR) 17,18. In addition, a multi-slab 3D double inversion-recovery (DIR) 

sequence demonstrated an increased detection of GM lesions, although this sequence 

initially suffered from long acquisition times, and fl ow and slice profi le artifacts. A single-

slab 3D technique was later developed 19, with shorter acquisition times and absence 

of fl ow artifacts 20, which has been adapted to include various contrasts 21. These more 

modern 3D sequences show great promise, but if they are to replace conventional 2D MR 

sequences in MS imaging protocols, they should be extensively evaluated for the detection 

of spatial disease activity and the detection of temporal disease activity. In Chapter 

3, we focused on the fi rst point, and the detection of MS lesions was cross-sectionally 

examined using single-slab 3D MR imaging, both in the whole brain and specifi cally in the 

hippocampus. 3D results were compared with conventional 2D MR imaging.

Chapter 3.1
In this chapter we described the signal and contrast properties of an isotropic, single-slab 

3D dataset (DIR, FLAIR, T2, and T1w magnetization prepared rapid acquisition gradient-

echo MPRAGE), and evaluated its performance in detecting MS brain lesions, compared 

with conventional 2D-T2SE. In general, improved signal and contrast properties of the 

3D sequences enabled an increased detection of MS lesions in various parts of the brain. 

Specifi cally, 3D-DIR showed the highest detection of intracortical and mixed WM-GM 
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lesions, whereas 3D-FLAIR showed the highest total number of WM lesions. Furthermore, 

(intra)cortical lesions were also visualized with 3D-MPRAGE. Probably a conducive factor 

was the decrease in slice thickness, 3 mm for the 2D sequences compared with 1.3 mm 

for the 3D sequences, which is strongly associated with increased lesion detection 22,23. 

Furthermore, the highest numbers of infratentorial lesions were scored on 3D-DIR and 

3D-FLAIR images. This was related to the absence of blood and CSF fl ow artifacts in the 

3D sequences, especially in the posterior cranial fossa, which is explained by the single-

slab nature of the sequence employing non-spatially selective radio-frequency pulses 20. 

Based on this study we proposed that a selection of single-slab 3D contrasts, for example 

3D-FLAIR and 3D-DIR, could replace 2D sequences in the radiological practice. 

Chapter 3.2
The hippocampus is a deep GM structure thought to play a central role in memory functions 
24. Memory functions can be impaired in MS patients 25-27, which could be refl ective of 

hippocampal demyelination, which was indeed found in a recent histopathology study 
28. In the study presented in Chapter 3.2, we exploited the intrinsic advantage of our 

3D sequences with nearly isotropic voxel dimensions, by orthogonally reformatting 

the 3D images without loss of image quality, to select an optimal viewing plane for 

the hippocampus. We used 3D-DIR images because our previous study (Chapter 3.1) 

showed that DIR yields the highest detection of GM lesions. We found that 14 (88%) of 

the 16 MS patients examined had at least one hippocampal lesion, with an average of 

2-3 hippocampal lesions per patient. Furthermore, only 56% of the hippocampal lesions 

identifi ed on the 3D-DIR images, could also be identifi ed on the 3D-T2 images. As such, 

orthogonally reformatted 3D-DIR images allowed the visualization of hippocampal lesions 

in vivo. This now allows future studies to better examine the role of hippocampal damage 

in cognitive decline, most notably memory impairment, in MS. 

Chapter 4 | Improved detection of temporal disease activity using 2D 
Subtraction MR imaging

In this chapter we focused on improving the detection of temporal disease activity 

using subtraction MR imaging. The concept of subtraction imaging is that the baseline 

image is subtracted from a follow-up image to create an “image of change”. Subtraction 

imaging has some inherent advantages, such as the reduction of repositioning errors, 



Chapter 6

164

and cancellation of the non-active background (Chapter 1.3.2). However, one needs an 

accurate registration procedure, as the subtraction image would otherwise mostly consist 

of misregistration artifacts, as well as intensity homogeneity procedures to correct for 

coil inhomogeneity and scanner drift. 

