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multiple other factors such as crossing fibres, fibre 
reorganization, increased membrane permeability, 
destruction of intracellular compartments, and glial 
alterations (6,7). Which of these factors are the lead-
ing causes of reduced FA in the CST in ALS, might 
be elucidated by application of additional magnetic 
resonance imaging (MRI) contrasts.

Other MRI contrasts that might increase our 
insight into the degenerative changes within the CST 
in patients with ALS include quantitative T1 map-
ping (qT1 mapping), magnetization transfer contrast 
(MTC; expressed using the magnetization transfer 
ratio, MTR) and chemical exchange saturation 
transfer (CEST). It has been shown that the image 
intensities found in qT1 mapping can be used as a 
marker for the degree of myelination in disease and 
during brain development (8–10). MTR reflects the 
exchange between water bound to macromolecules 

Introduction

The upper motor neurons in the brain and the lower 
motor neurons in the brainstem or spinal cord are 
connected through the corticospinal tract (CST), 
the great white matter ‘highway’ of the motor system. 
This tract has consistently been found to show 
degenerative effects in patients with amyotrophic lat-
eral sclerosis (ALS), both in post mortem and in 
imaging studies (1,2). Most notably, diffusion tensor 
imaging (DTI) measures have demonstrated reduced 
fractional anisotropy (FA) in the CST (3–5).

The central assumption is that FA reflects white 
matter integrity, as intact axonal and myelin bound-
aries will restrict diffusion perpendicular to the white 
matter fibres and thus increase FA, while loss of 
white matter integrity will reduce diffusion restric-
tion and thus lower FA (6). However, besides white 
matter integrity, DTI measures are influenced by 
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Abstract
Our objective was to explore the value of additional MR contrasts in elucidating the decrease in fractional anisotropy 
(FA) as has been observed in the corticospinal tracts (CST) of patients with amyotrophic lateral sclerosis (ALS). Eleven 
patients and nine healthy control subjects were scanned at 3T and 7T MRI. Whole brain and tract specific comparison 
was performed of both diffusion weighted (3T), quantitative T1 (qT1), magnetization transfer ratio (MTR) and amide 
proton transfer weighted (APTw) imaging (7T). Results of whole brain comparison using histogram analyses showed 
no significant differences between patients and controls. Measures along the CST showed a significantly reduced FA 
together with a significantly increased diffusivity perpendicular to the tract direction in patients compared to controls. 
In addition, patients showed a small but significant increase in MTR values within the right CST. No significant changes 
were observed in qT1 and APTw values. In conclusion, our findings, based on a multimodal approach, revealed that the 
decrease in FA is most probably caused by an increased diffusivity perpendicular to the CST. This diffusivity profile, 
together with the increase in MTR is inconsistent with demyelination but consistent with an increase of free liquid spins 
in the white matter tissue.
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and the unbound water fraction. Correlations of 
MTR with neuronal integrity or the degree of myeli-
nation have been shown (11). For example, patients 
with multiple sclerosis have been reported to show 
a global decrease in MTR (12). CEST is a relatively 
new imaging modality, a particular type of magneti-
zation transfer experiment focused on measuring 
exchange of protons between specific solutes and 
free water. CEST can be used to study endogenous 
exchanging protons, such as amide protons resonat-
ing at  3.5 ppm from water, resulting in amide pro-
ton transfer weighted imaging, APTw imaging (13). 
Amide protons are abundantly present in protein 
backbones and peptides, and APTw imaging is 
expected to reflect physiological changes in this spe-
cific proton pool in case of disease. It has been sug-
gested that APTw imaging may be sensitive for 
myelination (13,14), and it would be of interest to 
see if APT measurements can contribute to the  
further understanding of ALS pathology.

In this study we investigated whether measures 
of qT1, MTR and APTw imaging, applied at ultra-
high field (7 Tesla), might help to disentangle which 
factors contribute to the FA reduction in the CST 
of patients with ALS and provide more detailed in 
vivo tissue characterization.

Material and methods

Subjects

Eleven patients with ALS (mean age 55.5 years; 
range 35–71 years; eight males and three females) 
and nine age- and gender-matched healthy controls 
(mean age 54.2 years; range 36–67 years; seven 
males and two females) were included in this study. 
Patients, diagnosed according to the El Escorial 
criteria, were recruited from the ALS outpatient 
clinic of the University Medical Centre Utrecht, 
excluding subjects with a history of brain injury, 

epilepsy, psychiatric illness and other neurodegen-
erative diseases. Demographic and clinical charac-
teristics are provided in Table I, including the 
functional impairment as measured using the ALS-
FRS-R. The local Medical Ethics Committee for 
Research in Humans approved the study and  
written informed consent was obtained from all 
subjects, in concordance with the Declaration of 
Helsinki.

