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Abstract
Objectives
To investigate whether a new magnetic resonance image (MRI) technique called FLAIR* can
differentiate between multiple sclerosis (MS) and vascular brain lesions, at 7 Tesla (T).
Methods
We examined 16 MS patients and 16 age-matched patients with (risk factors for) vascular
disease. 3D-FLAIR and T2*-weighted images were combined into FLAIR* images. Lesion type
and intensity, perivascular orientation and presence of a hypointense rim were analysed.
Results
In total, 433 cerebral lesions were detected in MS patients versus 86 lesions in vascular patients.
Lesions in MS patients were significantly more often orientated in a perivascular manner: 74%
vs. 47% (P<0.001). 10 MS lesions (2.3%) were surrounded by a hypointense rim on FLAIR*,
and 24 MS lesions (5.5%) were hypointense on T2*. No lesions in vascular patients showed
any rim or hypointensity. Specificity of differentiating MS from vascular lesions on 7T FLAIR*
increased when the presence of a central vessel was taken into account (from 63% to 88%), most
obviously for deep white matter lesions (from 69% to 94%). High sensitivity remained (81%).
Conclusion
7T FLAIR* improves differentiation between MS and vascular lesions based on lesion location,
perivascular orientation and presence of hypointense (rims around) lesions.
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Introduction
Magnetic resonance imaging (MRI) plays an important role in establishing the diagnosis
of multiple sclerosis (MS). The MRI diagnostic criteria for MS are based on the number of
white matter (WM) lesions that disseminate throughout the central nervous system (CNS),
in space and in time.1,2 The sensitivity of MRI in detecting these focal WM abnormalities in
MS patients is high.3 However, specificity is endangered by cerebrovascular disorders and
other neuroinflammatory diseases that may present with WM abnormalities mimicking MS
pathological features.4
A common question in daily radiology practice is the challenging differentiation of MS lesions
from age-related vascular WM lesions, which are presumably caused by cerebral small vessel
disease (CSVD). WM lesions based on CSVD are highly prevalent, even in the healthy middleaged population. Starting in the third decade, prevalence increases with advancing age: in
the age group 45–55 years, WM signal changes occur in more than 50% of asymptomatic
individuals.5 CSVD affects the small arteries, arterioles, venules and capillaries of the brain.6 It
is most commonly associated with increasing age and hypertension, and is a leading cause of
cognitive decline and functional loss in aging. CSVD causes vascular WM abnormalities that,
on conventional MRI, mimic MS lesions.
The use of ultrahigh-field strength 7-Tesla (T) MRI has created novel possibilities for improving
differentiation between MS and vascular pathological conditions. The increased signal-to-noise
ratio (SNR) and spatial resolution at 7 T have led to improved detection of focal MS lesions, both
in WM and in cortical grey matter (GM).7–11 Furthermore, owing to increased susceptibility
effects, the resolution of T2*-weighted (T2*W) sequences increases, which makes it possible
to depict small vessels in more detail. As described in early histopathology studies, MS lesions
follow a perivascular orientation.12,13 Best examples of this are the so-called Dawson’s fingers,
typical MS lesions running along the veins that stretch from the lateral ventricles into the brain.
This perivascular orientation of MS lesions has been confirmed in several 7T publications using
T2* sequences.14,15 Another specific feature discovered by 7T T2* imaging is hypointense rims
at the periphery of MS lesions, reflecting iron deposition.9,16,17
Using 3T MRI, Sati et al recently described a new MRI technique that combines T2-weighted
fluid attenuation inversion recovery (FLAIR) contrast with T2*W contrast.18 These so-called
FLAIR* images provide high lesion and vessel conspicuity when imaging WM lesions in MS.
The aim of our study was to investigate the combined potential of FLAIR* with the increased
resolution at 7 T, to increase specificity of MS lesion detection, by determining its capability
to differentiate between MS and vascular brain lesions. We aim to make this clinically
important differentiation based on lesion type, perivascular orientation of the lesion, and lesion
morphology characteristics such as hypointense rims.

