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Introduction

Abstract

Objective: The aim of this study was to investigate whether the extent and
topography of cerebral demyelination correlates with and predicts disease
progression in patients with juvenile metachromatic leukodystrophy (MLD).
Methods: A total of 137 MRIs of 46 patients with juvenile MLD were analyzed.
Demyelination load and brain volume were quantified using the previously
developed Software “clusterize.” Clinical data were collected within the German
Leukodystrophy Network and included full scale intelligence quotient (FSIQ)
and gross motor function data. Voxel-based lesion-symptom mapping (VLSM)
across the whole brain was performed to investigate the spatial relationship of
cerebral demyelination with motor or cognitive function. The prognostic value
of the demyelination load at disease onset was assessed to determine the sever-
ity of disease progression. Results: The demyelination load (corrected by the
individual brain volume) correlated significantly with gross motor function
(r =+0.55) and FSIQ (r = —0.55). Demyelination load at disease onset was
associated with the severity of disease progression later on (P < 0.01). VLSM
results associated frontal lobe demyelination with loss in FSIQ and more
central region demyelination with decline of motor function. Especially progres-
sion of demyelination within the motor area was associated with severe disease
progression. Interpretation: We were able to show for the first time in a large
cohort of patients with juvenile MLD that the demyelination load correlates
with motor and cognitive symptoms. Moreover, demyelination load at disease
onset, especially the involvement of the central region, predicts severity of
disease progression. Thus, demyelination load seems a functionally relevant
MRI parameter.

Dempyelination in the brain is sensitively reflected in
brain magnetic resonance imaging (MRI) signal changes,

Metachromatic leukodystrophy (MLD) is a rare inherited
metabolic disease that belongs to the lysosomal storage
disorders. The disease is caused by a deficiency of the
enzyme arylsulfatase A (ASA), leading to accumulation of
the metachromatic glycosphingolipid 3’-O-sulfogalactosyl-
ceramide, also called sulfatide.! As a consequence, pro-
gressive demyelination in the central and peripheral
nervous system occurs, leading to severe and progressive
neurological symptoms."? It has been shown that espe-
cially the central demyelination is responsible for loss in
gross motor function.’

especially as hyperintensity in T2-weighted images.* In
MLD, these MRI changes can be quantified visually with
the MRI severity score.” More recently, the “demyelina-
tion load” was established and validated as an MR param-
eter in order to quantify the demyelinated white matter
(WM),*” which might detect subtle changes in the extent
of demyelination more sensitively than the visual MR
scoring system.®

In the early-onset (late-infantile) form of MLD, where
neurological deterioration occurs rapidly with loss of
gross motor function as the key symptom,” it has already
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been shown that the “demyelination load” highly corre-
lates with disease duration and loss of gross motor func-
tion.” Disease onset in “juvenile patients” is not only
more protracted, but first signs are more variable includ-
ing cognitive and behavioral symptoms, in addition to
gross and fine motor dysfunction.”°

Despite the heterogeneous clinical course of juvenile
MLD, we found a positive correlation between disease
progression and MRI severity score''; and more recently,
FSIQ measures in eight juvenile patients were demon-
strated to correlate with MRI severity score and the
demyelination load.'> Furthermore, the topography of
demyelination may be important for clinical characteris-
tics of the patients. While late-infantile children show a
more homogeneous evolution of demyelination from
parieto-occipital to frontal and temporal WM, juvenile
patients develop a more variable picture, partly with early
frontal predominance.'"'>"*

Several new therapeutic approaches are under investiga-
tion, for example, hematopoietic stem cell transplantation
(HSCT), enzyme replacement therapy, and gene ther-
apy."'® Evaluation and monitoring of therapeutic studies
require precise surrogate parameters and reference data.
Therefore, it seems important to investigate whether the
demyelination load is a clinically relevant parameter, not
only to describe, but also to predict disease progression in
juvenile MLD. Especially, as HSCT was proven to be a
beneficial treatment when done at an early stage of the
disease before the phase of rapid progression.'®'” It
seems essential to find predictors of disease progression
already early during disease course in order to be able to
judge on the “window of opportunity,” for example,
whether a treatment has enough time to become effective.

The aim of this study was to evaluate the demyelina-
tion load as a clinical surrogate parameter in juvenile
MLD. As symptoms in the juvenile form are variable, we
correlated the demyelination load both with standardized
gross motor and cognitive parameters. Moreover, we
investigated the functional relevance of the topography of
demyelination for the patients’ symptomatology, and then
examined whether the extent and topography of the
demyelination at time of diagnosis is predictive for the
dynamic of the clinical course.

