
VU Research Portal

Visualizing and characterizing tissue abnormalities in multiple sclerosis

Jonkman, L.E.

2016

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Jonkman, L. E. (2016). Visualizing and characterizing tissue abnormalities in multiple sclerosis: A translational
approach. [PhD-Thesis - Research and graduation internal, Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 24. May. 2023

https://research.vu.nl/en/publications/f2b66eb9-d612-435e-85e6-80731b901a0e


UHF MTR AND QR2* DIFFERENTIATES SUBPIAL CORTICAL LESIONS FROM NAGM

93

4 
CH

A
PT

ER

Chapter 4



CHAPTER 4.1

94



UHF MTR AND QR2* DIFFERENTIATES SUBPIAL CORTICAL LESIONS FROM NAGM

95

4 
CH

A
PT

ER

Chapter 4.1
Ultra-high field MTR and qR2* differentiates 

subpial cortical lesions from normal appearing 
gray matter in multiple sclerosis.
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abstraCt 

Background: Cortical gray matter (GM) demyelination is frequent and clinically relevant in MS. 
Quantitative MRI sequences such as magnetization transfer ratio (MTR) and quantitative R2* 
(qR2*) can capture pathological subtleties missed by conventional MRI sequences. Although 
differences in MTR and qR2* have been reported between lesional and non-lesional tissue, 
differences between lesion types or lesion types and myelin density matched normal appearing 
GM (NAGM) have not been found or investigated.

Objectives: Identify quantitative differences in histopathologically verified GM lesion types and 
matched NAGM at ultra-high field strength.

Methods: Using 7T post-mortem MRI, MRI lesions were marked on T2 images and co-registered 
to the calculated MTR and qR2* maps for further evaluation. Fifteen brain slices were collected, 
containing a total of 74 cortical GM lesions and 45 areas of NAGM.

Results: Intracortical lesions had lower MTR and qR2* values compared to NAGM. Type I lesions 
showed lower MTR than type III lesions. Type III lesions showed lower MTR than matched NAGM, 
and type I and IV lesions showed lower qR2* than matched NAGM.

Conclusion: qMRI at 7T can provide additional information on extent of cortical pathology, 
especially concerning subpial lesions. This may be relevant for monitoring disease progression 
and potential treatment effects.
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IntroduCtIon

Gray matter (GM) pathology is a key component of multiple sclerosis (MS), a degenerative and 
inflammatory disease of the central nervous system. GM pathology is already present early 
on in the disease course, and is related to cognitive and physical disability.1,2 According to 
criteria proposed by Bo et al.,3 cortical lesions can be classified as follows: type I lesions involve 
the deeper layers of the GM as well as the adjacent WM; type II lesions are often small and 
confined within the cortex; type III lesions extend from the pial surface into the cortex; and 
type IV lesions span the entire cortex without entering the subcortical white matter. Visualizing 
these GM lesions with conventional magnetic resonance imaging (MRI) techniques has been 
challenging,4 but improvements have been made with specific sequences5–7 and imaging at 
(ultra-)high field.7,8 Prospectively, the majority of lesions are still missed,9,10 but retrospectively 
(i.e. with histopathological knowledge of lesion location), it is now possible to identify up to 
93% of lesions at 7T MRI.9 At low field strengths, quantitative MRI techniques have shown to 
be more sensitive to pathological subtleties than conventional techniques. For instance, at 1.5 
Tesla, magnetization transfer (MT) imaging can detect focal abnormalities in normal-appearing 
white matter (NAWM) before the appearance of lesions on conventional MRI.11 MT ratio (MTR) 
has also revealed abnormalities in the GM of MS patients; previous studies showed lower MTR 
in cortical lesions compared to normal appearing gray matter (NAGM)12,13 and baseline average 
GM MTR showed predictive value for patients’ worsening disability.14 In turn, quantitative 
R2* (=1/T2*) also revealed lower values in GM lesions than in nearby non-lesional cortex.10  

Although differences in MTR and qR2* have been found between lesional and non-lesional 
tissue, a previous attempt to find quantitative MTR differences between type I and III lesion 
types did not yield any significant results, possibly due to insufficient power.12 In vivo, although 
the assessment of GM lesion types is challenging, it has been shown that different lesion types 
may exert different effects on physical or cognitive disability.15 In the current study, we aimed 
to compare MTR and qR2* values in histopathologically verified cortical GM lesion and NAGM 
at ultra-high field strength. Specifically, we looked to quantitatively distinguish different lesion 
types (I-IV) from each other and from myelin density matched NAGM. This would be especially 
interesting for the frequently occurring, but frequently missed type III lesions. 7,9,16,17