 So far, subtraction imaging has successfully been applied using single-center, 2D 

MR images 29,30. The two studies presented in this chapter used MR images from multi-

center trials acquired with different MR systems, presenting additional challenges for 

image postprocessing methods due to scanner-dependent variations in image contrast. 

These were successfully overcome by our pipeline, which is described in the introduction 

of this thesis (Box 3). In this chapter we longitudinally examined the detection of active 

MS lesions and evaluated treatment effi cacy using 2D subtraction MR imaging, compared 

with non-registered, conventional 2D-T2SE images (Chapter 4.1) and serial monthly 

gadolinium-enhanced T1w (Gd-T1w) imaging (Chapter 4.2). 

Chapter 4.1
When subtraction images were used, there was a 1.7-fold increase in the detection 

of positive active (new and enlarged) lesions, as compared with unregistered images. 

Furthermore, such lesions were detected with a signifi cantly greater interobserver 

agreement. Subtraction imaging allowed the direct quantifi cation of positive and 

negative disease activity demonstrating that overall disease activity can be severely 

underestimated on native images. Moreover, the direct volumetric analysis of positive 

active lesions on subtraction images provided a more sensitive method to detect 

treatment effects, compared with a standard measurement of total lesion load change 

on unregistered images. The increased power to detect treatment effects found in this 

study could translate into a possible reduction in the number of patients and/or follow-up 

examinations needed for clinical trials. 

Chapter 4.2
In this study we examined MRI data over 9 months from 116 patients. Long-interval (over 

nine months) T2-weighted subtraction (T2w-Sub) images were compared with monthly 

Gd-T1w imaging for the detection of active lesions and treatment effects. The numbers 

of T2w-Sub lesions and the cumulative number of new Gd-T1w lesions detected were 

signifi cantly correlated, albeit that subtraction imaging detected around half of the 

lesions compared with Gd-T1w imaging. Despite this loss in sensitivity, we found long-
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interval T2w subtraction MR imaging to exhibit increased power to detect treatment 

effects, compared with serial monthly Gd-T1w imaging. T2w subtraction MR imaging 

could greatly increase the cost-effectiveness of clinical trials, by limiting the number 

of patients, contrast injections and MRI scans needed, and decrease patients’ risk by 

obviating repetitive gadolinium administration. 

Chapter 5 | Improved detection of spatiotemporal disease activity using 3D 
Subtraction MR imaging

Notwithstanding the benefi ts of 2D subtraction images, as mentioned in previous 

chapters, the quality of subtraction images and hence the detection of active lesions, 

could be further ameliorated by the application of isotropic 3D images, because the major 

drawback of 2D-T2SE images is the anisotropic voxel size which reduces the accuracy 

of the registration procedure. Furthermore, 2D-T2SE images suffer from blood and CSF 

fl ow artifacts in the posterior cranial fossa which are inconsistent over time, leading 

to artifacts in the subtraction image. 3D sequences allow the acquisition of smaller, 

isotropic voxels while maintaining a good signal-to-noise ratio (SNR). In particular, single-

slab 3D sequences that apply non-spatially selective radio-frequency pulses with variable 

fl ip angles, thereby minimizing fl ow artifacts, are of specifi c interest for the creation of 

subtraction images. 

 As such, we combined single-slab 3D imaging, which provided an increased detection 

of spatial disease activity (Chapter 3), with subtraction MR imaging, which provided 

an increased detection of temporal disease activity (Chapter 4), in order to provide an 

optimal imaging strategy for the detection of spatiotemporal disease activity in MS. In 

this fi nal chapter we compared 3D subtraction imaging with 2D subtraction imaging, to 

examine whether the aforementioned benefi ts of using isotropic 3D sequences for the 

creation of subtraction imaging culminates in a higher detection of active MS lesions. 

