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The current study investigates the whole brain myelin water content distribution applying a new approach
that allows for the simultaneous mapping of total and relative myelin water content, T; and T,* with full
brain coverage and high resolution (1x1x2 mm?). The data was collected at two different sites in healthy
controls to validate the independence of a specific setup. In addition, a group of patients with known
white matter affections was investigated to compare two measures of myelin, i.e. relative and absolute my-
elin water content. Based on the first dataset, a quantitative myelin water content atlas was created which
served as a control set for the other two datasets. Both control groups measured at different institutions
yielded consistent results. However, distinct regions of reduced myelin water content were observed for
the patient dataset, both on an individual basis and in a group-wise comparison.

The comparison between the absolute and relative measurement of myelin water content in MS patients
showed that the relative measurement, which is employed by many researchers, overestimates both disease
volume and the corresponding reduction of myelin water content in white matter lesions. However, for nor-
mal appearing white matter, no difference between both approaches was detected.

The results obtained in the current study demonstrate that absolute myelin water content can reliably be de-
termined in a multicentre environment using standard MR sequences. The optimised protocol allows for a
measurement of four quantitative parameters with full brain coverage in only 10 min. This might expedite
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a more widespread future use of quantitative MRI methods for clinical research and diagnosis.

© 2012 The Authors. Published by Elsevier Inc. All rights reserved.

1. Introduction

Quantitative magnetic resonance imaging of brain myelination has
experienced a real boost over the past few years. Different approaches
were presented which can be grouped into two categories: relaxation
based (Laule et al., 2004; Du et al., 2007; Oh et al., 2007; Hwang et al.,
2010; Lenz et al, 2011; Hwang et al, 2011; Tonkova et al., 2012;
Nguyen et al., 2012) and model based reconstruction (Andrews et al.,
2005; Deoni et al., 2008) of myelin water content. In both cases, the re-
stricted motility of myelin bound water with respect to other MR visible
water pools is employed, which results in a modification of the corre-
sponding pool relaxation rates (Mathur-De Vré). As such, relaxation
based reconstruction methods allow for the determination of two or
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more pool fractions from the measured decay data by performing a
multiexponential analysis of the transverse signal decay curve (either
T, or T>*). In contrast, model based approaches employ a mathematical
modelling for the relationship between MR signal and myelin water
content for a combination of different sequences (such as spin-echo
and spoiled or non-spoiled gradient echo acquisitions). However, these
methods rely on a priori assumptions about the expected relaxation
rates of the different brain pools, resulting in an increased susceptibility
to systematic errors (Lankford and Does, 2012).

Even though many approaches have been published for myelin water
content mapping, not much is known about the corresponding whole
brain distribution. Le., apart from the work of Kolind et al. (2012), no
full brain quantitative myelin water content atlas has been presented
yet. Their work presents an important step towards a more objective as-
sessment of myelin-related alterations in diseases such as multiple scle-
rosis as it forms a normative standard for the healthy population.
However, the results obtained by the mcDESPOT scheme used by Kolind
et al. are significantly overestimated with respect to results obtained
when using relaxation based methods (Deoni et al., 2008; Kolind et al,,
2012). The reason for this systematic shift is still unclear and requires fur-
ther investigation (Lankford and Does, 2012).
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On the other hand, most of the relaxation based techniques either suf-
fer from prolonged measurement times or too low resolution and/or spa-
tial coverage, rendering the reconstruction of a whole brain myelin atlas
difficult. Furthermore, those approaches are based on the calculation of
ratios between the amplitude of the myelin water pool and the total
amplitude of all pools. Therefore, a decreased myelin water content is
compatible with an increased numerator or a decreased denominator.
In consequence, such methods provide more indirect information
about demyelination processes in white matter diseases such as multi-
ple sclerosis, as the cofounding factor of increased total water content is
not determined independently. However, it is not to be unexpected that
total water content increases in white matter of MS patients as a T; pro-
longation in this group was independently confirmed (Vrenken et al.,
20063, 2006b; Manfredonia et al., 2007). As T; correlates with total pro-
ton density, water content might be increased accordingly. This would
result in an overestimation of demyelination effects in regions with si-
multaneous presence of significant oedema.

As previously shown, the average total water content in white mat-
ter of healthy subjects ranges between 68% and 72% without significant
age or gender effects (Neeb et al., 2006a). However, significant regional
variations were observed. If these variations are, at least in parts, dom-
inated by changes in the free water pool, the corresponding myelin
water content measurement will be biassed accordingly. Using the
brain water model discussed by Laule et al. (2004), it was shown by
the authors that a 2% change of water content could explain the ob-
served myelin water content reduction in the MS subjects studied.
However, that is exactly the same order of magnitude for physiological
variations of white matter water content in a healthy population. There-
fore, an absolute quantification of myelin water content could provide a
further enhancement of sensitivity so that even smaller changes might
be detectable. Vavasour et al. (2009) have recently published results for
the simultaneous measurement of total and myelin water content in se-
lected MS lesions. However, their method did not correct for receiver
coil and B; inhomogeneities which is vital in order to minimise system-
atic errors in absolute water content mapping (Tofts, 2003; Neeb et al.,
2006b; Neeb and Shah, 2006; Neeb et al., 2008; Warntjes et al., 2008).