Materials and Methods
Subjects
In this study, we selected 16 patients with MS and 16 patients with (risk factors for) vascular
disease, from two databases: the 7T High field in MS study and the 7T Second Manifestations of
ARTerial diseases (SMART) study, ongoing studies in respectively the VU University Medical
Center Amsterdam,10 and the University Medical Center Utrecht.19 Patients were selected from

Differentiating MS from vascular lesions at 7T FLAIR*

123

3

the databases based on matching for age, no clinical or MRI data influenced inclusion. The
institutional review boards approved both studies, and all participants signed informed consent
before participation. In the MS group, we included 10 female and 6 male patients diagnosed
with clinically definite MS,20 with a mean age of 50.4 years (range 44–58). There were 6 relapsing
remitting (RR), 6 primary progressive (PP), and 4 secondary progressive (SP) patients. In the
vascular group, we included 6 female and 10 male patients, with a mean age of 50.9 years (range
35–59). The vascular group included patients with: diabetes mellitus (n=5), peripheral vascular
disease (n=5), coronary artery disease (n=2), cerebral vascular disease (n=1), hyperlipidaemia
(n=1), hypertension (n=1) and genetic predisposition (n=1).
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Imaging Protocol
All participants were imaged on a whole-body 7T MRI system (Achieva, Philips Healthcare,
Best, The Netherlands), with a 16-channel phased array head coil (Nova Medical, Wilmington,
MA, USA). From the acquired sequences, we collected sagittal 3D-FLAIR images acquired
with a magnetic preparation (MP) to reduce unwanted T1 effects.21 In addition, we collected
a dual-echo transversal T2*W sequence that was processed after acquisition by built-in phase
correction, partial echo-filter and homogeneity correction of the MRI system. Detailed sequence
parameters are displayed in table 1. Only supratentorial WM and GM lesions were analysed,
since the sensitivity of the coil did not cover infratentorial regions in all subjects.
Table 1. Sequence parameters
of MS and vascular 7T MRI
cohorts
MS = multiple sclerosis; FLAIR
= fluid attenuated inversion
recovery; TE = echo time; TR =
repetition time; TI = inversion
time; AP = anteriorposterior, RL
= right left

MS

Vascular

3D-FLAIR

Dual-echo T2*

3D-FLAIR

Dual-echo T2*

TE (1/2) (ms)

300

2.5/15

294

2.5/15

TR (ms)

8000

20

8000

20

TI (ms)

2325

-

2250

-

Flip angle (°)

100

20

100

20

Acq. resolution (mm3)

0.8x0.8x0.8

0.39x0.45x0.6

1.0x1.0x1.1

0.35x0.4x0.6

Sensitivity encoding

2.5x2.5 (APxRL)

2.5 (RL)

5x2.8 (APxRL)

2.5 (RL)

Acquisition time (min:s)

13:06

8:50

8:00

8:50

Image Processing
Image processing was performed by one of the authors (JPAK, physicist with 15 years of
experience in image processing). Calculation of FLAIR* images consisted of three main steps.
First, by using a custom Matlab script (R2011a, Mathworks, Natick, MA, USA), a thin-slab
axial minimum intensity projection (MinIP) was made from the second echo of the T2*W
acquisition. This was done over 11 slices with 4 slices overlap, yielding a MinIP slice thickness
of 7x0.3=2.1 mm. Additionally, an axial thin-slab multiplanar reconstruction (MPR) was made
from the first echo of the T2*W scan, which was averaged over 7 slices (MPR slice thickness
of 7x0.3=2.1 mm). To correct for motion that might have occurred between the sequences,
we registered the 3D FLAIR images to the first echo of the T2*-weighted MPR using FLIRT
(part of FMRIB Software Library, version 4.19; available at fsl.fmri.ox.ac.uk), with six degrees
of freedom and a mutual information cost function. FLAIR data were resampled to match the
T2* data space. At this point, all images were visually inspected to check for correctness of
the registration. The last step included voxelwise multiplication of the registered FLAIR with
the MinIP images, yielding a final 7T FLAIR* dataset with a voxel size of 0.4x0.4x2.1 mm3
(figure 1).
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Figure 1. Axial FLAIR and axial T2* MinIP images combined into axial FLAIR* images at 7T MRI, in
an MS patient

Image Analysis
Image analysis was performed by two raters (IDK, 3 years experience in image reading and
ALS, neuroradiologist 8 years of experience). Images were read in consensus, using MIPAV
software (Medical Image Processing, Analysis & Visualization, National Institutes of Health;
mipav.cit.nih.gov). Readers were blinded to (para)clinical information on the subjects and MS
and vascular patients were randomly presented. Per subject, three sequences were evaluated
side-by-side: registered axial FLAIR, T2*W MinIP and FLAIR*.
Lesions were counted on FLAIR* images, according to the following lesion types: periventricular
(PV), deep white matter (DWM), juxtacortical (JC), mixed grey and white matter (MIX) and
purely intracortical (IC) lesions. A lesion was defined as having high signal intensity on FLAIR*
with a minimal diameter of at least 5 mm. For every lesion, the presence of a central vessel (CV)
was analysed. We applied the following definition for a CV: (1) continuous hypointense line on
FLAIR* and T2*W MinIP, (2) orientated along the long axis of the lesion, (3) traverses more
than 50% of the lesion, (4) located in the centre, i.e. the lesion is symmetrically present at both
sides of the vessel. Typical examples of CV in MS patients are shown in figure 2.