MaterIals and Methods

Patients and Autopsy

Fifteen coronally cut, 10-mm thick full-hemispheric brain slices of 15 patients with 
histopathologically confirmed MS were selected after rapid autopsy (mean post-mortem delay 
5 hours 56 minutes) and were formalin-fixed in 4% formalin. All brain slices were from the frontal 
area of the left hemisphere. Demographic and neuropathological details of the donors have 
been previously published.18 Briefly, the patient group consisted of seven females and eight 
males, mean age was 68.5 ± 12.7 years and mean disease duration 29.1 ± 13.2 years. Prior to 
death, all donors had registered at the Netherlands Brain Bank, Amsterdam, the Netherlands 
and given written informed consent for the use of their tissue and medical records for research 
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purposes. Permission for performing autopsies, use of tissue and access to medical records, was 
granted by the institutional ethics review board. 

MR Acquisition and Analysis

Imaging was performed using a 7.0 Tesla Bruker Biospec USR70/30 MRI scanner (Bruker BioSpin 
MRI GmbH, Ettlingen, Germany) and 8.5 cm diameter RF transmitter/receiver coil. Each formalin-
fixed slice was placed into a rectangular plastic tissue container and immersed in 10% buffered 
formalin. All MRI sequences were acquired with an in-plane spatial resolution of 100μm x100μm 
with a slice thickness of 1mm. The MRI protocol included:

(i) 2D multi-echo spin-echo (SE) T2-weighted image with repetition time (TR) = 4000 ms, 
echo times (TE) = 19.1/38.2/57.3 ms, number of averages (NEX) = 6.

(ii) 3D GRE with and without saturation pulse magnetization transfer ratio (MTR) images with 
TR = 40.9 ms, TE = 12.9 ms, NEX = 6, offset from water resonance = 3 KHz, MT pulse α = 850.

(iii) Multi-echo 3D GRE quantitative R2* images with TR=73.3 ms, TE= 9.89/27.46/45.03/62.60 
ms, NEX = 8, α = 28.

MTR maps were calculated using the equation (M0 - Ms/M0) x 100, where M0 and Ms are the 
signal intensities found during non-saturated and saturated acquisition respectively. MTR values 
are reported in percent units (pu) as described earlier.19 Computation of the quantitative R2* 
maps was done by using least squares method to fit the logarithm of the image intensity versus 
TE, using Matlab (Matlab 6.1, The MathWorks Inc., Natick, MA, 2000). See figure 1 for an example 
of a T2-weighted image, MTR map and qR2* map with matching histology for a type I, III  
and IV lesion.

Histology

After MRI, the coronally cut full-hemispheric brain slices were cut in half to reveal the imaged 
plane, and embedded in paraffin. Average fixation time before embedding was 504 days (±SD 
160). 8-µm-thick sections were cut and mounted onto glass slides (Superfrost, VWR international, 
Leuven, Belgium). Staining was performed with antibodies against proteolipid protein (PLP). 
PLP (Serotec, Oxford, UK) was diluted in TBS (1:500) containing 1% normal goat serum (NGS; 
DAKO, Glostrup, Denmark) and stored overnight at 6oC. Immunolabeling was detected by 
incubating the sections in biotinylated goat anti-mouse (1:400; Vector Laboratories, Burlingame, 
CA) and in Vectastain avidin-biotinperoxidase complex (ABC-HRP; 1:200; Vector Laboratories, 
Burlingame, CA) for 60 min at room temperature. Afterwards, the sections were washed in 0.05M 
tris-HCL (pH 7.6). Peroxidase activity was demonstrated with 0.5 mg/mL 3,3′ diaminobenzidine 
tetrahydrochloride (DAB; Sigma, St. Louis, MO) in 0.01 mol/L tris-hydrochloride containing 0.03% 
H2O2 for 5 minutes, which led to a brown reaction product. Sections were counterstained with 
hematoxylin (Sigma, St. Louis, MO) and mounted (Depex, BDH; Poole, UK).
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Scoring, Matching and Co-registration