Even though the total water content in normal appearing white mat-
ter is effectively regulated (Neeb et al., 2006a), lesions are often associated
with an increased water content, which in fact just enables their visibility
on FLAIR images. The current work is therefore based on a quantitative
MR protocol that enables the simultaneous mapping of total and relative
myelin water content, T; and T>* (Tonkova et al., 2012; Neeb et al., 2008).
The availability of total water content was used to obtain an absolute
measure of myelin water content. This allows for an objective comparison
between the relative and the absolute measurement. First, quantitative
myelin water content atlases were created for the relative and absolute
measurement based on data from 31 young volunteers. To test for
site-independence and for a possible usage of this approach in multicen-
tered studies, we then investigated a different pool of subjects at another
site. As the quantitative approach employed is based on standard se-
quences that are available on almost any modern scanner (Tonkova et
al, 2012), it is ideally suited for a multicentre investigation. Only the re-
construction software, which is freely available for download (Neeb,
2012), is required to perform myelin water content mapping. Fi-
nally, a group of patients with multiple sclerosis was used to test
our approach in white matter lesions and to investigate possible
differences between relative and absolute myelin water content.

The objectives of the current study were therefore (1) to inves-
tigate differences between absolute and relative quantification of
myelin water content, (2) to assess the feasibility of a multicentre
measurement of myelin water content using the approach de-
scribed in (Tonkova et al., 2012), (3) to develop a quantitative
myelin water content atlas representative of a healthy young con-
trol population, and (4) to investigate the local differences of the
myelin water content distribution in white matter of early stage
MS patients.

2. Methods
2.1. Relative myelin water content mapping

Myelin water content was reconstructed for each subject based on
a multiexponential analysis of the T,* decay (Tonkova et al., 2012).
The corresponding signal intensity at 10 different echo times was
measured for each voxel using a multi echo gradient echo (MEGE) se-
quence (Neeb et al., 2008). The maximum TE was approx. 40 ms in
order to keep the acquisition time short. Given the measured signal
intensity of each voxel at varying echo times i, y/"*®, the effective am-
plitude of different relaxation pools, s;*=s(T>*(j)), was determined by
minimising the regularised squared difference between model and
data,
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Here, the sum runs over 10 echo times, t;, and n is the number of dif-
ferent equidistantly spaced T,* values that are allowed to vary during op-
timisation. The regularisation term, A, was introduced to obtain a smooth
distribution of the pool amplitudes as described in Tonkova et al. (2012).
Here, A=) "'=!|s; 1* —s;*|? is the sum of squared differences between
neighbouring pool amplitudes and the parameter A was set to 1. Setting
A = 0inEq. (1) resulted in a discrete distribution of the pool amplitudes,
si*. In this case, an increased systematic error and a significant depen-
dence of the optimisation results on SNR have been observed. Both ef-
fects were largely suppressed by extending the objective function as
shown in Eq. (1). Due to the measurement time constraints (TEyax=
42 ms), the moderate SNR and the small number of points sampled on
the relaxation curve, an unconstrained fit was not feasible. Therefore,
the search space was restricted by employing a two pool relaxation
model (a fast relaxing pool representing myelin water and a slow
relaxing pool for all other MR visible water compartments).
Constraining the position and maximum amplitude of each pool,
Eq. (1) was subsequently minimised using quadratic programming op-
timization. Based on the optimisation results, the relative myelin water
content Wj§, was defined as the ratio between the signal intensity of the
fast relaxing pool and the total signal intensity. The constraints were
chosen based on simulation studies and were adapted to each individu-
al decay curve whenever possible. The latter is important to reduce the
possible bias given our incomplete knowledge about the true relaxation
times. The approach allows for the measurement of myelin water con-
tent even with low-SNR data (SNR> 30 of the shortest TE image) and
a very sparse sampling of the relaxation curve. A detailed description
of the full procedure, including the best choice of constraints, is given
in Tonkova et al. (2012).

The T>* decay curve was sampled with a MEGE sequence using the fol-
lowing parameters: TR=2100 ms, 10 equidistantly spaced echoes be-
tween TE=4.35 ms and TE=42 ms, FA=40°, FoV =256x192 mm?,
matrix size=256x192, 50 slices with 2 mm thickness, and Tacq=
6 min, 45 s. All data were corrected for signal modulations due to mag-
netic field inhomogeneities before the start of the optimisation algorithm.
Here, a homogeneous voxel with constant field gradient along z-direction
was assumed, resulting in a sinc-modulation of the decay curve (Tonkova
et al., 2012). The argument of the sinc function is given, apart from con-
stants, by the product of the slice thickness, Az, and the z-gradient, AG,.
The latter was determined form a field offset map, AB(x,y,z), which
was acquired using the phase data of the MEGE sequence. More details
are given in Tonkova et al. (2012).