Chapter 5.1
We acquired 3D (DIR, FLAIR, T2, T1-MPRAGE) and 2D sequences in fourteen patients and 

nine age-matched healthy controls. We found that 3D subtraction images suffered less 

from residual misregistration and fl ow artifacts, resulting in better image quality, 

compared with 2D subtraction imaging. This resulted in an increased detection of active 

MS lesions using 3D subtraction imaging. Among the 3D sequences, 3D-MPRAGE subtraction 
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imaging detected signifi cantly higher numbers of (positive) active MS lesions, especially 

small and infratentorial lesions. Our results showed that 3D subtraction imaging could be 

a promising technique to increase sensitivity in ascertaining dissemination in time, and to 

increase the power of MRI-monitored treatment trials in MS. 

6.2 | Clinical implications

In this thesis we have presented more modern and sophisticated MRI and postprocessing 

techniques that better visualize the spatiotemporal disease activity in MS. Based on the 

results of this thesis, a new MS imaging protocol could be tentatively envisaged, replacing 

conventional 2D sequences. Such an improved MS imaging protocol could consist of three 

single-slab 3D contrasts, namely 3D-DIR, 3D-FLAIR and 3D-MPRAGE. This would enable an 

optimal detection of GM and WM lesions in both space and time, especially when combined 

with subtraction imaging. Since the introduction of the IP criteria, the diagnosis of MS in 

CIS patients can be made largely on radiological grounds. This means that any imaging 

technique that improves the cross-sectional or longitudinal detection of MS lesions, will 

also have an effect on the number of patients fulfi lling DIS or DIT criteria respectively. 

Using the aforementioned new imaging protocol, future studies should aim to confi rm 

the expected increase in sensitivity in ascertaining DIS and DIT, and hence in diagnosing 

MS. Secondly, the predictive value for clinical measures, such as conversion to clinically 

defi nite MS and clinical disability, should be examined.

 Currently, the modifi ed Barkhof criteria require the presence of one or more 

juxtacortical lesions. Now that new MR sequences exist that are better able to detect 

(intra)cortical and mixed WM-GM lesions, the predictive value of these lesions for 

conversion to CDMS should be examined. However, to systematically study GM lesions, 

consensus guidelines should be formulated, that clearly describe how to identify cortical 

GM lesions on DIR, and MPRAGE images. Furthermore, it would be interesting to evaluate 

the risk increase for CDMS provided by DIT when evaluated with the MS imaging protocol 

proposed above, especially when combined with subtraction imaging. Does the expected 

increased sensitivity to determine DIT also lead to more predictive power for conversion 

to CDMS? Possibly, DIT could also be determined within a shorter time-interval, allowing 

for a more rapid treatment intervention. 
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 On a more fundamental note, the IP criteria to determine DIS are based on the 

Barkhof criteria, which were presented more than a decade ago 13. Seventy-four CIS 

patients were examined with mostly 0.5T and 0.6T MR systems, with a slice thickness 

ranging from 5 to 10 mm. A cumulative chance model was presented, consisting of four 

dichotomized MRI criteria, to optimally predict conversion to CDMS. These criteria, 

although slightly modifi ed by Tintoré et al 14, are still in use, even though the last 

twelve years have seen a wide array of technological improvements. The majority of MR 

systems now operate at 1.5T minimally, and coil designs have become more advanced. 

Furthermore, more modern sequences and contrasts are now available. All these factors 

should result in an increased sensitivity for MS brain lesions. Interestingly, the (modifi ed) 

Barkhof criteria have been extensively evaluated since 1997, and efforts have been made 

to simplify MRI criteria 31,32, but the underlying statistical analysis, which presented the 

fi nal four criteria (of 15, including lesion characteristics such as location and size), has 

been repeated only once. In a recent paper, Korteweg et al. found that a statistical 

model including two periventricular and three deep white matter lesions yielded the 

highest diagnostic accuracy 33. However, this study still used conventional MR sequences 

acquired with relatively thick image slices of 3 to 5 mm, and cortical GM lesions were not 

accounted for. Hence, it would be interesting to undertake a similar statistical analysis as 

done in 1997, with the aforementioned 3D MS imaging protocol. It would be interesting 

to investigate whether the same four dichotomized MRI criteria still provide the most 

optimal model to predict conversion to CDMS in CIS patients, when using the proposed, 

newer 3D dataset.