Histopathological scoring of cortical lesions on hemispheric tissue sections was performed 
by three observers in consensus, all blinded to the clinical information. Lesions were defined 
as areas of complete demyelination (lack of PLP). Sections were subsequently matched to 
the corresponding T2-weighted MRI planes (with TE=19.1) using as many cortical anatomical 
landmarks as possible. Lesions were drawn as regions of interests (ROIs) on the MRI images 
using the Medical Image Processing, Analysis and Visualization (MIPAV, Centre for Information 
Technology, National Institutes of Health, Bethesda, MD, USA). For type I lesions, only the cortical 
part of the lesion was included, as the WM part of the lesion would skew MTR/qR2* values. In 
addition, ROIs of NAGM were drawn on the MR images; (i) a measure over the full width of the cortex 
(totalNAGM), as well as (ii) measures dividing the full width of the cortex in two approximately 
equal-sized areas: an area from the pial surface to approximately 50% of the cortex (low myelin 
density area (lowNAGM)) and an area from 50% of the cortex to the border of the white matter 
(high myelin density area (highNAGM)). See figure 2 for an overview. This distinction was made 
due to the natural variation of myelin content across cortical layers; low myelin density in the 
superficial layers closer to the pial surface, and higher myelin density in layers closer to the white 
matter.20 This way we could make specific and meaningful comparisons between NAGM and 
lesion types according to their location in the cortex. The cortical side of type I lesions are next 
to the WM border in the high myelin density area and will therefore be compared to highNAGM, 
type III lesions extent from the low myelin density pial surface and will therefore be compared 
to lowNAGM. Type II lesions can occur throughout the cortex and type IV lesions span the entire 
width of the cortex and will therefore be compared to totalNAGM. All NAGM ROIs were selected 
after inspection of histological sections (same sections on which GM lesions were detected).

MTR and qR2* maps were co-registered with the T2-weighted images using FLIRT (part of the 
FMRIB Software Library (FSL) Version 5.0.4).21 Subsequently, the masks were co-registered to the 
MTR and qR2* maps to extract mean values for each ROI. All co-registered images and masks 
were manually checked to confirm that there were no errors in co-registration or inclusion of 
MTR or qR2* artifacts. 

Analysis of Data 

Descriptive and statistical analysis was performed using IBM SPSS 20.0 for Windows (SPSS, Inc., 
Chicago, IL). MTR and qR2* histograms and Shapiro-Wilk tests revealed no evidence for non-
normality. We compared MTR and qR2* values between lesion types (I, II, III and IV) with ANCOVA 
and Bonferroni corrected post-hoc tests. Due to multiple lesions coming from the same subject 
(patient), we controlled for ‘subject’ in addition to lesion size and fixation time before embedding 
(in days). For comparison of lesion types to myelin density matched (low/high/total)NAGM, we 
did several ANCOVAs instead of T-tests so we were able to control for subject, lesion size and 
fixation time. We compared Type I to highNAGM, type II to totalNAGM, type III to lowNAGM and 
type IV to totalNAGM, please see the previous paragraph  “scoring, matching and co-registration” 
for the rationale. Subsequently we corrected for multiple (four) comparisons. Intracortical 
lesions (ICL; type II, III and IV grouped together) were compared to all NAGM options (low/high/
total) in an ANCOVA with Bonferroni corrected post-hoc tests, controlling for subject, lesion size 
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and fixation time. Correlations between MTR and qR2* were assessed with a Pearson correlation 
and corrected for subject. Differences were considered significant if p < 0.05.

FIgure 2 | Boxplot with MTR values (in pu) of the different lesion types, intracortical lesions (ICL) and Normal 
Appearing Gray Matter (NAGM). ** p < 0.01, *** p < 0.001.

results

Cortical demyelination was variable across cases, with an average area of demyelination of 13% 
(range: 1% - 95%) in the analyzed hemispheric slices. The fifteen brain slices contained a total 
of 81 lesions that were also found on MRI. Of these, 7 lesions did not correctly co-register to 
MTR/qR2* maps, resulting in 74 lesions. Additionally, 45 areas of NAGM were selected. For MTR 
analysis, four lesions had to be excluded due to signal artefacts, leaving 70 lesions (median: 3; 
range: 0-16 per slice) and 45 areas of NAGM (median: 3; range: 0-6 per slice) for analysis. For qR2* 
analysis, 10 lesions and three areas of NAGM were excluded due to image artefacts, leaving 64 
lesions (median: 3; range 0-14 per slice) and 42 areas of NAGM (median: 3; range 0-6 per slice) 
for analysis. Distribution of lesion types and corresponding mean ± SD of MTR and qR2* for the 
different lesion types and (low/high/total) NAGM can be found in table 1. 