2.2. Ty, To,* and total water content mapping
The myelin water content measurement was part of a larger pro-

tocol for the quantitative mapping of Ty, T>* and total water content.
Therefore, a second MEGE sequence with a TR of 700 ms and a flip
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angle of 70° was measured for the same slices to determine T; (Neeb
et al.,, 2008). Flip angle and receive coil imperfections were corrected
based on three fast EPI scans of the same volume. The full protocol
and the corresponding reconstruction approach for Ty, To* and Wryeg
is detailed in Neeb et al. (2008) and Neeb (2012). Based on the total
water content of each voxel, Wy, the absolute myelin water content
is given by Wips = W;h, - Wrora. In the following, myelin water content
always refers to the absolute measurement unless stated otherwise.

All measurements were performed on 3 T Trio systems (Siemens
Medical Systems GmbH, Erlangen, Germany) within an acquisition
time of approx. 10 min.

The quantitative maps were reconstructed using an in-house de-
veloped tool written in C++ (Professional Remagen Diagnostic
Image Calculation Tool for MS, predict™®). Due to the computationally
expensive determination of myelin water content, processing times
ranged between approx. 20 min on a 24 core workstation and 1.5 h
on a dual core Macintosh for a single subject. The predict" source is
freely available to the scientific community for research purposes
(Neeb, 2012).

2.3. Subjects

To create the atlas, 31 healthy controls were scanned on a3 T Trio at
the Life&Brain research centre (University of Bonn, “Bonn data”). The
group consisted of 15 male and 16 female subjects with a mean age of
32.9+ 6.8 years. To test for site-independence, another group of 9 sub-
jects (6 male and 3 female, age =35.2 + 5.6 years) was scannedona3 T
Trio located at the Radiological Institute Hohenzollernstal3e Koblenz
(“Koblenz data”). Furthermore, 18 MS patients were also scanned on a
3T Trio at Koblenz. The patient group consisted of 8 male and 10 female
subjects with a mean age of 35.1 £ 7.6 years. Only patients with grade
0 disease as evaluated by the expanded disability status scale (EDSS)
were included. As the EDSS =0 group is expected to be comparable to
an age and gender matched healthy control population, it presents an
ideal test suite to investigate (1) the stability of the quantitative mea-
surement as large parts of the patient brains are expected to be compa-
rable to healthy controls, and (2) the sensitivity of a quantitative myelin
atlas to detect possibly existing small focal changes. Informed written
consent was obtained from each subject.

2.4. Data processing

In order to normalise each individual dataset to the MN152 space
(MNI152_T1_1mm_brain), synthetic T;-weighted data were created
based on the quantitative T; relaxation time of each voxel. A spoiled
gradient echo acquisition was simulated using the standard Ernst for-
mula for the signal intensity (Haacke, 1999) and setting TE=0, TR=
10 ms and FA=30°. The corresponding data were then processed
using the FSL toolbox (www.fmrib.ox.ac.uk/fsl, Smith et al., 2004).
First, brain extracted data were created using BET, which were linear-
ly coregistered to the MNI152 space (FLIRT) and finally normalised to
the MNI152 atlas using FNIRT. The transformation was applied to the
T,, T,*, total and myelin water content maps in order to analyse all
quantitative datasets within a common space.

2.5. Atlas calculation and statistical analysis

Based on the normalised maps, mean and standard deviation
atlases of Ty, To¥, ,% and W,‘?/,bj were created from all control subjects
(“Bonn atlases”) after smoothing the individual datasets with a 5x5
Gaussian kernel (0=3). To investigate possible differences between
scanner sites and/or between control subjects and MS patients, the
myelin water contents of the 9 control subjects (Koblenz data) and
the 18 EDSS =0 patients were compared to the corresponding Bonn
atlas (Fig. 1). Lesions in the patient datasets were first identified by
removing all voxels where T; and T>* increased by more than 4

standard deviations with respect to the corresponding atlases. This
employs the fact that both T; and T,* are elevated in most lesions.
All datasets were visually checked and lesions missed by the auto-
mated classification were manually removed. The lesion corrected
myelin water content datasets, representative of normal appearing
white matter (NAWM), were smoothed with a 5x 5 Gaussian kernel
(o=3) and linearly averaged. Finally, a z-value, z( x ), was calculated
for each location X where the relative error of the méan myelin water
content in the Bonn cohort was <8% (Fig. 1). The latter is given by
T (VW) where o is the standard deviation of the unsmoothed
maps, Wy, the average myelin water content (either absolute or rel-
ative) and N is the number of subjects. This requirement effectively
suppresses grey matter due to the increased o/W)y,-ratio (see Fig. 2;
bottom row).