 So far, correlations reported between clinical disability and conventional MRI 

variables are only weak to moderate 34. It has been postulated that an increased 

detection of small lesions, especially those in eloquent brain areas, might improve these 

correlations. Alternatively, one could speculate that larger lesions, already detected with 

conventional 2D imaging, cause more extensive damage and likely contribute more to 

disability measures. In this regard, GM lesions could be of special interest as well, as 

post-mortem MRI studies have shown that GM lesions are mostly missed with conventional 

2D sequences 35. 3D-DIR imaging can be used to improve the detection of GM lesions, as 

demonstrated in Chapter 3 of this thesis. Indeed, recent studies have reported that (intra)

cortical lesions are associated with higher clinical disability and cognitive impairment 
36,37. Of the conventional MRI measures T1-hypointense lesions, so-called ‘black holes’, 

have so far shown strongest correlations with clinical disability 34,38. The 3D imaging 



Chapter 6

168

protocol presented in this thesis includes T1-weighted 3D-MPRAGE images, which should 

be further evaluated to determine the behavior and predictive value of T1-hypointense 

lesions detected with this sequence, especially in comparison with conventional 2D-T1w 

sequences. 3D T1-based sequences (such as MPRAGE) should also be further investigated 

for their potential to detect and possibly subclassify GM lesions, which may substantially 

improve correlations with clinical disability. 

 Finally, this thesis compared 3D and subtraction MR imaging with conventional (non-

subtracted) 2D MR imaging. As such, this thesis did not study all MRI techniques currently 

used to assess MS disease activity. For example, spinal cord imaging is routinely used 

in the clinical practice. Spinal cord abnormalities are abundant in MS patients, and are 

rare in other neurological diseases. Using spinal cord imaging therefore increases the 

sensitivity and specifi city of diagnostic MRI criteria for MS 39,40, which has e.g. resulted 

in a more liberal role for spinal cord lesions in the 2005 revisions to the IP criteria; 

spinal cord lesions may now contribute, together with brain lesions, to reach the required 

number of nine T2 lesions, and can be replacement for an infratentorial lesion 16. As such, 

the proposed new MS 3D imaging protocol should predominantly be seen as a replacement 

of the conventionally used 2D sequences, and when introduced into the clinical setting, 

should be complemented with spinal cord and post-contrast imaging. 

6.3 | Implications for clinical trial design

In clinical trials, the reduction of the number of active MRI lesions is used to evaluate anti-

infl ammatory properties of new MS drugs. Phase II trials use serial gadolinium-enhanced 

T1w imaging, and phase III trials supplementary use T2w imaging. The cost-effectiveness 

of clinical trials could be increased by MRI measures that are able to more sensitively 

detect treatment effects. The increased power could namely be used to reduce the 

number of patients and scans needed. In Chapter 4 we found T2w subtraction imaging 

to demonstrate an increased power compared with 1) non-registered T2w scans, and 2) 

serial gadolinium-enhanced T1w imaging, to determine treatment effi cacy. As such, T2w 

subtraction imaging could greatly increase the cost-effectiveness of both phase II and 

phase III trials, and by obviating gadolinium injections (Chapter 4.2) T2w subtraction 

imaging could also increase patient safety. 
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 Compared with serial gadolinium-enhanced T1w imaging long-interval T2w 

subtraction imaging could have potential limitations. Firstly, the loss of temporal 

information regarding drug effectiveness during the trial, i.e. when are treatment effects 

fi rst seen on monthly MRI variables. Secondly, with a very potent agent demonstrating 

signifi cant treatment effects before the offi cial end of the trial, you miss the option for 

early termination. However, the results presented in this thesis give impetus for the use 

of (long-interval) T2w subtraction imaging as an outcome measure in clinical MS trials and 

future studies should elaborate on the advantages and possibly disadvantages. 