There was an overall significant positive correlation between MTR and qR2* values, corrected for 
subject, for all lesions grouped together (r = 0.35, p < 0.01). Upon further inspection by lesion 
type, only lesion type III showed a significant correlation between MTR and qR2* (r = 0.42, p < 
0.05). NAGM also showed a significant correlation between MTR and qR2* (r = 0.42, p < 0.01).

table 1 | mean ± SD of MTR and qR2* lesion size and value

type I type II type III type IV ICL NAGM

N 8 7 30 25 62 45

sizea 6.33 ±5.68 1.98 ±1.02 11.48 ±16.62 39.54 ±31.23 21.72 ±27.23 23.98 ±16.03

MTR 29.14 ±4.05 28.30 ±3.56 23.40 ±3.97 24.44 ±4.37 24.37 ±4.30 28.41 ±3.73

N 6 7 27 24 58 42

sizea 7.35 ±6.17 2.08 ±0.98 11.31 ±16.90 39.83 ±31.64 21.99 ±27.77 24.86 ±15.81

qR2* 41.66 ±2.22 43.74 ±3.60 39.71 ±4.38 38.20 ±3.86 39.57 ±4.37 45.32 ±4.77

a in mm3
MTR= magnetization transfer ratio (values in %), qR2* (values in Hz), ICL = intracortical lesions (type II, III and 
IV combined), NAGM = normal appearing gray matter.
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MTR

For MTR, there was a statistically significant difference between lesion types (I-IV) as determined 
by ANCOVA (F(3,63) = 5.375, p = 0.002). Bonferroni corrected post-hoc tests revealed that Type 
I lesions (29.14 ±SD 4.05 pu) showed a significantly higher MTR than type III lesions (23.40 ±SD 
3.97 pu, p < 0.05). 

Looking at comparisons with NAGM, there was a statistically significant difference between ICL 
(II-IV) and NAGM as determined by ANCOVA (F(3,186) = 14.853, p < 0.001). Bonferroni corrected 
post-hoc tests revealed that ICL (24.37 ±SD 4.30 pu) showed a significant lower MTR than 
totalNAGM (28.41 ±SD 3.73 pu, p < 0.001) and highNAGM (29.41 ±SD 3.95 pu, p < 0.001). When 
comparing the different lesion types (I-IV) to location matched NAGM, type III lesions showed a 
significantly lower MTR than lowNAGM (26.66 ±SD 3.60 pu, p < 0.001). These results are shown 
in figure 3. 

FIgure 3 | Boxplots with qR2* values (in Hz). On the left the different lesion types, intracortical lesions (ICL) 

and Normal Appearing Gray Matter (NAGM). *** p < 0.001

qR2*

For qR2*, There was no statistically significant difference between lesion types (I-IV). Looking at 
comparisons with NAGM, there was a statistically significant difference between ICL (II-IV) and 
NAGM as determined by ANCOVA (F(3,169) = 24.450, p < 0.001). Bonferroni corrected post-hoc 
tests revealed that ICL (39.57 ±SD 4.37 Hz) showed a significant lower qR2* than totalNAGM 
(45.32 ±SD 4.77 Hz, p < 0.001) and highNAGM (46.86 ±SD 3.86 Hz, p < 0.001). When comparing 
the different lesion types (I-IV) to location matched NAGM, type I lesions (41.66 ±SD 2.22 Hz) 
showed a significantly lower qR2* than highNAGM (p<0.05). Type IV lesions (38.20 ±SD 3.86) 
showed a significantly lower qR2* than totalNAGM (45.32 ±SD 4.77 Hz, p < 0.001). These results 
are shown in figure 4. Figure 5 is an example of lesion and NAGM with MTR and qR2* values.
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FIgure 4 | Example of a histopathological (A) type III lesions (arrow) and corresponding T2-weighted image 
(B) with ROI (C), MTR map (D) and qR2* map (E). On the T2-w image a visible subpial lesion (yellow ROI) and 
area of NAGM (green ROI). Average MTR and qR2* values are depicted next to the ROIs.