MRI hardware

DTI data were acquired on a 3 T whole body MR 
scanner (Philips Medical Systems, Best, The Neth-
erlands). The body coil and eight-channel head 
coil (Nova Medical Inc., Burlington, MA, USA) 
were used for signal transmission and reception, 
respectively.

Quantitative T1, MTR, and APTw imaging mea-
surements were performed at a 7T whole body MR 
scanner (Philips Medical Systems, Cleveland, USA). 
A quadrature birdcage transmit head coil (Nova 
Medical Inc., Burlington, MA, USA) was used in 
combination with a receive-only coil (Nova Medical 
Inc., Burlington, MA, USA). A B0 mapping sequence 
was included, covering the brain volume. This was 
then used to optimize the shim settings up to the 
third order.

DTI and fibre tracking

DTI measurements were acquired using methods 
described earlier (5,15). Calculation of the DTI 
parameters was performed using the ExploreDTI 
toolbox (16). After brain extraction, DTI volumes 
were corrected for residual eddy current and motion 
artifacts by aligning the diffusion weighted images to 
the b  0 s/m² image using 3D affine registration and 
reorientation of the B-matrix (17). Tensor values 
were estimated using the RESTORE algorithm (18). 

Table I. Demographic and clinical characteristics of the patients.

Gender
Age 

(years)
Site of 
onset

Time to 
diagnosis 
(months)

Disease 
duration 
(months) EE ALSFRS-R PR B score UL score LL score

1 F 65 LL 11 15 prob 39 0.6 11 6 3
2 M 51 LL 22 33 prob 41 0.2 12 8 3
3 M 47 UL   2 16 poss 40 0.5 11 3 7
4 M 35 UL   9 45 prob 31 0.4 11 3 2
5 M 39 UL   2 42 poss 38 0.2 12 3 6
6 M 58 LL 11 25 prob-LS 44 0.2 12 8 5
7 M 63 LL 12 25 prob 42 0.2 12 7 3
8 F 61 UL 12 18 def 38 0.6   9 5 7
9 F 60 UL 11 21 prob 46 0.1 12 6 8

10 M 61 UL 10 15 prob 40 0.5 12 6 5
11 M 71 UL   3 17 prob-LS 31 1.0 12 2 4

55.5 (11.2) 9.5 (5.8) 24.7 (10.8) 39.1 (4.7) 0.4 (0.3)

F: female; M: male; B: bulbar; UL: upper limbs; LL: lower limbs; EE: El Escorial category; poss: possible; prob-LS:  
probable laboratory supported; prob: probable; def: definite; ALSFRS-R: revised ALS functional rating scale; PR: progression rate 
(48 – ALSFRS-R/disease duration).
At the bottom row of the table mean values and standard deviations (between brackets) are provided.
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Finally, DTI based parameter volumes were trans-
formed to MNI-space. We further investigated the 
effects in FA by looking at the changes in longitudi-
nal diffusivity (Dlong) and transversal diffusivity 
(Dtrans).

Fibre streamlines were selected by placing seed 
regions of interest (ROIs) in both the left or right 
motor tract at the level of the pons. Fibre tracking 
was then performed by deterministic streamline fibre 
tractography (19) from 125 seed points distributed 
homogeneously over each voxel in the seed ROI. The 
following settings for streamline reconstruction were 
applied: minimal FA  0.2, maximal angle  20°, 
streamline step size  1 mm, minimal/maximal fibre 
length  40/500 mm. Additional selection criteria 
were placed as an inclusion ROI at the level of the 
primary motor cortex to select those streamlines that 
connected both the pons level and cortical level 
ROIs. Two exclusion ROIs were placed to prevent 
inter-hemispheric crossover and connections to the 
cerebellum (Figure 1).

T1 mapping

A multi-slice T1 mapping sequence was acquired 
(20–22). In this T1 mapping approach, after an inver-
sion pulse, all slices in the volume are acquired suc-
cessively using slice-selective 90° excitations and EPI 
readouts. During the following repetitions, the slice 
ordering is shifted, so all slices are acquired at dif-
ferent inversion times. A slice-shift of two slices was 
applied, so that in 23 repetitions, all 46 slices were 
sampled at 23 different time-points after inversion, 
allowing for robust and precise estimation of the lon-
gitudinal relaxation time. Details on the acquisition 

sequence are provided in the supplementary data – 
please find this material with the following direct  
link to the article: http://informahealthcare.com/doi/
abs/10.3109/21678421.2013.844168.