6.4 | Technical limitations and future improvements

The pipeline used for the creation of subtraction images as presented in this thesis 

has some potential limitations. First, it uses a linear registration method. This allowed 

an accurate registration in the studies presented in this thesis, as the time between 

consecutive scans was relatively short, ranging from 3-9 months. In this time-interval 

hardly any brain atrophy will have occurred. However, brain atrophy is likely to be 

more pronounced with longer scan intervals, and linear registration methods perform 

suboptimally in case of substantial brain atrophy, especially if the atrophy is distributed 

across the brain in a nonuniform fashion. Hence, future studies should also investigate 

the use of non-linear registration methods, such as fl uid registration 41, which are able 

to better match regional deformities (Figure 1). Furthermore, such a method can also 

be used to display disease activity in alternative ways, i.e. by showing stretch maps, 

indicating contraction or expansion per voxel, derived from the deformation fi eld needed 

to register the follow-up image to the baseline image (Figure 2). The stretch maps are 

subsequently inverted and projected over the baseline image since the method is mostly 

used in Alzheimer’s disease to identify areas susceptible to atrophy effects. Secondly, 

the studies presented in this thesis were conducted in a research setting, in which the 

time needed to conduct image post-processing was not of crucial interest. However, to 

introduce these techniques into a clinical setting, faster methods are needed. Ideally, 

postprocessing can be directly performed on the viewing console of the MR scanner, allowing 

the radiologist near immediate access to subtraction images. Two steps could facilitate 

this process. Firstly, the use of a uniform fi le format in image postprocessing. Changing 

the fi le format between consecutive post-processing steps increases computational time. 
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This has been initiated with the introduction of the nifti (.nii) fi le format, but should be 

further explored. Secondly, computational time can be reduced by using more powerful 

hardware, ideally in a parallel setup, so that the computational power of more than one 

computer can simultaneously be accessed.

  The detection of MS lesions in the brain could be further improved by methods able 

to acquire MR images with further increased SNR, allowing higher image resolution, i.e. a 

smaller voxel size. The studies described in this thesis were performed at 1.5T, the dominant 

clinical fi eld strength, using a standard circularly polarized head coil. Increased SNR might 

be obtained either by increasing the fi eld strength or by using multi-channel phased array 

coils. Cross-sectional studies comparing 1.5T with 3T and 7T found an increased detection 

of MS lesions in the brain of 13% and 23% respectively 42,43. Furthermore, the extent of 

cortical pathology 43 and the relationship with microvasculature 44 was better visualized 

at 7T. Nevertheless, the acquisition of MR images at high fi eld is complicated by specifi c 

absorption rate (SAR) limitations, and increased susceptibility to inhomogeneity effects. 

The application of single-slab 3D sequences at high(er) fi eld strength is interesting, 

because single-slab sequences use refocusing pulses with fl ip angles much less than 180°, 

reducing the SAR, compared with conventional (turbo) spin-echo sequences that use 

refocusing fl ip angles of 180° 45. So far, high fi eld strength images have not been used 

for the creation of subtraction images, nor has their increased potential for MS lesion 

detection been compared with that of subtraction imaging at 1.5T.

 In conclusion, we have demonstrated that both single-slab 3D and subtraction imaging 

contribute to an improved detection of spatiotemporal disease activity in MS. Future 

studies will have to investigate whether the single-slab 3D dataset presented in this thesis 

can be standardly used in radiological practice, and whether 2D or 3D subtraction imaging 

can fully replace serial MRI comparisons of conventional 2D images in clinical trials. 

Although some technical issues have to be resolved regarding the implementation of these 

new methods, this thesis has laid a strong foundation stimulating further explorations. 
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Figure 1 | Example of atrophy effects using linear registration over a 3 year time period. 