FIgure 5 | Example of a histopathological (A) type III lesions (arrow) and corresponding T2-weighted image 
(B) with ROI (C), MTR map (D) and qR2* map (E). On the T2-w image a visible subpial lesion (yellow ROI) and 
area of NAGM (red ROI). Average MTR and qR2* values are depicted next to the ROIs.

dIsCussIon

7T quantitative MR imaging data obtained from 15 MS post-mortem samples demonstrated 
heterogeneity in cortical MTR and qR2* contrasts. Consistent with previous work,10,12,13 

intracortical lesions had lower MTR and qR2* than non-lesional NAGM. More importantly, 
different lesion types could be quantitatively distinguished from myelin density matched 
NAGM; type III lesions showed lower MTR values than matched NAGM, and type I and IV lesions 
showed lower qR2* values than NAGM.

A previous MTR study at 1.5T found no quantitative differences between cortical lesions and 
NAGM.17 However, studies at higher field strength such as 3T MTR,13 7T R2*10 and 9.4T MTR12 
did find quantitative differences, indicating the necessity for higher field strength with better 
spatial resolution and contrast-to-noise to detect subtle differences. Nevertheless, these  
studies grouped lesion types together and therefore did not match for myelin density differences 
in NAGM.
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The extent of quantitative MTR differences between GML and NAGM ranges from a 5% decrease 
at 3T13 to a 17% decrease at 9.4T.12 Our study found a MTR decrease of 7.4% for GML (lesion types 
I-IV) and 14.1% decrease for ICL (lesion types II-IV) at 7T. With regard to qR2*, at 7T a previous 
study (with n=2) found a decrease of approximately 30%10 while our study found a decrease of 
9.9% for GML and 12.6% for ICL. These differences in MTR and qR2* may be caused by differences 
in field strength, MTR saturation pulses (power, frequency, offset), resolution, post mortem delay 
(PMD) and variation in sample sizes used. 

The pathological substrate of cortical lesions is predominantly demyelination, but also (minor) 
axonal transection, microglial activation and neuronal, glial and synaptic loss.22-24 Previous 
combined post-mortem MRI and histopathology studies have shown that MTR changes 
predominantly reflect myelin12,13,25 and axonal density26 changes, whereas qR2* changes could 
reflect both myelin loss and iron changes.27 Iron is located in oligodendrocytes and myelin;27 a 
lesional area lacks myelin and therefore has less iron and less qR2* contrast. The correlation we 
found between MTR and qR2* can be explained by their common reflection of demyelination. 
However, the moderate strength of this correlation indicates that MTR and qR2*, as mentioned 
above, may reflect more than myelin alone and therefore has a wider scope of interpretation.

It has been observed that outer cortical qMRI (MTR and qT2*) is different in MS patients than 
controls,28–30 with a more pronounced MTR reduction in SPMS patients than in RRMS patients.28,29 
This is in line with histopathological studies of subpial demyelination and neuronal loss being 
most extensive in SPMS patients.31 Our study looked at the capacity to distinguish with qMRI 
techniques and found lower mean MTR and qR2* in histopathological verified subpial lesions 
compared to myelin density matched NAGM, bridging the histological and in vivo findings. It 
also supports the notion that lower MTR in the outer cortex of patients is (at least partially) 
related to demyelination and could reflect the frequently overlooked subpial lesions.28,30 

Several in vivo studies have assessed the association of MTR and qR2* changes in relation to 
disability in MS patients, with contradictory results. One recent study found that NAGM (more 
than lesional) MTR was consistently associated with physical and cognitive outcome measures.32 
However, another recent study found that cortical lesions rather than NAGM was related to 
physical and cognitive outcome measures.33 A study looking at qR2* found increased basal 
ganglia R2* in MS patients which was related to age, disease duration and Expanded Disability 
Status Scale (EDSS) score.34

Although we have a larger sample size than previous studies,9,10 the number of type I and type 
II lesions are still limited, which may have underpowered our statistical analysis of these lesion 
types and warrant careful interpretation and preferably require replication in a larger sample of 
lesions. Furthermore, rather than an ANCOVA of individual lesions and controlling for subject, 
statistical analysis would ideally include a multi-level analysis controlling for nested data (lesions 
within patients) within the model. However, this type of analysis is unreliable with smaller sample 
sizes35 such as in the current study. Furthermore, the studied post-mortem MS population, with 
its long disease duration, is not representative for the whole MS population in vivo, which makes 
it difficult to translate results from the post-mortem to the in vivo setting.
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Quantitative MRI parameters of brain tissue change after fixation36 and are influenced by post-
mortem delay, age and duration of fixation. For MTR, formalin fixation causes cross-linking of 
macromolecules, thereby changing freely moving protons into restricted protons and altering 
the magnetization transfer between the two groups.37 For qR2*, formalin fixation and in turn 
cross-linking, reduces the T2 relaxation time.37,38 Therefore, a direct translation to the in vivo 
setting cannot be made. However, the direction of qMRI change in cortical lesion and NAGM 
remains the same from post-mortem brain slices (current study) to the post-mortem in situ39 

and the in vivo29,40 setting. 