In order to test for a statistically significant reduction of W,‘\}f’j, the
number of voxels with increased myelin water content was counted.
The corresponding result was then statistically compared to the num-
ber of voxels with decreased myelin water content relative to the
Bonn atlas. The corresponding numbers were determined for differ-

ent cut-offs, %,

Here, || refers to the cardinality of the set of points with z-value
larger or smaller than the cut-off, z*“*, The latter has been varied in
the interval [0.5,4]. Due to the formal resemblance of this problem
to the analysis of gene-expression data, we refer to N“? (N9°"") as
the number of “upregulated” (“downregulated”) voxels. The expres-
sions given by Eq. (2) represent a typical counting experiment,
where NP and N%°*" follow a Poisson distribution with standard de-

viations v/ N* and v/ N%"" respectively (Brandt, 1998). To test for a
statistical significant difference between the number of up- and
downregulated voxels, we assume that all voxels with increased my-
elin water content are simply due to a statistical fluctuation. There-
fore, N“P(z) represents the number of “background” events. As we
are interested in the possible investigation of demyelination,

N9own(7) represents the corresponding “signal” which is expected to
be equal to the background in the control (Bonn) vs. control
(Koblenz) comparison. To test for a consistency between signal and

background, a t-value, t(z) = (N”p(zf”‘)—NdOW”(zC”‘))/ /NP (zeut),

was calculated for each cut-off. t(z®*) follows a Student's t distribu-
tion which can be fairly well approximated by a Gaussian distribution
for the numbers involved in the current study (Brandt, 1998). The
Equation counts the number of standard deviations by which the signal
exceeds the corresponding background. Here, 5 standard deviations
were considered significant, which corresponds to p~2.9-10~7 for
Gaussian distributed data. It can be noted that the approach followed
in the current work is completely analogous to the statistical method
followed in other disciplines, e.g. for the detection of new particles
high-energy particle physics (Neeb, 1998).

In addition to t(z*), a normalised contrast between signal and
background, A(z) = (N“P(zwf)—Nd"W”(zwf)) /(Nd"w"(zwf) £ NP (z‘”‘)),
was calculated for each cut-off. Based on the observed maximum of
t(z™") at z**~2 — 3 (Fig. 3¢), regions which differed significantly rel-
ative to the Bonn atlas (|z|>2.0) were marked and superimposed on
the corresponding MNI152 template. Finally, the average absolute
and relative myelin water contents were determined for each slice
and plotted for all three groups as function of slice position in order
to investigate possible group differences which affect individual slices
only.
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Fig. 1. Schematic representation of the analysis workflow for the three different groups investigated.
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Fig. 2. The top row shows 5 transverse slices of the absolute water content atlas while the corresponding absolute myelin water content atlas is shown in the middle row. The rel-

ative deviation of W‘,\’},’; is shown in the bottom row.
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Fig. 3. Panel (a) shows the normalised distribution of the absolute myelin water content, (W‘,{,’,’; (x ) _W;/z; (x )) /U“Mbys (x ) measured for the Bonn cohort. Here, Wﬁjys (x ) represents

the measured myelin water content at location X (in total 31 measurements). The corresponding mean and standard deviation at point X are given by Wﬁ,‘,’; (?[) and (fﬁ,’,’ys (?) re-

spectively. Only voxels with a relative error of the mean myelin water content <8%, using the unsmoothed maps, were included. The corresponding normal probability plot is
shown in (b). The distribution of the measured ¢ value as a function of the z-cut is given in (c) while (d) shows the z**‘-dependence of the normalised contrast. Data from the Ko-
blenz control cohort are shown in blue whereas patient data are shown in red. Error bars indicate + 10 of the corresponding quantities.

The full potential of a quantitative atlas can be evaluated by its sensi-
tivity to depict regions of altered myelin water in individual subjects.
Therefore, each of the MS patients was compared to the myelin water
content atlas by computing a z-score for every voxel. Again, only voxels
with a relative deviation less than 8% of the corresponding Bonn atlas
were analysed as described above. A mask was created for voxels with
significantly decreased (z<—3) or increased (z>3) absolute myelin
water content. The number of voxels with z< —3 defines the “disease
volume”. The corresponding reduction of the absolute myelin H,0O-
content was determined by relating the average myelin water content
in the disease volume to the average of all other voxels analysed.

Finally, the same approach was repeated for the relative myelin
measurement to compare the relative and absolute disease volumes
and their reduction of W)y, respectively.

3. Results

Fig. 2 shows the atlases of total (top row) and absolute myelin
water content (middle row) constructed from the 31 control sub-
jects.! The total water content is lower in white matter (approx.

1 The full atlases can be downloaded from the link given in Neeb (2012).

70%) than in grey matter (approx. 80%), consistent with previous re-
ports (Tofts, 2003; Neeb et al., 2006b, 2008; Warntjes et al., 2008). In
contrast, W,‘{,?j ranges between 7 and 11% in white and between 3 and
4% in grey matter, respectively. The decreased grey matter myelin water
content results in a corresponding increase of the relative error as
shown in the bottom row of Fig. 2.