AD: halfway-registered baseline 3D-MPRAGE image; B: rigid-body halfway registered follow-up 

3D-MPRAGE image; C: rigid-body subtraction image; E: FLUID registered follow-up image; F FLUID 

subtraction image. Whereas in the rigid-body subtraction image both central (arrowheads) and 

peripheral (arrows) atrophy effects are seen, these are corrected for in the FLUID registered 

subtraction image.
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Figure 2 | Example of alternative ways to detect MS disease activity over 3 years using non-

linear FLUID registration. AD: halfway-registered baseline 3D-MPRAGE image; B: rigid-body 

halfway registered follow-up 3D-MPRAGE image; C: rigid-body subtraction image; E: FLUID 

registered follow-up image; FGHI: halfway-registered baseline 3D-MPRAGE images overlaid with 

various FLUID strechmaps. Color bars indicate up to 20% contraction (green to blue) or up to 20% 

expansion (yellow to orange) per voxel. F: normal strechmap; G: showing only activity greater 

than 10%; H: showing only expansion; I: showing only expansion within brain parenchyma mask. 

Arrowheads: New lesion; Arrows: Possible disease activity within a pre-existing lesion; Delta 

arrows: CSF expansion hampering the detecting of active lesions, which are almost nullifi ed by 

displaying only expanding voxels within the brain parenchyma mask. 
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3D en Subtractie MRI bij MS: Verbeterde detectie van spatiotemporele 
ziekteactiviteit

Multiple sclerosis (MS) is een infl ammatoire, demyeliniserende en neurodegeneratieve 

ziekte, die het centraal zenuwstelsel aantast. De ziekte behoort tot de auto-immuun 

aandoeningen. Zowel genetische als omgevingsfactoren kunnen een rol spelen bij de 

kans op het ontwikkelen van MS bij een persoon. Zo komt MS vaker voor bij vrouwen, 

bij mensen met MS in de familie en bij mensen die wonen in gematigde klimaatzones. 

Histopathologisch wordt de ziekte gekenmerkt door focale afwijkingen bestaande uit 

demyelinisatie, axonaal verlies, gliose en oedeem. De afwijkingen kunnen zowel in de 

witte als in de grijze stof voorkomen. 

 Het klinisch beeld van MS is zeer divers. Zowel motorische als sensibele klachten 

kunnen voorkomen. De ziekte begint met een eerste episode van klachten, ofwel een 

“clinically isolated syndrome” (CIS). De klinische diagnose MS wordt pas gesteld na een 

tweede episode van klachten. Magnetic Resonance Imaging (MRI) kan onderscheiden welke 

CIS patiënten een relatief hoge kans hebben op het krijgen van een tweede episode en dus 

het ontwikkelen van MS. In 2001 zijn internationale afspraken gemaakt, die het mogelijk 

maken om de diagnose MS ook op basis van MRI te stellen. De radiologische diagnose van 

MS is, net als de klinische diagnose, gebaseerd op twee componenten: het vaststellen van 

disseminatie in plaats en het vaststellen van disseminatie in tijd. 

 Hiervoor worden conventionele tweedimensionale (2D) MRI-beelden gebruikt. 

De detectie van MS-afwijkingen kan mogelijk verbeterd worden door het gebruik van 

driedimensionale (3D) beelden. Onderzoek laat zien dat (multi-slab) 3D-beelden meer 

MS-afwijkingen in zowel de witte als de grijze stof detecteren dan 2D-beelden. Echter, 

het maken van deze beelden duurt relatief lang en de multi-slab techniek is gevoelig 

voor slice profi le- en fl ow-artefacten. Recentelijk zijn single-slab 3D-beelden ontwikkeld, 

welke sneller te verkrijgen zijn en niet gevoelig zijn voor deze artefacten. 

 Een tweede manier waarop de detectie van MS-afwijkingen mogelijk verbeterd kan 

worden, is door het gebruik van subtractie beelden. Het vergelijken van conventionele 

2D MRI-beelden in de tijd is erg lastig. Dit komt door repositiefouten en een achtergrond 

van niet actieve afwijkingen, die de detectie van nieuwe afwijkingen bemoeilijken. 