Summarizing, our post-mortem findings suggest that at 7T, it is possible to find qMRI differences 
between cortical lesions and myelin density matched NAGM. More interestingly, we were 
able to differentiate type III subpial lesions from NAGM, indicating the added value of MTR to 
conventional MRI measures such as T2 and T2*, with which type III lesions are generally difficult 
to detect.18 However, to investigate the benefit of MTR/qR2* in vivo, several steps need to be 
taken; first with parameters similar to those used post mortem, MTR/qR2* should be compared 
between the post-mortem and in vivo setting. Then lesional differences may be studied in vivo 
and in direct relation to clinical disability. Eventually, qMRI may be used as a complementary 
marker for disease burden (extent of pathology), disease progression and monitoring of 
treatment effects.

 

aCknowledgeMent

The authors thank the Netherlands Brain Bank (http://www.brainbank.nl/), VUmc pathology 
department and the MS-MRI autopsy team for their help in acquiring the data.

FundIng aCknowledgeMent

This work was supported by the Dutch MS Research Foundation [grant number 09-358b] and 
National MS Society USA [RG 4916A2/1] to MI and JG and Noto Foundation to MI.



CHAPTER 4.1

106

reFerenCes

1. Roosendaal SD, Moraal B, Pouwels PJW, 

Vrenken H, Castelijns JA, Barkhof F, et al. 

Accumulation of cortical lesions in MS: 

relation with cognitive impairment. Mult 

Scler. 2009 Jun;15(6):708–14. 

2. Nelson F, Datta S, Garcia N, Rozario NL, 

Perez F, Cutter G, et al. Intracortical lesions 

by 3T magnetic resonance imaging and 

correlation with cognitive impairment 

in multiple sclerosis. Mult Scler. 2011 

Sep;17(9):1122–9. 

3. Bø L, Vedeler CA, Nyland HI, Trapp BD, 

Mørk SJ. Subpial demyelination in the 

cerebral cortex of multiple sclerosis 

patients. J Neuropathol Exp Neurol. 2003 

Jul;62(7):723–32. 

4. Geurts JJG, Bö L, Pouwels PJW, Castelijns 

JA, Polman CH, Barkhof F. Cortical lesions in 

multiple sclerosis: combined postmortem 

MR imaging and histopathology. AJNR Am 

J Neuroradiol. 2005 Mar;26(3):572–7. 

5. Geurts JJG, Pouwels PJW, Uitdehaag 

BMJ, Polman CH, Barkhof F, Castelijns JA. 

Intracortical lesions in multiple sclerosis: 

improved detection with 3D double 

inversion-recovery MR imaging. Radiology. 

2005 Jul;236(1):254–60. 

6. Simon B, Schmidt S, Lukas C, Gieseke J, 

Träber F, Knol DL, et al. Improved in vivo 

detection of cortical lesions in multiple 

sclerosis using double inversion recovery 

MR imaging at 3 Tesla. Eur Radiol. 2010 

Jul;20(7):1675–83. 

7. Nielsen AS, Kinkel RP, Tinelli E, Benner T, 

Cohen-Adad J, Mainero C. Focal cortical 

lesion detection in multiple sclerosis: 3 

Tesla DIR versus 7 Tesla FLASH-T2. J Magn 

Reson Imaging. 2012 Mar;35(3):537–42. 

8. Metcalf M, Xu D, Okuda DT, Carvajal L, 

Srinivasan R, Kelley DAC, et al. High-

resolution phased-array MRI of the human 

brain at 7 tesla: initial experience in multiple 

sclerosis patients. J Neuroimaging. 2010 

Apr;20(2):141–7. 

9. Pitt D, Boster A, Pei W, Wohleb E, Jasne A, 

Zachariah CR, et al. Imaging cortical lesions 

in multiple sclerosis with ultra-high-field 

magnetic resonance imaging. Arch Neurol. 