The longitudinal relaxation time T1 is a central 
MR parameter that reflects the capability of the 
spin-lattice to relax longitudinal magnetization 
back to equilibrium. In normal tissue, the speed of 
relaxation is directly dependent on the amount and 
nature of interactions of the bulk water with the 
surrounding lattice. In free water such as CSF 
(around 4500 ms at 7T), T1 is long, and in struc-
tured tissue such as myelinated white matter, T1 is 
short (around 1100 ms at 7T). By quantitatively 
determining the longitudinal relaxation time, as 
opposed to weighting an image with an unknown 
amount of T1 effect, we can discriminate small 
changes in T1, and thus identify small changes due 
to pathology (23).

MTR and APTw imaging

MTR and APTw imaging were conducted using  
the pulsed steady state method as previously 
described (24).

Magnetization transfer ratio (MTR). Magnetization 
transfer imaging is a technique that probes the mac-
romolecular environment of bulk water protons by 
assessing the amount of magnetization transfer 
from the bound water to the bulk water pool.  
This is done in a saturation transfer experiment, 
where the amount of signal reduction directly 
reflects the amount of bound water molecules  

Figure 1. CST selection procedure. This figure shows the location of the regions of interest (ROIs) for the selection of the  
CST fibre bundles. (a) At the level of the pons a seed region (blue encircled) was placed on an axial slice, the fibre direction was 
indicated by colour. From this ROI the fibre tracking was initiated. (b) Another ROI (green) was placed directly on the primary 
motor cortex (precentral gyrus) selecting all fibres both crossing the pons and the motor cortex. (c) To exclude fibres connecting  
the cerebellum, an ROI (red) was placed in the coronal plane, deselecting all fibres crossing this ROI. (d) A second, excluding ROI 
(red) was placed in the sagittal plane to deselect fibres connecting the other hemisphere. (e) This procedure resulted in a number of 
fibres, together forming a reconstruction of the CST. (f) For each subject an average fibre curve (blue) was calculated, resulting in 
two group-average curves for the left and right CST (red).
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(and therefore macromolecular content). To com-
pare the amount of magnetization transfer between 
subjects, the saturation effect is expressed in the 
MTR, which quantifies the amount of signal sup-
pression due to magnetization transfer. The amount 
of magnetization transfer contrast is directly depen-
dent on the amount of myelination of the tissue, 
with areas that are strongly myelinated showing 
large MTR values such as the corpus callosum, 
while deep white matter, subcortical white matter 
u-fibres and grey matter areas display decreasing 
MTR values (25).

Because the off-resonance frequency is relatively 
close to the water resonance, it is expected that direct 
water saturation has a significant effect on the total 
observed saturation. To correct for this, we fit and 
remove a Lorentzian lineshape from the measured 
saturation curves as described in the supplementary 
data – please find this material with the following 
direct link to the article: http://informahealthcare.
com/doi/abs/10.3109/21678421.2013.844168.

Amide proton transfer weighted (APTw) imaging.  
Another, more specific, mechanism for measuring 
magnetization exchange is by sensitizing for chem-
ical exchange using a method called CEST. This  
method has gained much attention in the last  
few years, because it offers a fundamental insight 
into the chemical nature of the tissue, probing the 
concentration and exchange rates of endogenous 
amide protons (26). CEST measurements are per-
formed by repeating MT measurement with vary-
ing off-set frequencies of the saturation pulse. This 
results in a sampling of the Z-spectra, which is 
roughly symmetric around the water resonance, 
except for those frequencies where the exchanging 
protons resonate. By means of asymmetry analysis, 
i.e. taking the difference between saturated image 
at the resonance frequency of interest and its  
opposite counterpart frequency, chemical transfer 
effects can be distinguished from the conventional 
MT effects. In this work, we focus on the exchang-
ing amide protons, which resonate at  3.5 ppm 
from the water resonance, and the resulting  
images are called APTw images. For many appli
cations amide protons are of interest, due to  
their increased natural abundance in pathology  
and appropriate exchange rates for saturation 
experiments (27,28).

Quantitative comparison

For quantitative comparison, qT1, MTR, and APTw 
volumes were registered to each subject’s FA map by 
rigid body registration using a normalized mutual 
information cost function and tri-linear interpola-
tion. For the MTR based volumes, the 4.03-ppm 
saturated image was used in the registration proce-
dure and the resulting transformation matrix was 
used for all following parameter maps.