The distribution of the normalised absolute myelin water content
for all Bonn control subjects is shown in Fig 3a. The distribution can
fairly well be approximated by a Gaussian with zero mean and stan-
dard deviation of one (Fig. 3b), indicating that myelin water content
is normally distributed in the healthy control group. Comparing the
independently scanned second control group to the atlases based
on the cohort on the other scanner showed no contrast between
number of up- and downregulated voxels for all the z-cuts investi-
gated (Fig. 3c and d). Therefore, no statistical significant difference
between the control subjects measured at Bonn and those measured
at Koblenz can be established. As expected, a few regions with in-
creased or decreased absolute myelin water content are visible for
the control-control comparison (Fig. 4). The corresponding locations
are randomly distributed in space. Furthermore, increased and de-
creased values were observed with the same frequency, which is
characteristic for a statistical fluctuation. Fig. 5a provides more de-
tailed insights into the differences between the two control groups
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by showing the slice dependence of the average myelin water
content (blue and green curves, respectively). Both groups show
a consistent pattern with local maxima around slice positions 55,
84 and 104 in the MNI152 space. However, the error increases
for the more posterior positions as the number of voxels with a
relative deviation of <8% decreases, resulting in a less reliable
measurement. Even though the general trend is consistent, the
control group measured at Koblenz shows a significantly elevated
average myelin water content at slices 85-93, resulting from an in-
crease in the splenium of the corpus callosum (Fig. 4). Remarkably,
this difference is larger for the relative measurement, whereas the
corresponding curves are more consistent for Wj ,‘\'/ﬂf, as shown in
Fig. 5b.

Finally, to test for differences between the relative and absolute
myelin water content measurement, the 18 MS patients were com-
pared to the corresponding atlases. No significant differences were
observed for the slice dependence of Wips between NAWM of MS
patients and both control groups (Fig. 5a). The same argument
holds for the relative measurement shown in Fig. 5b, which appears
almost identical to the absolute measurement. This indicates that
no significant difference of the total water content in NAWM be-
tween patient and control groups exists. A difference of Wryq
would result in a shift of the patient group with respect to the con-
trol groups in Fig. 5a, which is, however, not obvious from the com-
parison between Fig. 5a and b. Furthermore, Fig. 5b shows that the
average relative myelin water content ranges between 9 and 11%,
consistent with previous reports (Laule et al., 2004; Du et al.,
2007; Oh et al., 2007; Hwang et al., 2010; Tonkova et al., 2012;
Nguyen et al., 2012).

The group comparison between patients and the absolute myelin
water content atlas is shown in Fig. 3c and d. In contrast to the
control-control comparison, a significant reduction of myelin water
content is observed for the patient group for a wide range of z®*
values. Furthermore, the contrast between down- and upregulated
voxels increases with z®, resulting in a smaller portion of falsely clas-
sified voxels. The decrease of myelin water content is most prominent
in the splenium of the corpus callosum (Fig. 5, two bottom rows). This
is in contrast to the corresponding control group (“Koblenz data”)
which shows a much more diffuse behaviour with almost randomly
distributed regions with increased or decreased myelin water content
(Fig. 4).

The different results of the relative vs. absolute measurement can be
illustrated by looking at individual patients (Fig. 6). Two aspects can be
noted. First, most but not all lesions visible on a T; map (right) show a de-
crease in the absolute myelin water content. Moreover, regions with
the strongest decrease of W,'i},’; are all associated with lesions. In addition,
W,‘?Abys is reduced in otherwise normal appearing white matter, therefore
showing white matter regions with demyelination but no corresponding
increase in free water content and T;. Most importantly, however, Fig. 7
demonstrates that the corresponding disease volume as well as the
average reduction of myelin water content are significantly larger if
a relative measurement is performed. The relative disease volume is
overestimated by (7.3 4+3.3)% (range 3.8%-13.9%) while the elevation
is slightly smaller for the corresponding relative measurement of the
myelin water content reduction ((5.6+1.5)%; range 3.6%-8.1%). On
average, W,‘?/?ys of the disease volume is reduced by (44.8 4+1.7)% with
respect to normal appearing white matter.

4. Discussion and conclusion

In the current study, a full brain myelin water content atlas was
developed using a new and fast method for myelin water content
mapping (Tonkova et al., 2012). The goals of the study were fourfold:
(1) investigate the independence of scanner location, which is one of
the key assumptions underlying quantitative MRI; (2) develop a
quantitative whole brain myelin water content atlas, representative
of a healthy young control population; (3) investigate the relevance
of an absolute measurement of myelin water content and (4) detect
changes of myelin water content in low-grade MS patients, both on a
group and individual level using the newly developed atlas.