2010 Jul;67(7):812–8. 

10. Yao B, Hametner S, van Gelderen P, Merkle 

H, Chen C, Lassmann H, et al. 7 tesla 

magnetic resonance imaging to detect 

cortical pathology in multiple sclerosis. 

PLoS One. 2014 Jan;9(10):e108863. 

11. Santos AC, Narayanan S, de Stefano N, 

Tartaglia MC, Francis SJ, Arnaoutelis R, 

et al. Magnetization transfer can predict 

clinical evolution in patients with multiple 

sclerosis. J Neurol. 2002 Jun;249(6):662–8. 

12. Schmierer K, Parkes HG, So P-W, An SF, 

Brandner S, Ordidge RJ, et al. High field 

(9.4 Tesla) magnetic resonance imaging 

of cortical grey matter lesions in multiple 

sclerosis. Brain. 2010 Mar;133(Pt 3):858–67. 

13. Tardif CL, Bedell BJ, Eskildsen SF, Collins 

DL, Pike GB. Quantitative magnetic 

resonance imaging of cortical multiple 

sclerosis pathology. Mult Scler Int. 2012 

Jan;2012:742018. 

14. Agosta F, Rovaris M, Pagani E, Sormani MP, 

Comi G, Filippi M. Magnetization transfer 

MRI metrics predict the accumulation of 

disability 8 years later in patients with 

multiple sclerosis. Brain. 2006 Oct;129(Pt 

10):2620–7. 



UHF MTR AND QR2* DIFFERENTIATES SUBPIAL CORTICAL LESIONS FROM NAGM

107

4 
CH

A
PT

ER

15. Nielsen AS, Kinkel RP, Madigan N, Tinelli 

E, Benner T, Mainero C. Contribution 

of cortical lesion subtypes at 7T MRI to 

physical and cognitive performance in MS. 

Neurology. 2013 Aug 13;81(7):641–9. 

16. Bø L, Vedeler CA, Nyland H, Trapp BD, 

Mørk SJ. Intracortical multiple sclerosis 

lesions are not associated with increased 

lymphocyte infiltration. Mult Scler. 2003 

Aug;9(4):323–31. 

17. Seewann A, Vrenken H, Kooi E-J, van der 

Valk P, Knol DL, Polman CH, et al. Imaging 

the tip of the iceberg: visualization of 

cortical lesions in multiple sclerosis. Mult 

Scler. 2011 Oct;17(10):1202–10. 

18. Jonkman LE, Klaver R, Fleysher L, Inglese 

M, Geurts JJG. Ultra-High-Field MRI 

Visualization of Cortical Multiple Sclerosis 

Lesions with T2 and T2*: A Postmortem 

MRI and Histopathology Study. AJNR Am J 

Neuroradiol. 2015 Jul 30;

19. Barker GJ, Tofts PS, Gass A. An interleaved 

sequence for accurate and reproducible 

clinical measurement of magnetization 

transfer ratio. Magn Reson Imaging. 1996 

Jan;14(4):403–11. 

20. Annese J, Pitiot A, Dinov ID, Toga AW. 

A myelo-architectonic method for the 

structural classification of cortical areas. 

Neuroimage. 2004 Jan;21(1):15–26.

21. Jenkinson M, Beckmann CF, Behrens TEJ, 

Woolrich MW, Smith SM. FSL. Neuroimage. 

2012 Aug 15;62(2):782–90. 

22. Wegner C, Esiri MM, Chance SA, Palace 

J, Matthews PM. Neocortical neuronal, 

synaptic, and glial loss in multiple sclerosis. 

Neurology. 2006 Sep 26;67(6):960–7. 

23. Peterson JW, Bö L, Mörk S, Chang A, 

Trapp BD. Transected neurites, apoptotic 

neurons, and reduced inflammation in 

cortical multiple sclerosis lesions. Ann 

Neurol. 2001 Sep;50(3):389–400. 

24. Trapp BD, Peterson J, Ransohoff RM, Rudick 

R, Mörk S, Bö L. Axonal transection in the 

lesions of multiple sclerosis. N Engl J Med. 

1998 Jan 29;338(5):278–85. 

25. Schmierer K, Scaravilli F, Altmann DR, 

Barker GJ, Miller DH. Magnetization 

transfer ratio and myelin in postmortem 

multiple sclerosis brain. Ann Neurol. 2004 

Oct;56(3):407–15. 

26. Mottershead JP, Schmierer K, Clemence M, 

Thornton JS, Scaravilli F, Barker GJ, et al. 