Averaged normalized histograms were compared 
to evaluate the MR contrasts between patients and 
controls at a whole brain level. The histograms were 
calculated over all voxels in the brain volume, exclud-
ing those that were obviously affected by signal voids 
due to air-tissue boundaries, such as near the nasal 
cavities and ear-canals, as observed in EPI based 
methods. Included in these histograms were grey 
matter and the ventricles, so a contribution of cere-
brospinal fluid (CSF) is to be expected. After nor-
malizing to their total count, the average histograms 
for patients and controls were calculated and plotted 
with the accompanying standard deviations.

The goal of the tract-based analysis was to com-
pare quantitative MRI measures along the CST, 
while allowing for inter-subject variation of each 
3D trajectory. Following the method described in 
(29), each subject’s reconstructed CST (consisting 
of a collection of ~ 150 streamline trajectories) was 
averaged to a single curve. The values of the differ-
ent MRI contrasts of interest of the voxels crossed 
by the fibre trajectories were mapped to the nearest 
corresponding point on the curve. As a result, each 
subject’s curve reflects the averaged values along 
that curve. Similarly, the group average curves 
were calculated by taking the average curve over all 
subjects. The resulting two averaged curves corre-
spond to the group-average left and right CST. We 
report the median values ( interquartile ranges) 
for each MR contrast (FA, Dlong, Dtrans, qT1, MT, 
and APTw) along the CST.

Statistical analysis

The entire brain volumes were compared between 
patients and controls by testing for difference 
between the mean values for each subject, using a 
two-tailed t-test. The multiple measures along the 
left and right CST sections were compared, for 
each modality, between patients and controls using 
a repeated measurements analysis by a linear mixed-
effects model with maximum likelihood estimation 
(ML), including group assignment (patient or 
healthy control) as a factor and gender as a covari-
ate. Additionally, for each separate point along the 
group-averaged tract, the measures in patients and 
controls were compared using a Mann-Whitney, 
Wilcoxon or rank test. The effect size was calculated 
by calculating the difference between the medians. 
For all analyses, a statistical threshold of p  0.05 
was considered statistically significant.

Results

Whole brain histogram analysis

At the whole brain level, based on histogram  
analysis, none of the MR contrasts revealed any sig-
nificant differences between patients and controls. 
Figure 2 shows the whole brain histograms for each 
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Figure 2. Average whole brain histograms for FA, qT1, MTR, and APTw imaging. Blue and pink indicate the mean with  
standard deviations for patients and controls, respectively. Each histogram includes an example slice of a single subject. No significant 
differences were found in these whole brain analyses.

MR contrast, with an example slice of a single sub-
ject. A difference in the MTR peak locations for 
patients (0.19) and controls (0.15) can be observed. 
However, the whole brain average MT values did not 
show significant differences between patients and 
controls.

Corticospinal tract measures

We report the values of several MR contrasts mea-
sured along the fibre tractography streamlines of the 
CST. Because the coverage of the DTI volume is 
larger than that of the other contrasts, we focus here 
on the region of the CST where all acquired vol-
umes overlapped. In the presented results, we show 
the median values over the left and right group aver-
aged CST each consisting of 41 points, spanning 
roughly 8 cm in the feet-head direction.

The tract specific measures along the CST 
revealed a significantly reduced FA in patients com-
pared to controls along the right CST (p  0.01) and 
a trend-like reduced FA along the left CST (p  0.09). 
Figure 3a shows the FA measures for patients and 
controls along the tract, and significantly reduced 
FA was found both in the subcortical region (right) 

and more caudally (posterior limb of the internal 
capsule, left and right). Diffusivity transverse to the 
largest direction of diffusion, Dtrans shows a signifi-
cant increase along the right CST (p  0.04). The 
measures over the left CST are not significantly dif-
ferent in patients compared to controls (p  0.15), 
similar to the FA results (Figure 3b). Longitudinal 
diffusivity, Dlong measures are not significantly dif-
ferent along the CST (left p  0.37; right p  0.46), 
indicating that the change in FA originates from an 
increased Dtrans in the patient group (Figure 3c).