4.1. Comparison between different sites

In our investigation, two healthy control groups were scanned at dif-
ferent locations. Therefore, one should be aware of potential systematic
errors that might bias the results. One potential pitfall, which could sys-
tematically shift the myelin measurement, results from field homogene-
ity differences. A spatially varying By, field results in a more rapid decay of
the FID, resulting in a reduced T»*. This might bias the myelin water con-
tent measurement as the spacing between the two water compartments
decreases, resulting in an overestimation of the fast relaxing myelin pool.
As previously shown, a significant bias is expected for relaxation times of

-
-

Fig. 4. Result from the group comparison between both control groups. Areas marked in red (turquoise) correspond to regions with significantly decreased (increased) myelin

water content.
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Fig. 5. Panel (a) shows the slice dependence of the absolute myelin water content for patients (red curve), control subjects measured in Bonn (blue curve) and control subjects
measured in Koblenz (green curve). The corresponding distribution of the relative myelin water content in normal appearing white matter is shown in (b). The last two rows
show the result from the comparison between the patient group and the healthy control atlas. Areas marked in red (turquoise) correspond to regions with significantly decreased

(increased) myelin water content.

the free water pool (T, free) Delow approx. 35 ms, where a reliable sepa-
ration between both water compartments is no longer feasible (Tonkova
et al, 2012). However, Ty, free typically ranges between 45 ms and 65 ms
in white matter, well above the 35 ms limit where pools start to overlap
significantly. Furthermore, the means obtained for W{\Zly in white and
grey matter in both control groups were consistent with previous re-
ports. This adds an additional confidence that myelin water content
maps are comparable between different sites as consistent results were
obtained.

Most importantly, however, the myelin water content obtained for
the healthy control group measured in Koblenz was consistent with
the data measured at a different location (Bonn). The observed differ-
ences were randomly distributed in space, in contrast to the correspond-
ing differences between patient and control group (Figs. 4 and 5).
Furthermore, the control-control comparison did not result in a statisti-
cal significant difference between the number of up- and downregulated
voxels.

However, the average myelin water content at different transverse
slices revealed a significant deviation between both control groups in
a few slices containing the splenium of the corpus callosum. Interesting-
ly, this difference was reduced for the absolute measurement of myelin
water content, although not completely. This indicates that variations in
Wrotan rather than variations in myelin water content, might be respon-
sible for the effect. Nevertheless, it is unclear what has caused those dif-
ferences. They might be attributed to the small sample size, possibly in
conjunction with the gender imbalance in the Koblenz group (6 male vs.

3 female subjects). However, it was previously shown that the average
total water content in white matter is independent of gender or age
(Neeb et al.,, 2006a). Indeed, we did not observe a significant shift be-
tween the male and female data when investigating the slice depen-
dence of V\/,“V,byS separately for both groups. Furthermore, a statistical
fluctuation due to the small sample size is very unlikely given the ob-
served consistent increase in 9 consecutive slices. In case of a statistical
fluctuation, one would rather expect a randomly distributed pattern,
which is, however, not observed. On the other hand, the almost perfect
consistency between patient (Koblenz) and control (Bonn) data in that
slice range provides additional confidence that the observed effect is
due to a systematic error of the total water content measurement in
the Koblenz control group. However, the reason for the observed devi-
ation is unclear and requires further investigation.

4.2. Patient vs. control comparison

The comparison between the MS patient group and the healthy con-
trol atlas revealed a significant reduction of myelin water content in the
EDSS =0 group. For a z-cut of |z*|> 2, the number of voxels with a re-
duced myelin water content is a factor ~2 larger than the number of
voxels with increased myelin water content (see Fig. 3d). The ratio in-
creases to ~ 19 for |z*| > 4, although accompanied by a slightly reduced
statistical significance. In contrast, the corresponding numbers are al-
most equal for the control (Koblenz) vs. control (Bonn) comparison for
all cut values. Voxels with decreases myelin water content were found
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Fig. 6. Left column: T; maps for 5 transverse slices through the brain of an individual MS pa-
tient. Right column: Results from the comparison between the individual MS patient and
the absolute myelin water content atlas. Areas marked in orange (turquoise) correspond
to regions with significantly decreased (increased) myelin water content, where |z|>3
was required. Regions with z<—4 are shown in red.

in the splenium of the corpus callosum and the optic radiation. Fur-
thermore, regions of distinct myelin water content reduction were
obtained from the comparison between an individual subject and
the quantitative atlas. Those regions are located in white matter
that appears either normal or abnormal on the corresponding T,
map. The strongest effects were observed for MS lesions, whereas
normal appearing WM was less affected with respect to disease vol-
ume and myelin water content reduction.

However, one has to note the rather large false discovery rate of the
current study, as no multi-comparison correction has been applied.
Therefore, from a conservative perspective, we have to conclude that a
significant reduction of myelin water content could be established for
the EDSS =0 cohort, whereas the information obtained about the spatial
location has to be interpreted with care. To be more concrete, approx. one
third of the “significant voxels” for |z|>2 and ~20% for |z|>3 are
false positive. As such, the difference between up- and downregulated
voxels would be the most proper biomarker for the investigation of mye-
lin water content changes based on the method employed here.