High field MRI correlates of myelin content 

and axonal density in multiple sclerosis--a 

post-mortem study of the spinal cord. J 

Neurol. 2003 Nov;250(11):1293–301. 

27. Fukunaga M, Li T-Q, van Gelderen P, de 

Zwart JA, Shmueli K, Yao B, et al. Layer-

specific variation of iron content in cerebral 

cortex as a source of MRI contrast. Proc Natl 

Acad Sci U S A. 2010 Feb 23;107(8):3834–9. 

28. Derakhshan M, Caramanos Z, Narayanan S, 

Arnold DL, Louis Collins D. Surface-based 

analysis reveals regions of reduced cortical 

magnetization transfer ratio in patients 

with multiple sclerosis: a proposed method 

for imaging subpial demyelination. Hum 

Brain Mapp. 2014 Jul;35(7):3402–13. 

29. Samson RS, Cardoso MJ, Muhlert N, 

Sethi V, Wheeler-Kingshott CA, Ron 

M, et al. Investigation of outer cortical 

magnetisation transfer ratio abnormalities 

in multiple sclerosis clinical subgroups. 

Mult Scler. 2014 Sep;20(10):1322–30. 



CHAPTER 4.1

108

30. Mainero C, Louapre C, Govindarajan ST, 

Giannì C, Nielsen AS, Cohen-Adad J, et al. A 

gradient in cortical pathology in multiple 

sclerosis by in vivo quantitative 7 T 

imaging. Brain. 2015 Apr;138(Pt 4):932–45. 

31. Kutzelnigg A, Lucchinetti CF, Stadelmann 

C, Brück W, Rauschka H, Bergmann M, et al. 

Cortical demyelination and diffuse white 

matter injury in multiple sclerosis. Brain. 

2005 Nov;128(Pt 11):2705–12. 

32. Yaldizli Ö, Pardini M, Sethi V, Muhlert 

N, Liu Z, Tozer DJ, et al. Characteristics 

of lesional and extra-lesional cortical 

grey matter in relapsing-remitting  

and secondary progressive multiple 

sclerosis: A magnetisation transfer and 

diffusion tensor imaging study. Mult Scler. 

2015 May 26;

33. Amann M, Papadopoulou A, Andelova 

M, Magon S, Mueller-Lenke N, Naegelin 

Y, et al. Magnetization transfer ratio in 

lesions rather than normal-appearing 

brain relates to disability in patients with 

multiple sclerosis. J Neurol. 2015 Jun 5;

34. Khalil M, Langkammer C, Ropele S, Petrovic 

K, Wallner-Blazek M, Loitfelder M, et al. 

Determinants of brain iron in multiple 

sclerosis: a quantitative 3T MRI study. 

Neurology. 2011 Nov 1;77(18):1691–7. 

35. Bell BA, Morgan GB, Schoeneberger JA, 

Kromrey JD, Ferron JM. How Low Can You 

Go? Methodology. 2012 Jul 20;

36. Shepherd TM, Thelwall PE, Stanisz GJ, 

Blackband SJ. Aldehyde fixative solutions 

alter the water relaxation and diffusion 

properties of nervous tissue. Magn Reson 

Med. 2009 Jul;62(1):26–34. 

37. Schmierer K, Wheeler-Kingshott CAM, 

Tozer DJ, Boulby PA, Parkes HG, Yousry TA, 

et al. Quantitative magnetic resonance 

of postmortem multiple sclerosis brain 

before and after fixation. Magn Reson 

Med. 2008 Feb;59(2):268–77. 

38. Dawe RJ, Bennett DA, Schneider JA, 

Vasireddi SK, Arfanakis K. Postmortem MRI 

of human brain hemispheres: T2 relaxation 

times during formaldehyde fixation. Magn 

Reson Med. 2009 Apr;61(4):810–8. 

39. Chen JT-H, Easley K, Schneider C, Nakamura 

K, Kidd GJ, Chang A, et al. Clinically feasible 

MTR is sensitive to cortical demyelination in 

MS. Neurology. 2013 Jan 15;80(3):246–52. 

40. Faiss JH, Dähne D, Baum K, Deppe R, 

Hoffmann F, Köhler W, et al. Reduced 

magnetisation transfer ratio in cognitively 

impaired patients at the very early stage 

of multiple sclerosis: a prospective, 

multicenter, cross-sectional study. BMJ 

Open. 2014 Jan;4(4):e004409. 