Subtractie is een beeldbewerkingstechniek waarbij MRI scans van verschillende momenten 

precies over elkaar heen worden gelegd (registreren), om daarna de eerste scan van de 

tweede scans “af te trekken” (subtraheren). Dit levert een verschilbeeld op met alleen 
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de veranderde afwijkingen, wat de detectie vergemakkelijkt. Deze techniek is voorheen 

alleen toegepast op MRI data van één scanner. Echter, grote multi-centre trials gebruiken 

MRI data vanuit meerdere landen en dus van verschillende scanners. Dit betekent een extra 

uitdaging voor beeldbewerkingstechnieken, gezien de verschillende contrastinstellingen 

waarmee beelden van verschillende scanners gemaakt worden. Het VUmc heeft, in 

samenwerking met het Center for Neurological Imaging (CNI), Boston, Verenigde Staten, 

een pipeline ontwikkeld (beschreven in de introductie van dit proefschrift), die deze 

uitdagingen succesvol aanpakt. 

 Het doel van dit proefschrift was om moderne MRI technieken (single-slab 3D) en 

beeldbewerkingstechnieken (subtractie) te onderzoeken. De focus lag hierbij op het 

verbeteren van de detectie van de spatiotemporele ziekteactiviteit in het brein van 

MS patiënten, waarbij de nieuwe methoden vergeleken werden met de conventionele 

2D methoden. Het proefschrift begint in Hoofdstuk 1 met een algemene inleiding over 

MS. Vervolgens wordt de rol van MRI toegelicht, zowel in de radiologische praktijk als 

in clinical trials. Kort wordt duidelijk gemaakt welke conventionele MRI-technieken 

worden gebruikt voor de detectie van MS-afwijkingen in het brein, wat de nadelen 

hiervan zijn en hoe de detectie mogelijk verbeterd kan worden door middel van nieuwe 

MRI- en beeldbewerkingtechnieken. In Hoofdstuk 2 onderzochten we de waarde van 

conventionele 2D technieken voor de detectie van MS-afwijkingen in het brein in grote 

multi-centre clinical trials. In eerste instantie werd gekeken naar afwijkingen in het brein 

van patiënten met de ziekte van Crohn (CD) en reumatoïde artritis (RA) (Hoofdstuk 2.1). 

Dit zijn net zoals MS, auto-immuun aandoeningen waarbij cerebrale witte stofafwijkingen 

kunnen voorkomen. Deze afwijkingen werden inderdaad bij 43,9% van de CD patiënten en 

62,6% van de RA patiënten gezien. De afwijkingen waren sterk geassocieerd met leeftijd, 

maar niet met gebruikte medicatie voor de behandeling van CD of RA. Verder zagen we, 

vaker dan verwacht, witte stofafwijkingen van waarschijnlijk demyeliniserende origine, 

zoals typisch voorkomen bij patiënten met MS. In Hoofdstuk 2.2 bevestigden we de 

voorspellende waarde van conventionele 2D MRI-beelden bij CIS patiënten; deze bleken 

namelijk een relatief hoge kans te hebben op het ontwikkelen van MS. Belangrijk was ook 

dat behandeling met interferon beta-1b geen invloed had op de voorspellende waarde 

van MRI. Daarnaast bleek dat een tweede scan na 9 maanden de hoogste additionele 

voorspellende waarde had, vergeleken met een tweede scan na drie of zes maanden. 

 In Hoofdstuk 3 onderzochten we de waarde van single-slab 3D-technieken voor 

de cross-sectionele detectie van MS afwijkingen, in zowel het gehele brein als de 
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hippocampus, vergeleken met conventionele 2D-technieken. We waren in staat om met 

single-slab 3D-beelden meer MS-afwijkingen in zowel de witte en grijze stof te detecteren 

dan met 2D-beelden (Hoofdstuk 3.1). 3D-DIR was het meest sensitief om afwijkingen in 

de grijze stof te detecteren en 3D-FLAIR om afwijkingen in de witte stof te detecteren. 

Daarnaast hebben single-slab 3D-beelden geen last van fl ow-artefacten, waardoor we beter 

in staat waren infratentoriële afwijkingen te detecteren. Dit zijn belangrijke bevindingen 

die mogelijk kunnen leiden tot een nieuw MS beeldvormingsprotocol, wat zou kunnen 

bestaan uit een combinatie van 3D-DIR en 3D-FLAIR beelden. In Hoofdstuk 3.2 richtten we 

ons op de hippocampus, een hersenstructuur die essentieel is voor geheugenprocessen. 