Figure 2. Axial 7T FLAIR* images of MS patients showing MS lesions with central vessel

Furthermore, the signal intensity of lesions was analysed for all three sequences. Most
commonly, MS and vascular lesions are hyperintense on FLAIR, isointense/ hyperintense on
T2*W MinIP and hyperintense on FLAIR*. In accordance with preceding research,22,23 we
determined whether lesions were hypointense on T2*W MinIP. The presence of a hypointense
Differentiating MS from vascular lesions at 7T FLAIR*
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rim around an MS lesion was also scored on FLAIR* and T2*W MinIP images.
Statistical analysis
Statistical analysis was performed using SPSS, version 20.0 (SPSS, IBM, Chicago, IL, USA).
Age-matching of groups was tested by Mann–Whitney U-Test. Differences between MS and
vascular lesions concerning lesion distribution and concerning the presence of a CV were
tested using Fisher’s exact tests. P-values <0.05 were considered statistically significant. As the
study was explorative in design and investigated a small sample size, we did not adjust results
for multiple testing.
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Sensitivity and specificity of 7T FLAIR* to distinguish MS from vascular lesions were calculated
for each brain region. First, for lesion detection alone, and second, for lesion detection in
combination with a CV. Number of lesions and percentage CV were set against established
cut-off points, and patients were subsequently defined as true positive (TP, met cut-off value,
diagnosed with MS), true negative (TN, did not meet cut-off value, diagnosed with vascular
disease), false positive (FP, did not meet cut-off value, diagnosed with MS) or false negative
(FN, met cut-off value, diagnosed with vascular disease). Cut-off values were determined using
receiver operating curves (ROC, not shown) with area under the curve (AUC). In some cases,
optimisation by calculating diagnostic odds ratios (DOR) was impossible because of specificity
values of 100% leading to infinite DOR. Therefore, Youden’s index was used to choose optimal
cut-off values, as calculated by deducting 1 from the test’s sensitivity and specificity: sensitivity
+ sensitivity – 1.24 Sensitivity was defined as TP/(TP+FN) and specificity as TN/(TN+FP).

Results
Lesion count and distribution
All MS patients had lesions on 7T FLAIR*. In total, 433 brain lesions were detected, of which
29% were located in the PV region and 38% in the DWM. 21% were JC, 11% MIX and 1%
IC lesions. In the vascular group, 10 out of 16 patients had brain lesions. In total 86 lesions
were detected, of which 12% were located in the PV region, 71% being DWM, 15% JC and 2%
MIX lesions. No purely IC lesions were found in the vascular group. Demographic data, lesion
counts and data on the presence of a CV for all patients are presented in table 2.
Regional lesion count in relation to total lesion count was significantly higher in MS patients
for PV and JC regions (P<0.001 and P<0.05). More detailed information regarding lesion
distribution is displayed in table 3.
Lesion morphology
The perivascular orientation of lesions differed between MS and vascular lesions. In MS patients,
a significantly higher percentage of lesions contained a CV: 74% in the MS group versus 47% in
the vascular group (P<0.001; figure 3). Regarding lesion type, the difference in the presence of a
CV was most marked for DWM lesions: 81% of MS versus 44% of vascular lesions in DWM had
a perivascular orientation (P<0.001). Details on the presence of a CV in brain lesions for both
groups are displayed in table 3. Specificity of MS lesion detection increased from 63% based
on lesion number (cut-off ≥ 3) alone, to 88% in combination with presence of a CV in 52% of
the lesions or more. Particularly for DWM lesions an increase in specificity was seen from 69%
(lesion number alone) to 94% (in combination with CV). Sensitivity and specificity calculations
(including confidence intervals) per lesion type are displayed in table 4.
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Table 2. Demographic data and
lesion counts, per patient
Pt = patient; CV = central vessel; MS
= multiple sclerosis; VAS = vascular;
RR = relapsing remitting; PP =
primary progressive; SP = secondary
progressive; DM = diabetes mellitus

Pt

Age

Sex

Disease Type

Disease
duration

Total
lesions

Lesions with
CV (%)

MS01

52

M

PP

22

60

54 (90,0)

MS02

52

M

PP

12

26

24 (92,3)

MS03

53

F

PP

2

21

17 (81,0)