No significant changes in qT1 (Figure 3d) values 
were found (left p  0.58; right p  0.34). The MTR 
measures (Figure 3e) demonstrated a significant 
increase in patients compared to controls along the 
right CST (p  0.05), and again the changes in the 
left CST were not significant (p  0.24). APTw scores 
along the averaged fibre bundles showed no signifi-
cant changes between patients and controls (left 
p  0.50; right p  0.21) (Figure 3f). In a post hoc 
analysis we examined the correlation between  
MTR and both Dtrans and FA. In Supplementary 
Figure 1 – please find this material with the follow-
ing direct link to the article: http://informahealth 
care.com/doi/abs/10.3109/21678421.2013.844168, 
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Figure 3. Quantitative MR measures along the CST. MR measures along the tract were sampled every 2 mm and the group 
results for patients (blue) and controls (red) were plotted for the left and right motor tracts. The median values and interquartile 
ranges are shown. Measurements along the tract highlighted with *showed significant differences (Mann-Whitney, Wilcoxon 
test, p  0.05, two-tailed). The plots marked with a * in the upper right corner showed significant differences over the complete 
CST section. (a) FA values were significantly lower in patients compared to controls along the right CST; however, also the left 
CST shows a subtrajectory with significantly reduced FA measures. (b) Dtrans showed significantly increased in patients compared 
to controls along the right CST similar to the changes in FA. (c) Dlong showed no consistent differences between patients and 
controls. (d) qT1 showed no significant differences between patients and controls. The measures in the cortical grey matter 
(right side of the plot) showed more variation compared to the white matter trajectory as was expected. (e) MTR showed a 
significant increase along the right CST in patients compared to controls. (f ) APTw imaging showed no significant changes 
between patients and controls.
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the significantly negative relation between MTR and 
Dtrans (p  1.2*1024) and the positive relation 
between MTR and FA (p  4.8*10211) is shown. It 
is important to note, however, that these measures 
are not completely independent (repeated measure-
ments within the same subject) and therefore the 
level of significance might be overestimated. We 
additionally performed a regression analysis using a 
linear mixed-effects model correcting for repeated 
measurements within the same subject; this resulted 
in a significant relation as well (p  0.05).

We did not find a significant correlation using 
Pearson’s correlation testing between imaging  
measures (averaged along the CST) and clinical 
markers (ALSFRS-R, progression rate (48 – ALS-
FRS-R/disease duration) and disease duration).

Discussion

In this study, quantitative MR parameters were com-
pared between ALS patients and age-matched 
healthy controls, both in a ‘whole brain’ analysis, as 
well as specifically along the CST. We found a sig-
nificant decrease in FA along the right CST, con
sistent with previous studies (3,5,30). Increased 
diffusivity perpendicular to the CST (Dtrans) was 
found underlying the decrease in FA. Additionally, 
exploratory data, acquired on ultra-high field MRI, 
showed a significant increase in MTR in the right 
CST in the patient group. The other MRI contrasts, 
qT1 and APTw imaging, did not reveal significant 
changes.

We observed a reduced FA both subcortical  
and in the posterior limb of the capsula interna, 
which is consistent with previous findings (5,30). 
To gain more insight into the underlying changes 
in the brain tissue causing reduced FA in the CST, 
other diffusion-based parameters were assessed. 
Decomposing the FA values into the longitudinal 
and transverse diffusivities (parallel and perpen-
dicular) to the CST direction revealed a signifi-
cantly increased Dtrans and no significant changes 
in Dlong in patients compared to controls. An 
increase in the observed Dtrans indicates a loss of 
diffusion restriction perpendicular to the main 
direction of diffusion. Diffusivity changes were 
asymmetrical with predominant changes within the 
right CST, which has been repeatedly observed  
in ALS (31–33). It has been suggested that the 
right hemisphere is more vulnerable to the neuro-
degenerative process (34).

MTR is considered an indicator for the capacity 
of water bound to macromolecules in (nervous) tis-
sue to exchange magnetization with unbound water 
molecules (14). In white matter tissue, MTR is 
mainly determined by the myelin content and, to a 
lesser extent, the number of axons or gliosis (35). 
Demyelination has been demonstrated to cause a 
reduced MTR; however, in this study we found a 
significant increase of MTR in the right CST. This 