Similar to our study, Kolind et al. (2012) has recently described alter-
ations of the spatial myelin water content in 17 MS patients, based on
the comparison with a quantitative atlas. However, their objective was
to assess the primary progressive subtype only so that patients with
higher EDSS (median=15.5) were included. In contrast, the current
study focused on the detection of brain myelin water content changes
in early stage patients with an EDSS score of zero. As a negative correla-
tion between parenchymal volume fraction and EDSS exists (Kitzler et
al., 2012), a group with constant EDSS should minimise differences in-
troduced during the normalisation of data and should therefore result
in a more reliable comparison between patients and control subjects.

4.3. Absolute vs. relative measurement of myelin water content

The relative measurement of myelin water content, which has been
employed in most previous studies, appears to work well for normal
appearing white matter as the corresponding total water content is
strongly regulated in a healthy control population (Neeb et al,, 2006a).
The same applies for NAWM of subjects with low grade MS where no sig-
nificant difference between the absolute and relative quantification was
observed in the current study. However, the relative measurement results
in larger “disease volumes” with a correspondingly stronger reduction of
the apparent tissue myelination. Similar to the disease volume parameter
defined in the current study, a deficient myelin water fraction volume has
recently been introduced as marker for the differentiation between CIS
patients and a control population (Kitzler et al., 2012). Furthermore,
their measure allowed for the discrimination between relapsing-
remitting and secondary progressive disease courses. As no corrections
for total water content changes were made, it remains unclear if the dis-
crimination results from demyelination, oedema or a combination of
both. Indeed, we have observed an overestimation of disease volume by
approx. 6% when the calculations were based on a relative measurement.
Therefore, an absolute measurement is indispensable for the accurate de-
termination of demyelination of MS lesions that are accompanied by
oedema.

The results obtained for the relative myelin water content in white
matter (8-14%) are consistent with results obtained by other relaxa-
tion based approaches (Laule et al., 2004; Du et al., 2007; Oh et al.,
2007; Hwang et al., 2010; Hwang et al., 2011; Nguyen et al., 2012),
whereas the work of Kolind et al. (2012) reports values which are
approx. 100% larger (15%-25%). These authors have presented a my-
elin water content atlas which is based on data acquired with the
mcDESPOT scheme(Deoni et al., 2008; Kolind et al., 2012). However,
due to the inconsistent results obtained, this otherwise elegant and
efficient model-based approach does not allow for a direct compari-
son between the corresponding atlas and patient data acquired with
relaxation based methods, including the de facto gold-standard intro-
duced by MacKay et al. (Laule et al., 2004).
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Fig. 7. Panel (a) shows the total disease volume for the absolute and the relative measurement of myelin water content while the corresponding reductions of W,“v?ys are shown in (b).

The ratio between relative and absolute measurement is shown in (c).

4.4. Limitations

The main limitation of the current study is related to the relatively
large statistical error of the myelin water content measurement, which
is approximately 428% in white matter. This is mainly caused by
(1) the small voxel volume of 2 mm?® and (2) the sparse sampling of
the T,* decay curve (Tonkova et al., 2012). A straightforward remedy
would be an increase of the voxel volume. Indeed, many researchers em-
ploy larger volumes when using 2D sequences, which typically range be-
tween 3.5 mm®and 20 mm? (Laule et al., 2004; Du et al., 2007; Oh et al.,
2007; Hwang et al., 2010). The corresponding error would indeed drop
to & 16% when scaled to the voxel volume of 3.5 mm?, which was pre-
viously used by Du et al. (Du et al.,, 2007). However, as the protocol al-
lows for high resolution T;, T,* and total water content mapping, a
reduced resolution would adversely affect both image registration and
segmentation which are based on those parameters. Therefore, the my-
elin water content maps were smoothed during post-processing. How-
ever, smoothing schemes other than the straightforward application of
a Gaussian filter might further improve the results. Recently, Hwang et
al. have presented a spatially regularised nonnegative least squares ap-
proach (Hwang et al., 2011). Their work is based on diffusion-filtered im-
ages to iteratively constraint the fit. A similar scheme can easily be
incorporated in our method by adding additional constraints during op-
timisation. Here, the main challenge will be related to the optimisation of
the anisotropic diffusion filter in order to control systematic errors, espe-
cially in small regions of focal demyelination.