MS04

47

M

PP

12

56

40 (71,4)

MS05

48

M

RR

4

3

3 (100,0)

MS06

52

F

RR

4

10

5 (50,0)

MS07

58

F

SP

14

8

7 (87,5)

MS08

50

M

PP

13

4

4 (100,0)

MS09

44

F

RR

9

46

34 (73,9)

MS10

46

F

RR

8

6

5 (83,3)

MS11

47

F

SP

14

26

14 (53,8)

MS12

54

F

SP

12

78

54 (69,2)

MS13

57

F

SP

20

10

8 (80,0)

MS14

48

F

RR

13

4

1 (25,0)

MS15

50

M

PP

5

63

41 (65,1)

MS16

48

F

RR

2

12

8 (66,7)

VAS01

59

M

DM

12

8

4 (50)

VAS02

54

F

Peripheral vascular disease

12

0

0 (-)

VAS03

50

F

DM

12

0

0 (-)

VAS04

40

F

Peripheral vascular disease

12

6

3 (50,0)

VAS05

59

M

Coronary artery diasease

11

29

9 (31,0)

VAS06

48

M

DM

12

2

2 (100,0)

VAS07

55

F

Peripheral vascular disease

12

27

16 (59,3)

VAS08

58

M

Cerebral vascular disease

11

4

3 (75,0)

VAS09

57

M

Hypertension

12

0

0 (-)

VAS10

56

F

Coronary artery disease

11

0

0 (-)

VAS11

39

M

DM

12

1

0 (0)

VAS12

48

M

DM

11

1

0 (0,0)

VAS13

54

F

Peripheral vascular disease

11

2

0 (0,0)

VAS14

58

M

Hyperlipidemia

12

6

3 (50,0)

VAS15

35

M

Peripheral vascular disease

5

0

0 (-)

VAS16

45

M

Genetic predisposition

5

0

0 (-)
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Figure 3. Axial 7T FLAIR* images of an MS patient and a vascular patient
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Table 3. Lesion numbers and characteristics in MS and vascular patients
Group-wise, totals
Lesion
type

MS
(n=16)

Vascular
(n=16)

- No. patients with lesions
- No. total lesions
- No. patients with lesions with CV
- No. lesions with CV (%)

16
433
16
319 (74)

10
86
7
40 (47)

PV

- No. patients with PV lesions
- No. PV lesions
- % PV / Total lesions
- No. patients with PV lesions with CV
- No. PV lesions with CV (%)

14
126
29
14
115 (91)

4
10
12
4
7 (70)

DWM

- No. patients with DWM lesions
- No. DWM lesions
- % DWM / Total lesions
- No. patients with DWM lesions with CV
- No. DWM lesions with CV (%)

15
162
38
15
131 (81)

9
61
71
7
27 (44)

JC

- No. patients with JC lesions
- No. JC lesions
- % JC / Total lesions
- No. patients with JC lesions with CV
- No. JC lesions with CV (%)

11
93
22
11
49 (53)

4
13
15
2
6 (46)

MIX

- No. patients with MIX lesions
- No. MIX lesions
- % MIX / Total lesions
- No. patients with MIX lesions with CV
- No. MIX lesions with CV (%)

8
46
11
7
25 (54)

2
2
2
0
0 (0)

IC

- No. patients with IC lesions
- No. IC lesions
- % IC / Total lesions
- No. patients with IC lesions with CV
- No. IC lesions with CV (%)

4
6
1
1
1 (17)

0
0
0
0 (-)

Total

Patient-wise, medians (range)
P value*

<0.001

0.068

<0.001

0.770

0.224

-

MS
(n=16)

Vascular
(n=16)

P value*

16.5 (4-63)

1.5 (0-29)

<0.05

11 (1-54)

0 (0-16)

5.0 (0-25)
33 (0-100)

0 (0-6)
0 (0-50)

5 (0-23)

0 (0-3)

5.0 (0-26)
36 (0-100)

1.0 (0-26)
83 (0-100)

4 (0-31)

0 (0-9)

3.5 (0-25)
11 (0-62)

0 (0-8)
0 (0-100)

2 (0-13)

0 (0-5)

1.0 (0-24)
2 (0-20)

0.1 (0-1)
0 (0-25)

0 (0-14)

0 (0-1)

0 (0-3)
0 (0-5)

0 (0-0)

0 (0-3)

0 (0-0)