Ook hier bleek 3D-DIR de meest sensitieve sequentie om afwijkingen in de grijze stof te 

detecteren.

 Hoofdstuk 4 richtte zich op het verbeteren van de longitudinale detectie van MS-

afwijkingen met behulp van subtractiebeelden. In Hoofdstuk 4.1 detecteerden we 1.7 keer 

zoveel MS afwijkingen in het brein met subtractiebeelden vergeleken met ongeregistreerde 

conventionele MRI-beelden. Tevens was de betrouwbaarheid tussen twee beoordelaars 

hoger. Ook boden subtractiebeelden de mogelijkheid om specifi ek de volumes te bepalen 

van nieuwe en vergrote afwijkingen. Hierdoor waren subtractiebeelden sensitiever in 

het detecteren van een behandelingseffect dan conventionele beelden. Dit is een zeer 

interessant resultaat, aangezien dit mogelijk kan leiden tot een vermindering van het 

aantal benodigde patiënten en MRI-scans bij de beoordeling van de effectiviteit van een 

nieuw MS-medicament. In Hoofdstuk 4.2 bestudeerden we T2-gewogen subtractiebeelden 

over een tijdsperiode van 9 maanden met maandelijkse T1-gewogen beelden na toediening 

van gadolinium. Ondanks dat we minder afwijkingen detecteerden met subtractie dan 

met gadolinium, was subtractie sensitiever in het detecteren van een behandelingseffect. 

Dit resultaat is zeer interessant, aangezien ook dit tot een vermindering kan leiden van 

het benodigde aantal patiënten, scans en gadoliniuminjecties, om een behandelingseffect 

te detecteren. Een vermindering van het aantal gadoliniuminjecties betekent mogelijk 

ook een verlaging van het gezondheidsrisico voor patiënten, aangezien recentelijk bekend 

is geworden dat het herhaaldelijk toedienen van gadolinium mogelijk schadelijk is voor 

mensen met nierfunctiestoornissen. 

 In Hoofdstuk 5 zochten we naar een optimale strategie om MS afwijkingen in het 

brein in zowel plaats als tijd (spatiotemporeel) te detecteren. Hiervoor combineerden we 

de in Hoofdstuk 3 beschreven single-slab 3D-beelden met de in Hoofdstuk 4 beschreven 

subtractiebeeldbewerkingtechniek. 3D-beelden hebben een inherente hogere signaal-
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ruis verhouding dan 2D-beelden. Dit maakt het mogelijk om kleinere isotrope voxels te 

verkrijgen. Dit leidt niet alleen tot een hogere cross-sectionele detectie van MS afwijkingen, 

maar bevordert mogelijk ook de accuratesse van de subtractie beeldbewerkingstechniek, 

resulterend in een beter subtractiebeeld. In Hoofdstuk 5.1 bleken 3D-subtractie beelden 

inderdaad minder last te hebben van misregistratie en fl ow-artefacten, wat resulteerde 

in een hogere beeldkwaliteit. Dit leidde tot een hogere detectie van MS-afwijkingen 

op 3D-subtractie beelden vergeleken met 2D-subtractiebeelden. Van de 3D-contrasten 

detecteerden we op 3D-MPRAGE beelden de meeste afwijkingen, die voornamelijk 

bestonden uit kleine afwijkingen (<3mm) en infratentoriële afwijkingen. 3D-beelden 

gecombineerd met de subtractie beeldbewerkingstechniek lijken daarom de meest 

geschikte manier om MS-afwijkingen in het brein op te sporen. 

 Tenslotte zijn de bevindingen uit de voorgaande hoofdstukken samengevat in 

Hoofdstuk 6. Hierin wordt tevens een blik vooruit geworpen en wordt het belang van 

de resultaten van dit proefschrift voor de radiologische praktijk en voor clinical trials 

besproken. Ook komen de tekortkomingen van de huidige methodes aan de orde en 

worden mogelijke oplossingen hiervoor aangereikt. 
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