finding is different from what we expected and from 
what has been previously reported (36,37); therefore 
we need to interpret these data cautiously. However, 
since MTR is sensitive for the magnetization transfer 
between macromolecular and liquid protons, an 
increase of the liquid fraction in tissue has the poten-
tial to increase MTR (11). This hypothesis is sup-
ported by the finding of increased transverse 
diffusion, which might also be caused by an increased 
liquid fraction. Another potential cause of increased 
MTR in ALS might be the accumulation of patho-
logical protein aggregates (macromolecules) – as is 
well known to occur in ALS. The correspondence of 
predominant changes in the right CST for diffusivity 
characteristics and MTR measures increases the 
credibility of our findings. The combination of 
decreased FA and increased MTR in the CST of 
patients is remarkable since in general a decreased 
FA (e.g. due to demyelination) is related to a 
decreased MTR. Therefore, we further assessed the 
relationship between FA and MTR – in a post hoc 
analysis – by assessing the correlation between these 
two parameters within individual subjects. This anal-
ysis confirmed a positive correlation between these 
two modalities, indicating that at a group level it is 
unlikely that demyelination is the primary cause of 
reduced FA in patients. In summary, an increased 
tissue liquid fraction, potentially in combination 
with protein accumulation, might have caused an 
overall increase of MTR values in patients (38). 
These effects apparently outweigh some degree of 
demyelination, which is supported by findings in 
post mortem studies in ALS (39,40). Based on these 
data, pathological changes which lead to an increase 
in the liquid fraction such as proliferation of glial 
cells and extracellular matrix expansion (41–43) are 
more likely to be the primary cause of reduced FA 
within the CST of patients with ALS.

CEST and quantitative T1 imaging measure-
ments did not show significant differences between 
patients and controls along the CST. APTw imag-
ing – a variant of CEST – at high field has been 
suggested as a non-invasive biomarker of white 
matter pathology, potentially providing comple-
mentary information to other MRI methods in cur-
rent clinical use (26). Grey matter is known to show 
lower APTw contrast compared to white matter, 
potentially due to fewer membrane-associated 
(extracellular, cytosolic, and transmembrane) pro-
teins such as those found in myelin (13). However, 
for ALS, APTw imaging has not shown the same 
sensitivity for white matter pathology as FA. More 
research on the effects of brain tissue pathology and 
the APTw contrasts is needed to further elucidate 
its dynamics in health and disease. No changes in 
T1 contrast were found, which is in contrast to pre-
viously published results showing that T1 weighted 
imaging with MTC enhancement allowed for the 
visualization of CST lesions (44,45). T1 contrast 
has also been shown to be related to the degree of 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 L

ib
ra

ry
 U

tr
ec

ht
] 

at
 0

4:
13

 0
3 

Fe
br

ua
ry

 2
01

6 



	 Multimodal tract-based analysis in ALS patients at 7T�  91

myelination and the amount of bulk water (46). For 
example, lesions in MS showed shortened T1 values 
indicating plaque formation while global histogram 
analysis indicated elongated T1 values, suggesting 
diffuse demyelination (47,48). To rule out effects in 
qT1 that might have been missed in the tract spe-
cific analysis due to misregistration of the qT1 
parameter maps to their corresponding FA vol-
umes, the whole brain volumes were compared 
using a post hoc VBM analysis to highlight signifi-
cant differences (data not shown). This additional 
analysis did not yield any significant results. Together 
with our results in MTR, the lack of effects in 
APTw and qT1 imaging might lend further support 
that demyelination is not the main cause of FA 
decrease found in the CST of ALS patients 
(42,43).

Given the exploratory nature of this study, there 
are limitations with which these results need to be 
interpreted. First, the sample size of patients and 
controls employed in this study is small and the 
variation of the measurements between subjects is 
relatively large, hampering the detection of subtle 
differences. Secondly, the modelling of MTR based 
methods, especially the calculation of APTw images 
is still a very active field of research, and it is expected 
that future developments will improve both the sen-
sitivity and reproducibility of this new method and 
that more factors influencing or contributing to this 
MR contrast will be elucidated.

To conclude, we explored multiple MR contrasts 
at ultra-high field in relation to FA reduction in the 
CST of patients with ALS. MR contrasts were 
selected based on their sensitivity to neuronal loss 
and/or demyelination of white matter. A reduced FA 
in the CST of patients with ALS was confirmed, and 
further was shown to originate from an increase in 
Dtrans. In addition, we found an increase in MTR in 
the right CST, which together with the diffusivity 
findings completes the white matter profile in ALS. 
This profile is inconsistent with demyelination as 
cause of reduced FA but consistent with an increase 
of free liquid spins, pointing in the direction of tis-
sue changes such as proliferation of glial cells and 
extracellular matrix expansion. Future studies are 
needed to validate our findings in larger groups of 
patients and further advances in both MR technol-
ogy and neuroscience are needed to increase insights 
into the dynamics of these MR contrasts in health 
and disease.
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