<0.05
<0.001

3

<0.05
0.066

0.132
<0.05

0.061
0.160

0.101
-

* P-values reflect differences in lesion distribution and the presence of a central vessel between MS and
vascular patients, as tested using Fisher’s Exact Tests
MS = multiple sclerosis; CV = central vessel; PV = periventricular; DWM = deep white matter; JC =
juxtacortical; MIX = mixed grey matter/ white matter; IC = intracortical
Table 4. Diagnostic accuracy of 7T FLAIR* for differentiating MS from vascular lesions

Total

PV

DWM

JC

MIX

IC

Cut-off

Sensitivity (%)
(95% CI)

Specificity (%)
(95% CI)

YI

AUC (95% CI)

Lesions

≥3

100 (83-100)

63 (35-85)

0.63

0.86 (0.73-0.99)

Lesions + CV

≥ 3 + 52%

88 (62-98)

88 (62-98)

0.75

0.94 (0.85-1.00)

Lesions

≥3

75 (48-93)

94 (70-100)

0.69

0.89 (0.76-1.00)

Lesions + CV

≥ 3 + ≥ 63%

75 (48-93)

100 (83-100)

0.75

0.87 (0.73-1.00)

Lesions

≥3

88 (62-98)

69 (41-89)

0.56

0.77 (0.60-0.94)

Lesions + CV

≥ 2 + ≥ 64%

81 (54-96)

94 (70-100)

0.75

0.88 (0.74-1.00)

Lesions

≥4

50 (25-75)

94 (70-100)

0.44

0.76 (0.59-0.93)

Lesions + CV

≥ 2 + 13%

56 (30-80)

94 (70-100)

0.50

0.75 (0.57-0.92)

Lesions

≥1

50 (25-75)

88 (62-98)

0.38

0.71 (0.53-0.90)

Lesions + CV

≥ 1 + 15%

38 (15-65)

100 (83-100)

0.38

0.69 (0.50-0.88)

Lesions

≥1

25 (7-52)

100 (83-100)

0.25

0.63 (0.43-0.82)

Lesions + CV

≥ 1 + 50%

6 (0-17)

100 (83-100)

0.06

0.53 (0.33-0.73)

MS = multiple sclerosis; CV = central vessel; PV = periventricular; DWM = deep white
matter; JC = juxtacortical; MIX = mixed grey matter/ white matter; IC = intracortical; AUC
= area under the curve; CI = confidence interval; YI = Youden’s index

Differentiating MS from vascular lesions at 7T FLAIR*

129

Figure 4. Axial 7T FLAIR* image of an MS
patient showing a hypointense rim around
an MS lesion

3

A hypointense rim was seen in 10 MS lesions (2.3%) in 4 MS patients, whereas none of the
vascular lesions/patients showed a hypointense rim on 7T FLAIR*. Regarding the signal
intensity of the lesions, in 6 MS patients 24 lesions (5.5%) were hypointense on T2*W MinIP.
On FLAIR* these lesions appear hyperintense because of the superimposed hyperintensity
from FLAIR. Examples of these distinct morphology features of MS lesions are depicted in
figures 4 and 5.

Figure 5. Axial FLAIR and b axial T2* MinIP images combined into c axial FLAIR* images at 7T MRI,
in an MS patient