Methods

Patients

Clinical and MRI data of patients with MLD were col-
lected within the German leukodystrophy network leuk-
onet since 2006.>"" The study was approved by the local
ethics committee (401/2005). Written informed consent
was given by at least one caregiver.
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The diagnosis of MLD was based on a deficiency of
arylsulfatase A (ASA), increased sulfatide excretion in
urine, and typical changes in MRI'' in the context of
clinical symptoms. In 31 of the 46 patients, diagnosis was
additionally supported by molecular genetic testing (mu-
tations in ARSA gene). Juvenile MLD was defined as dis-
ease onset between the age of 30 months and 16 years."*
In clinically presymptomatic patients, this was done on
the basis of either first MRI changes and/or decreased
nerve conduction velocity. In addition, a juvenile disease
course in a sibling was considered confirmatory and
genotype had to be compatible with a juvenile course.

A total of 137 MRIs of 46 children with juvenile MLD
(24 female) were included. Age at onset was between 2.5
and 13.75 years (mean: 6.7 £ 3.3 years) and patients’ age
at MRI was between 0.92 and 35.5 years (mean:
9.8 + 6.8 years). Fifty-one MRIs of 11 patients were per-
formed after they received HSCT. All other MRIs were
performed during the natural disease course. Data under
treatment were included in this study only for correlation
of MRI changes with the patients’ motor and cognitive
function. For the prognostic analysis, data under treat-
ment were excluded.

Clinical parameter

The deterioration of gross motor function is a key clinical
feature in MLD. We applied the standardized and vali-
dated Gross Motor Function Classification in MLD
(GMFC-MLD score ).

Results from standardized neuropsychological testing
were used to assess cognitive abilities. The full scale intelli-
gence quotient (FSIQ) was tested with the Wechsler Intel-
ligence Scale for Children (WISC; n = 26), Wechsler Adult
Intelligence Scale (n = 15), and Kaufman Assessment Bat-
tery for Children (K-ABC; n =4). In some patients
(n = 12), numerical neuropsychological test results were
given in the medical records, however, without indication
of the testing procedure (whether WISC or K-ABC).

In order to assess the predictive value of both the
demyelination load and its spatial extent at the time of
diagnosis for the dynamic of the disease course, we retro-
spectively categorized the disease course of patients with a
clinical follow-up of at least 2 years into “slowly progres-
sive” and “rapidly progressive.” This was done using the
time interval between disease onset, that is, first clinical
signs (whether motor or cognitive/behavioral), and enter-
ing GMFC-MLD level 2 (=loss of independent walking).
As we had shown before that GMFC-MLD 2 marked the
onset of rapid regression in the natural history of juvenile
MLD patients, we used the median (=27 months) charac-
terizing the time between GMFC-MLD levels 1 and 2, as
previously published.'' Therefore, patients with less than
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or equal to 27 months between levels 1 and 2 were cate-
gorized as having a “rapidly progressive” disease course,
and patients with more than 27 months between levels 1
and 2 or more than 27 months since onset of the disease
(without deteriorating to level 1, i.., only cognitive
symptoms) were defined as “slowly progressive.”

MRI parameter

MRI data were acquired on different clinical scanners. For
this study, axial T2-weigthed images (with a high mean
in-plane resolution of 0.56 x 0.56 mm? + 0.19/0.19 mm)
and a mean slice thickness of 4.77 mm (41.3 mm) were
selected. Furthermore, high-resolution 3D T1-weighted
images (mean  0.97 x 0.76 x 0.84 mm’® % 0.31/0.24/
0.22 mm’) or axial FLAIR-weighted images (mean slice
thickness 4.73 mm =+ 1.4 mm) were included.