The relatively low precision is not a real problem for the atlas gener-
ation as long as the accuracy is high. The latter has been demonstrated
previously if the SNR of the shortest TE image exceeds 30-40 (Tonkova
et al,, 2012). As the relative deviation of a measurement decreases as
1/+v/N, alow precision in the myelin maps can be compensated by an in-
crease of the number of subjects, N. In the current work, the relative error
is reduced by a factor of v/31~5.5. Even though the variance can be fur-
ther reduced by increasing N, a significantly reduced myelin water con-
tent could already be established in the EDSS =0 cohort. Furthermore,
regions with reduced myelin water content were observed in the com-
parison between individual subjects and the atlas. Those regions were
mostly associated with visible lesions where a reduction of myelin
water content has also been observed before (Laule et al., 2004; Du
et al, 2007; Oh et al., 2007; Hwang et al., 2010, 2011; Nguyen et al.,
2012; Vavasour et al., 2009). However, as already stated above, the lim-
ited precision currently limits a deeper analysis of the spatial distribution
of W,‘b’ij Improved smoothing schemes might help to overcome this
problem in the future.

As a 2D sequence has been employed in the current work,
magnetisation transfer might be a potential bias that decreases the
measurement accuracy. Indeed, rather fast cross-relaxation times be-
tween solid myelin and myelin water of approx. 70 — 140 ms have

been observed both in vivo and in excised bovine brain (Kalantari et al.,
2011; Bjarnason et al., 2005). Given the TR of 42 ms employed in the cur-
rent study, one could expect that magnetisation transfer between those
two compartments might play a significant role. However, one has to
consider the acquisition order of the different slices, which followed an
interleaved scheme in the current study: 1,3,...,(N—1),2,4,...N. Given
the width of the solid myelin peak of approx. 40 ppm (Wilhelm et al,
2012) and the acquisition parameters of our measurement (z-gradient
approx. 30 mT/mm; slice thickness 2 mm and spacing between adjacent
slices = 3 mm), it is straightforward to prove that the solid myelin pool
of the ith slice is mainly excited by off-resonance pulses from the two
neighbours, i.e. slices i — 1 and i+ 1. Therefore, the effective TR between
an excitation of solid myelin and myelin wateris~1 s for the interleaved
scheme employed here. Based on this experimental setup, we have
solved the Bloch-equations using a four-pool model of white matter, in
complete analogy to the work of Kalantari et al. (2011) and using the pa-
rameters specified therein (results not shown) The basic result is that the
bias introduced by magnetisation transfer between solid myelin and my-
elin water is negligible (systematic error approx. 1-4%) as T; relaxation
has recovered most of the signal within an effective TR of 1 s. However,
this result is only preliminary and requires further validation in vivo,
which is outside the scope of the current work.

The gradient echo sequences employed in the current work are
sensitive to spatially varying static magnetic field inhomogeneities,
ABy(T). Different factors contribute to an inhomogeneous By, such
as susceptibility gradients or imperfect shimming. The field homoge-
neity is further reduced by internal sources resulting e.g. from the
deposition of paramagnetic substances. Indeed, a significant accu-
mulation of iron in deep grey matter has been observed in subjects
with MS (Ge et al., 2007). In a gradient echo experiment, all spatially
varying static components of ABy(7) result in a more rapid signal
decay. Therefore, the separation between fast and slow component
decreases, resulting in a potential overestimation of myelin water
content. As already stated above, the myelin water content measure-
ment is significantly biassed if the slow relaxation time decreases
below ~35 ms (Tonkova et al.,, 2012). In our cohort, a T* of <35 ms
was exclusively observed within the globus pallidus. Therefore, the
corresponding myelin water content within that region has to be
interpreted with care. It should be noted that spin-echo based ap-
proaches might be the preferable choice for the study of myelin
water content within the globus pallidus as they are largely immune
against static field inhomogeneities.

Another potential drawback of the current study is the possibly
improper removal of MR visible lesions. Nevertheless, this might not
severely impair the conclusions drawn as (1) all lesion masks where
checked and manually corrected whenever necessary and (2) lesions
in individual patients typically occur at different locations in space,
therefore partly averaging the effect out. We have observed that the
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simple and fast approach for lesion segmentation based on quantita-
tive T; and T>* atlases works very efficient and allows for the detec-
tion of most lesions. However, grey matter partial volume effects,
resulting from a non-perfect normalisation, are classified as lesion
due to the increased T; and T,* of grey matter with respect to white
matter. Even though this might impair the accurate lesion detection,
the removal of such regions is advantageous for the group compari-
son as is reduces partial volume misclassifications. We are currently
working on an improved automated scheme to identify regions with
MR visible lesions in order to further suppress the potential systemat-
ic error introduced by their possible negligence.

4.5. Summary

In summary, the current study has demonstrated that a quantita-
tive absolute myelin water content atlas has the potential to identify
distinct regions of demyelination, even in patients with mild disease.
Moreover, such a comparison might be performed for data acquired
at different centres. This is an important requirement for the objective
assessment of new myelin water content mapping approaches before
they can be translated into a clinical setting. It was shown that an abso-
lute quantification of myelin water content is superior over a relative
measurement if significant oedema is present. The results obtained by
our method are consistent with literature reports which demonstrate
that a reproducible absolute myelin water content mapping with high
resolution and full brain coverage can be performed in approx. 10 min.
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