Discussion
This study shows that the implementation of FLAIR* at 7 T improves the differentiation between
MS and vascular brain lesions. The new image contrast technique leads to high quality images
able to depict features that are specific for MS, as was suggested earlier using FLAIR* at 3 T 18,
and when 3T FLAIR and 7T susceptibility-weighted imaging (SWI) were combined.23 Besides
the increased spatial resolution that can be achieved at a higher field strength, another major
advantage of implementing FLAIR* at 7 T is that no contrast agent had to be administered to
visualise vessels, as was necessary in the aforementioned 3T FLAIR* study. Stimulated by the
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initial technical description of this image contrast technique by Sati et al, we now report, to our
knowledge for the first time, data and concrete numbers on lesion counts and their relation to
CV.
We established two major ways to differentiate between MS and vascular lesions. First is the
presence of a CV within a lesion. The significantly higher number of MS lesions with a CV
(74%), compared with vascular lesions (47%), reflects different pathophysiological mechanisms
of lesion development. The sensitivity of FLAIR* based on lesion number alone is high (100%)
whereas specificity is low (63%), when taking into account the optimised cut-off value of three
or more lesions. After adding the criterion that at least 52% of the lesions must contain a CV,
specificity increased markedly to 94%. The effect was most prominent in the DWM, where
sensitivity based on lesion number alone is high (88%) but specificity is moderate (69%; cut-off
value of three lesions). This suggests it is difficult to discriminate DWM lesions. By adding the
presence of a CV in at least 64% of the DWM lesions, specificity of FLAIR* increased to 94%
and still a high sensitivity of 81% remained. This increased specificity of FLAIR* compared with
FLAIR only is highly relevant in the clinical setting, given the problematic differential diagnosis
of DWM lesions.
The importance of PV lesions for the diagnosis of MS is well established.12 Ovoid lesions
abutting from the lateral ventricles are typical for MS and for this reason PV lesions were
implemented in past and present MRI criteria.25 In our data, the proportion of PV lesions was
significantly higher in MS than in vascular patients, reflecting the importance of PV lesions for
MS diagnosis. Even without taking into account the presence of a CV, the specificity of FLAIR*
based on PV lesion detection is high (94%). No significant difference was present between the
two diseases considering perivascular orientation (MS 91% vs. vascular 70%). This is most
probably caused by the anatomy of vessels that are so abundantly common in this area that
any PV lesion is likely to be traversed by one. The high specificity based on lesion number
alone notwithstanding, when 63% or more of PV lesions have a CV at 7T FLAIR*, specificity
increases to a maximum of 100%.
Lesions in the U-fibres are also known to be highly specific for MS. Our results confirm this, as
the proportion of JC lesions was significantly higher in MS than in vascular patients. Calculated
specificity of FLAIR* to discriminate JC lesions was high (94% at a cut-off of at least 4 JC
lesions). Including the presence of a CV (cut-off value of 2 or more JC lesions with a CV in at
least 13%) did not further increase this.
Sensitivity of 7T FLAIR* for GM lesions, based on lesion number alone, was low (50% for
MIX and 25% for IC lesions) but these lesions did show a high specificity for MS: 88% and
100% respectively. Adding the presence of a CV was not helpful, as it only decreased sensitivity
further. IC MS lesions had a CV in only 17%; this might have been caused by the low visibility of
cortical veins on FLAIR*, the morphology and size of cortical lesions or possibly by the fact that
purely IC lesions do not evolve in a perivascular way.26 7T MRI increases detection of cortical
lesions in MS patients,27 known to be closely related to cognitive and clinical disability of MS
patients, which shows the potential clinical value of ultrahigh-field imaging.
A combination of contrast enhanced SWI and T2w images at 1.5 T was the first study to explore
the perivascular orientation of MS lesions in vivo.28 With increasing field strength, several
other studies have used T2* sequences to investigate this and whether WM MS lesions can
be distinguished from Susac, neuromyelitis optica or asymptomatic WM lesions. Outcomes
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ranged from 80–92% CV.29–33 Our numbers of CV are to a certain degree lower, probably
because we used strict scoring criteria, in which a vessel had to be symmetrically in the centre
of a lesion and traversing more than 50% of a lesion. Our analysis also included GM lesions,
in contradiction to the studies mentioned. Furthermore, FLAIR* projects lesions and veins
simultaneously in one image, as opposed to the other studies, which used two sequences, one
for lesion detection and the other for the visibility of veins. A study in which 7T SWI and 3T
FLAIR images were combined into single FLAIR-SWI images detected a CV in 25% of total MS
lesions, which is considerably lower than our results.23
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The second way to discriminate MS from vascular lesions is that 7T FLAIR* showed distinct
morphological characteristics of MS lesions that were not visible in any of the vascular patients.
A hypointense rim around a subset of the MS lesions was seen in 25% of the MS patients. These
rims have been described previously in 7T phase studies,7–9,16 and also at 3T FLAIR*.18 Earlier 7T
studies have shown that rims are capable of differentiating MS from other neuroinflammatory
diseases like Susac and neuromyelitis optica.30,31 Our results confirm that hypointense rims
are fairly specific for MS, though not very common. They were believed to reflect iron-laden
macrophages and reflect lesion activity, however a serial imaging study showed that rims did
not disappear over time.22
What exactly the hypointense lesions that we have found are, and whether they are comparable
with spotlike iron within lesions at FLAIR-SWI in MS as reported by Grabner et al,23 or nodular
lesions as described by Bian et al,22 remains to be investigated. Nevertheless, the hypointense
lesions seem capable of differentiating between MS and vascular patients as this phenomenon
was absent in vascular lesions.
In the future, 7T FLAIR* may increase the specificity of MS diagnosis. We studied the potential
of 7T FLAIR*, calculated as sensitivity and specificity, in a cross-sectional way. This type of
analysis examines only the differentiation between MS and vascular lesions. Limitation of our
study is that diagnostic values of sensitivity and specificity will be overestimated, because of
the case–control study design. Therefore, our study does not give information about whether a
patient will be diagnosed with MS or not. This needs to be determined in a longitudinal study
setting with a single group of patients with clinically isolated syndrome (CIS). A prospective
study design will also take away the susceptibility to selection bias that was possibly created in
our study in which we selected patients based on matching for age.
An improved differentiation between MS and vascular lesions is of high clinical relevance.
Along with the already known benefit of 7T imaging of increased detection of GM lesions, this
increases the clinical value of 7T MRI. Unfortunately ultrahigh-field 7T systems are not yet
routinely available other than in the research setting. Future studies will also have to investigate
whether comparable results can be created on the clinically more widely available 3T systems.
However, because the visibility of parenchymal vessels at 7 T is much higher,34 the need for
contrast medium administration at 3 T to improve visualisation of vessels will remain.18,35
The acquisition resolution of the 3D-FLAIR in the MS group was slightly higher than in the
vascular group (0.8x0.8x0.8 mm3 vs. 1.0x1.0x1.1 mm3). Because this difference is small in
proportion to the size of scored lesions, we do not think this influenced our results. The mean
age of MS patients was rather high compared with the typical MS patient, but was taken to be
as low as possible to be able to compare with the vascular group, in which patients are generally
of higher age. For this reason, it cannot be ruled out that certain MS patients may have a few
132
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additional vascular lesions. Based on the MRI images, our MS patients were of the typical
kind, with a significantly higher number of PV and JC lesions. Future prospective studies have
to investigate whether 7T FLAIR* is useful in MS patients where the differential diagnosis is
challenging.
In conclusion, this study shows that the use of a novel contrast technique FLAIR* at 7 T
improves differentiation between MS and vascular lesions, based on lesion location, presence
of a CV and presence of hypointense (rims around) lesions. Specificity to MS lesion detection
is increased highly when the presence of a CV is taken into account.
Funding
This work was sponsored by a grant provided by the Dutch MS Research Foundation (grant no.
11-769).