To quantify the volume of demyelinated WM, the “de-
myelination load” was measured semiautomatically as
described before using the “clusterize™ toolbox (www.
medizin.uni-tuebingen.de/kinder/en/research/neuroima
ging/software). To account for the variability of different
brain volumes and the brain atrophy at late stages of
MLD,!" we corrected the demyelination load by the chil-
dren’s individual brain volume as done before using the
clusterize toolbox.°

Voxel-based lesion-symptom mapping

To identify the effect of the local distribution of demyeli-
nation, voxel-based lesion-symptom mapping (VLSM)
was applied. This method analyzes the relation of tissue
lesions with symptoms on a voxel-by-voxel basis.”> In
order to detect joint areas of demyelination causing cer-
tain symptoms, images have to be brought into a stan-
dard space; this was achieved by spatially normalizing all
demyelination load masks using the spatial deformation
field generated by spatially normalizing high-resolution
T1 3D datasets to MNI space, applying segmentation
functionality available within the statistical parametric
mapping (SPM12) software (http://www.fil.ion.ucl.ac.uk/
spm/software/spm12/).**

Statistical analysis

In order to investigate the association of the amount of
demyelination with clinical parameters, the demyelination
load was correlated with the GMFC-MLD score using
Spearman’s rank correlation (categorical variable) coeffi-
cient and with the FSIQ using Pearson’s correlation coef-
ficient (continuous variable).

In addition, using the VLSM approach, we analyzed
the whole brain WM for symptom-causing areas of
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demyelination correlating with clinical parameters. Here,
the MRIcron-tool “nonparametric mapping” was used to
generate the demyelination symptom maps (www.mccaus
landcenter.sc.edu/crnl/chris-rordens-neuropsychology-lab).
Every analysis had eight threads and only voxels damaged
in at least 10% of the patients were included. GMFC-
MLD and FSIQ were tested applying the nonparametric
Brunner—Munzel test.** For multiple comparison correc-
tion, a permutation correction was used at a 5% level,
using 1000 permutations, as recommended for this kind
of analysis.*

In order to assess the predictive value of the demyelina-
tion load at disease onset for later disease progression, the
first MRI after onset of symptoms was evaluated. The
amount of the demyelination load was compared between
the “slowly” and “rapidly progressing” patients, as defined
above using the Mann—Whitney U test. For investigation
of spatial extent of the demyelination load between the
two groups, the VLSM approach was used and a Lieber-
meister test was applied for binomial data, again using
permutation correction for multiple comparison correc-
tion.”

Results

Demyelination load and gross motor
function

A total of 137 MRIs and clinical data of all 46 patients
were available. When assessing the interrelation of
demyelination load and GMFC-MLD scores, there was a
significant positive correlation (p = 0.55, P < 0.0001;
Fig. 1A), indicating that patients with a higher demyelina-
tion load also had higher GMFC-MLD score (i.e., more
motor disability). When only investigating cross-sectional
data, that is, their last available MRI (n = 46, mean age:
12.2 £ 8.5 years), this correlation remained strong
(p = 0.60, P < 0.0001).

For the VLSM analysis, 125 demyelination load masks
of 44 patients were available after visual inspection of suc-
cessful spatial normalization. Figure 1B shows WM areas
where the demyelination correlated with deterioration of
gross motor function (as assessed by the GMFC-MLD).
The WM underlying the primary cortical motor region
was particularly associated with gross motor deterioration
and to some degree also prefrontal and parieto-occipital
areas (Fig. 1B).

Demyelination load and 1Q

Fifty-seven MRIs and FSIQ results of 25 patients were
available (mean age at MRI: 14.2 £ 6.0 years). When
assessing the interrelation of corrected demyelination load
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Figure 1. Correlation between GMFC-MLD score and demyelination load. (A) The positive correlation between the corrected demyelination load
and gross motor function loss, indicated by higher GMFC-MLD scores (p = 0.55, P < 0.0001). (B) The spatial association between demyelination
of white matter (WM) in the central region and gross motor deterioration (higher GMFC-MLD scores). For illustration, significance thresholds of

5% false discovery rate correction®*34

and the FSIQ scores, there was a strongly significant nega-
tive correlation (r = —0.55, P < 0.0001), indicating that
patients with a higher demyelination load had a lower
FSIQ score (i.e., more cognitive impairment). This rela-
tion is illustrated in Figure 2A. Again, this correlation
was also found in cross-sectional data (n = 25, r = —0.54,
P < 0.01, mean age: 12.4 £ 6.6 years).

For the VLSM analysis, 50 demyelination load masks of
24 patients available (mean age at MR
13.8 £ 5.9 years). Figure 2B shows significant areas of

were

negative correlation between FSIQ and areas of demyeli-
nation. Especially, demyelination load in frontal regions
revealed a significant correlation with lower FSIQ. In con-
trast, central WM regions were spared and only few tem-
poral and parietal regions were involved (Fig. 2B).