Differentiating MS from vascular lesions at 7T FLAIR*

133

3

References
1.
2.
3.
4.
5.

3

6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.

134

Montalban X, Tintoré M, Swanton J, et al. (2010) MRI criteria for MS in patients with clinically
isolated syndromes. Neurology 74:427–434.
Polman CH, Reingold SC, Banwell B, et al. (2011) Diagnostic criteria for multiple sclerosis: 2010
revisions to the “McDonald criteria.” Ann Neurol 69:292–302.
Fazekas F, Barkhof F, Filippi M, et al. (1999) The contribution of magnetic resonance imaging to the
diagnosis of multiple sclerosis. Neurology 53:448–56.
Charil A, Yousry TA, Rovaris M, et al. (2006) MRI and the diagnosis of multiple sclerosis:
expanding the concept of “no better explanation.” Lancet Neurol 5:841–852.
Schmidt R, Schmidt H, Haybaeck J, et al. (2011) Heterogeneity in age-related white matter changes.
Acta neuropathol 122:171–85.
Pantoni L (2010) Cerebral small vessel disease: from pathogenesis and clinical characteristics to
therapeutic challenges. Lancet Neurol 9:689–701.
Kollia K, Maderwald S, Putzki N, et al. (2009) First clinical study on ultra-high-field MR imaging in
patients with multiple sclerosis: comparison of 1.5T and 7T. AJNR Am J Neuroradiol 30:699–702.
Mainero C, Benner T, Radding A, et al. (2009) In vivo imaging of cortical pathology in multiple
sclerosis using ultra-high field MRI. Neurology 73:941–8.
Pitt D, Boster A, Pei W, et al. (2010) Imaging cortical lesions in multiple sclerosis with ultra-highfield magnetic resonance imaging. Arch Neurol 67:812–8.
De Graaf WL, Kilsdonk ID, Lopez-Soriano A, et al. (2013) Clinical application of multi-contrast
7T MR imaging in multiple sclerosis: increased lesion detection compared to 3 T confined to grey
matter. Eur Radiol 23:528–40.
Wattjes MP, Barkhof F (2009) High field MRI in the diagnosis of multiple sclerosis: high field-high
yield? Neuroradiology 51:279–292.
Dawson J (1916) The histology of disseminated sclerosis. Trans R Soc Edinburgh 50:517–740.
Fog T (1965) The topography of plaques in multiple sclerosis with special reference to cerebral
plaques. Act Neurol Scan Suppl 15:1–161.
Ge Y, Zohrabian VM, Grossman RI (2008) Seven-Tesla magnetic resonance imaging: new vision of
microvascular abnormalities in multiple sclerosis. Arch Neurol 65:812–6.
Tallantyre EC, Brookes MJ, Dixon JE, et al. (2008) Demonstrating the perivascular distribution of
MS lesions in vivo with 7 Tesla MRI. Neurology 70:2076–8.
Hammond KE, Metcalf M, Carvajal L, et al. (2008) Quantitative in vivo magnetic resonance
imaging of multiple sclerosis at 7 Tesla with sensitivity to iron. Ann Neurol 64:707–13.
Ropele S, de Graaf W, Khalil M, et al. (2011) MRI assessment of iron deposition in multiple
sclerosis. J Magn Reson Imaging 34:13–21.
Sati P, George IC, Shea CD, et al. (2012) FLAIR*: A Combined MR Contrast Technique for
Visualizing White Matter Lesions and Parenchymal Veins. Radiology 265:926-932.
Conijn MMA, Geerlings MI, Luijten PR, et al. (2010) Visualization of cerebral microbleeds with
dual-echo T2*-weighted magnetic resonance imaging at 7.0 T. J Magn Resance imaging: JMRI
32:52–9.
Polman CH, Reingold SC, Edan G, et al. (2005) Diagnostic Criteria for Multiple Sclerosis: 2005
Revisions to the “McDonald Criteria.” Ann Neurol 58:840–846.
Visser F, Zwanenburg JJM, Hoogduin JM, Luijten PR (2010) High-resolution magnetizationprepared 3D-FLAIR imaging at 7.0 Tesla. Magn Reson Med 64:194–202.
Bian W, Harter K, Hammond-Rosenbluth KE, et al. (2013) A serial in vivo 7T magnetic resonance
phase imaging study of white matter lesions in multiple sclerosis. Mult Scler 19:69–75.
Grabner G, Dal-Bianco A, Schernthaner M, et al. (2011) Analysis of multiple sclerosis lesions using
a fusion of 3.0 T FLAIR and 7.0 T SWI phase: FLAIR SWI. J Magn Reson Imaging 33:543–9.
Böhning D, Holling H, Patilea V (2011) A limitation of the diagnostic-odds ratio in determining
an optimal cut-off value for a continuous diagnostic test. Statistical methods in medical research
20:541–50.

Chapter 3.2

25. Barkhof F, Filippi M, Miller DH, et al. (1997) Comparison of MRI criteria at first presentation to
predict conversion to clinically definite multiple sclerosis. Brain 120:2059–2069.
26. Bø L, Vedeler CA, Nyland H, et al. (2003) Intracortical multiple sclerosis lesions are not associated
with increased lymphocyte infiltration. Mult Scler 9:323–31.
27. Kilsdonk ID, de Graaf WL, Barkhof F, Wattjes MP (2012) Inflammation high-field magnetic
resonance imaging. Neuroimaging Clin N Am 22:135–157.
28. Tan IL, van Schijndel RA, Pouwels PJW, et al. (2000) MR venography of multiple sclerosis. AJNR
Am J Neuroradiol 21:1039-42.
29. Tallantyre EC, Dixon JE, Donaldson I, et al. (2011) Ultra-high-field imaging distinguishes MS
lesions from asymptomatic white matter lesions. Neurology 76:534–9.
30. Wuerfel J, Sinnecker T, Ringelstein EB, et al. (2012) Lesion morphology at 7 Tesla MRI differentiates
Susac syndrome from multiple sclerosis. Mult Scler 18:1592–9.
31. Sinnecker T, Dörr J, Pfueller CF, et al. (2012) Distinct lesion morphology at 7T MRI differentiates
neuromyelitis optica from multiple sclerosis. Neurology 79:708–14.
32. Lummel N, Boeckh-Behrens T, Schoepf V, et al. (2011) Presence of a central vein within white
matter lesions on susceptibility weighted imaging: a specific finding for multiple sclerosis?
Neuroradiology 53:311–7.
33. Kau T, Taschwer M, Deutschmann H, et al. (2013) The “central vein sign”: is there a place for
susceptibility weighted imaging in possible multiple sclerosis? Eur Radiol 23:1956-1962s.
34. Tallantyre EC, Morgan PS, Dixon JE, et al. (2009) A comparison of 3T and 7T in the detection of
small parenchymal veins within MS lesions. Invest Radiol 44:491–4.
35. Tan IL, Pouwels PJW, van Schijndel RA, et al. (2002) Isotropic 3D fast FLAIR imaging of the brain
in multiple sclerosis patients: initial experience. Eur Radiol 12:559–67.

Differentiating MS from vascular lesions at 7T FLAIR*

135

3