Prediction of disease progression

From 15 patients, a long clinical follow-up was available
which allowed long-term evaluation of disease course. Of
these, seven patients showed a rapidly progressive and
eight patients a slowly progressive course as defined
above. Slowly progressive patients had significantly lower
demyelination load at their first MRI than rapidly pro-
gressing patients as shown in Figure 3A (P = 0.003),
although rapidly progressing patients had their first MRI
even earlier after disease onset (mean: 1.2 + 0.98 years
after onset), compared to slowly progressing patients

are displayed. The color bar represents z scores.

(mean: 4.1 + 3.5 years after onset, P = 0.03, Mann—
Whitney U test). Age at first MRI of these 15 patients
was between 4.5 and 18.2 years (mean: 9.6 £ 4.3 years).
It is important to note that age at onset, which was
between 2.5 and 13.5 years (mean: 6.9 £ 3.2 years), did
not differ between the groups (P > 0.1), and thus, did
not predict disease progression in this cohort. However,
there was a significantly negative correlation of the age of
onset with the demyelination load (p = 0.57, P = 0.024),
indicating that patients with an early disease onset have
on average a higher demyelination load at their first MRI
after onset. This is also illustrated in Figure 3, where
results were color coded by the age of onset.

The VLSM revealed that particularly demyelination
involving areas in the central region (and especially
toward the U-fibers of the WM) at time of diagnosis was
associated with a rapid progression of their disease course
(Fig. 3B).

Discussion

Metachromatic leukodystrophy is a rare, but invariably
progressive and ultimately fatal neurodegenerative disor-
der. New therapeutic approaches are currently under
investigation."”'> There is an increasing body of evidence
suggesting that successful therapy is related to early treat-
ment, that is, presymptomatic and early symptomatic,'® "’

and to a slower disease progression, that is, treatments
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Figure 2. Correlation between IQ and demyelination load. (A) The negative correlation between the corrected demyelination load and cognitive
function (correlation coefficient = —0.55, P < 0.0001). (B) The spatial relation between loss of cognitive function (decreasing 1Q) and
demyelination in prefrontal regions. For illustration, significance thresholds of 5% false discovery rate correction®*** are displayed. The color bar
represents z scores.
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Figure 3. Predictive value of the demyelination load at diagnosis. (A) Comparison of demyelination load at presentation between the patients
with slow and rapid disease progression (P = 0.003). Mean values are indicated as horizontal black lines. Blue indicates disease onset below
6 years of age, green 6 years and above. The spatial lesion map on the right (B) suggests the early demyelination of subcortical white matter
(WM) (U-fibers) in the central region is related to rapid progression of the following disease course. For illustration, significance thresholds of 5%
false discovery rate correction®*3* are displayed. The color bar represents z scores.

such as HSCT being more effective in the more slowly when to recommend HSCT in juvenile MLD is to judge

progressive juvenile form than in the rapidly progressive on the dynamics of the disease course. And before the loss
late-infantile form.'”'® Thus, one of the clinical challenges of independent walking announcing rapid regression,” this
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is not possible on clinical parameters alone. One might
expect that age at onset, for example, early juvenile versus
late juvenile, might be such a parameter, but there is no
clear evidence supporting this notion. This was also seen
in our study where age at onset did not significantly differ
between rapid and slow disease progression. However, we
found that age of onset did correlate negatively with the
demyelination load in the MRI done at onset. Therefore,
it can be concluded that age of onset might have an addi-
tional influence, but alone (without incorporating the
demyelination load) did not predict disease progression in
our cohort. It therefore seems particularly important to
evaluate potential biomarkers which are not only able to
characterize but also to predict different aspects of disease
progression.

In a large cohort of patients with the juvenile form of
MLD we were not only able to show that the demyelina-
tion load correlated with regression of motor and cogni-
tive function, but we could especially demonstrate that
the demyelination load in the first MRI after onset of
symptoms was predictive for disease progression, that is,
a higher demyelination load indicates a more severe and
rapid clinical course. In addition, we were able to show
that the topography of areas showing demyelination is
functionally relevant.

It has already been shown that the demyelination load
is a functionally relevant parameter for patients with late-
infantile MLD.” In the current study, we were able to
show that the demyelination load correlates with motor
and cognitive function also in the juvenile form, where
the MRI changes were expected to be more variable."' We
could corroborate findings from a recent correlation of
demyelination load and IQ in a mixed (late-infantile,
juvenile, adult form) MLD cohort, where a similar degree
of correlation was found."

In addition, we could show that the topography of
demyelination within the cerebral WM is functionally rele-
vant, which is clearly a new finding. In particular, regres-
sion of cognitive function was associated with more
pronounced involvement of frontal WM areas, sparing the
central (motor) parts of the WM. It seems noteworthy that
frontal demyelination, causing cognitive symptoms, can
appear independently without impairment of the central
region. Clinically, an isolated longer lasting cognitive man-
ifestation has been reported especially in MLD of later
juvenile or adult onset.'®*® The frontal lobe is generally
considered to be responsible for multiple cognitive
domains (especially related to executive functions, e.g.,
working memory, episodic memory, problem solving, and
perception).”” Its impairment therefore explains the typical
cognitive symptoms in juvenile MLD, which include
decreasing school performance, deficiency in concentration
and attention, and psychiatric symptoms."'® The

M. Strolin et al.

deterioration of gross motor function was associated with
more widespread WM involvement, but particularly
including the WM underlying the central motor area (and
thus, presumably, the corticospinal tract). Further affected
regions included prefrontal and parieto-occipital WM
regions. The latter most likely explains the clinical finding
typical for both the late-infantile and juvenile forms of
MLD that severe motor regression (once independent
walking is lost) occurs often in parallel with loss of cogni-
tive function and a generally severe clinical deteriora-
tion.”'® Our findings are therefore well in line with the
clinical impression that, if widespread central and pre-
frontal demyelination is present and independent walking
is lost, a rapid loss of cognitive functions can also be
expected.

These findings support the functional relevance of the
demyelination load and show that it is a useful surrogate
parameter to evaluate disease progression and indicate its
usefulness also for evaluation of therapy effects. It has to
be kept in mind in this context that MRI changes usually
precede neurological symptoms in juvenile MLD,"" thus,
first signs of demyelination do not immediately lead to a
functional deficit. But the further progression of demyeli-
nation, and especially the involvement of specific WM
areas, seems to correlate well with specific aspects of clini-
cal deterioration. In the evaluation of therapeutic effects
and cerebral changes on follow-up, the demyelination
load was already demonstrated to be more sensitive than
the MRI scoring system.*?® Still, the sensitivity and speci-
ficity of new (more myelin-specific) MRI parameters
might be important to evaluate further in detecting func-
tionally relevant WM changes in the brain as suggested
recently, for example, diffusion-weighted imaging, MR
spectroscopy, magnetization transfer imaging, myelin
water imaging, cortical thickness determination, and GM/
WM volumetry.'>?%3!

The probably most intriguing and clinically relevant
finding of this study was the prognostic value of the
demyelination load at the time of diagnosis for the sever-
ity of the to-be-expected disease course. Here, patients
with slowly progressing disease showed a significantly
lower demyelination load. This finding seems all the more
relevant as the mean time from disease onset to the first
MRI was even significantly longer in the group with
slower progression than in the group with rapid progres-
sion. Hence, even though the initial MRI was obtained
later, there was less demyelination. Given the variability
in the clinical course, this is not only important for
patient counseling, but also for treatment decision as dis-
cussed above. It has been shown that the treatment effect
of HSCT, currently the only clinically available treatment
option for juvenile MLD, might take some time to have
an effect.**>?> Therefore, it seems essential to have
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additional parameters in order to predict whether the
individual patient will deteriorate rapidly or might still
have a wide enough window of opportunity for HSCT.
For this reason, it is an important finding that patients
with rapid disease progression have a significantly higher
demyelination load already at time of diagnosis. Espe-
cially, our findings that demyelinated U-fibers in the cen-
tral region of the WM might predict rapid disease
progression seem of importance in this respect.

In conclusion, we were able to assess, quantify, and
localize the interrelation between demyelination load and
gross motor as well as cognitive function in patients with
juvenile MLD. Most importantly, our results provide evi-
dence that rapidly progressing juvenile patients have a
higher demyelination load already at time of diagnosis,
compared to more slowly progressing children. Especially,
the central WM U-fibers seem to be of critical importance
for predicting the severity of the clinical disease course.
Our data confirm the demyelination load to be a clini-
cally relevant MR parameter to describe functional
parameters of disease progression in juvenile MLD; it
may therefore also be an important surrogate marker
when it comes to evaluating different treatment regimes
in this otherwise fatal neurodegenerative disease.
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