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Abstract

This study aimed to evaluate the effect of intrathecal (IT) recombinant human

arylsulfatase A (rhASA) on magnetic resonance imaging (MRI)-assessed brain

tissue changes in children with metachromatic leukodystrophy (MLD). In

total, 510 MRI scans were collected from 12 intravenous (IV) rhASA-treated

children with MLD, 24 IT rhASA-treated children with MLD, 32 children with

untreated MLD, and 156 normally developing children. Linear mixed models

were fitted to analyze the time courses of gray matter (GM) volume and frac-

tional anisotropy (FA) in the posterior limb of the internal capsule. Time

courses for demyelination load and FA in the centrum semiovale were visual-

ized using locally estimated scatterplot smoothing regression curves. All

assessed imaging parameters demonstrated structural evidence of neurological

deterioration in children with MLD. GM volume was significantly lower at

follow-up (median duration, 104 weeks) in IV rhASA-treated versus IT rhASA-

treated children. GM volume decline over time was steeper in children receiv-

ing low-dose (10 or 30 mg) versus high-dose (100 mg) IT rhASA. Similar effects

were observed for demyelination. FA in the posterior limb of the internal cap-

sule showed a higher trend over time in IT rhASA-treated versus children with

untreated MLD, but FA parameters were not different between children

receiving the low doses versus those receiving the high dose. GM volume in IT

rhASA-treated children showed a strong positive correlation with 88-item

Gross Motor Function Measure score over time. In some children with MLD,

IT administration of high-dose rhASA may delay neurological deterioration

(assessed using MRI), offering potential therapeutic benefit.
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1 | INTRODUCTION

Metachromatic leukodystrophy (MLD; OMIM 250100
and 249900) is a rare, recessive lysosomal storage disease
characterized by deficient activity of the arylsulfatase A
(ASA) enzyme (EC 3.1.6.8).1,2 This deficiency causes
sulfatides to accumulate mainly in the central and
peripheral nervous systems, leading to progressive demy-
elination and neurological deterioration.3 MLD is divided
into three forms: late-infantile (onset <30 months), juve-
nile (onset 2.5–16 years), and adult (onset >16 years).3,4

All subtypes have a poor prognosis, but late-infantile
MLD is the fastest-progressing form.5–7 Atidarsagene
autotemcel (Libmeldy, Orchard Therapeutics), an autolo-
gous hematopoietic stem cell gene therapy, has been
approved in some regions for the treatment of presympto-
matic patients with late-infantile or early-juvenile MLD,
or early-symptomatic patients with early-juvenile MLD.
However, there remains an unmet need for treatment
options for symptomatic late-infantile MLD. Several ther-
apies are under investigation, including enzyme replace-
ment therapy with intravenous (IV) and intrathecal
(IT) recombinant human ASA (rhASA).8,9 A phase 1/2
trial suggested that treatment with IT rhASA may slow
the motor function decline observed in MLD.9

White matter (WM) hyperintensities of T2-weighted
magnetic resonance imaging (MRI) scans are used as a
diagnostic tool in MLD,10,11 and have been found to cor-
relate with a worsening of motor and cognitive func-
tions.12–15 However, their utility as a marker of treatment
efficacy is less clear because T2-pseudonormalization in
advanced, untreated MLD has been documented.10

Disruption of myelin could also disturb neuronal matura-
tion,16 and correlations between reduced gray matter
(GM) volume and cognitive and motor deficits have been
reported in MLD.13–15,17 The assessment of GM volume,
together with imaging parameters that differentiate
tissue microstructure (e.g., diffusion tensor imaging
[DTI]), may, therefore, be more appropriate for investi-
gating treatment-related effects than T2-hyperintensities
alone.10 This retrospective analysis evaluated the effect of
IT rhASA on brain tissue changes in children with MLD,
as assessed using MRI.

2 | METHODS

2.1 | Standard protocol approvals,
registrations, and patient consent

Both the IV rhASA (NCT00418561; NCT00633139 and
extension NCT00681811) and IT rhASA (NCT01510028
and extension NCT01887938) clinical trials were con-
ducted in accordance with the appropriate local country

regulations, the International Conference on Harmonisa-
tion of Good Clinical Practice Guidelines, and the princi-
ples of the Declaration of Helsinki.8,9 Each patient's legal
guardian(s) provided informed consent before study-
related activities were performed.

MRI images for patients with untreated MLD were
obtained as part of their clinical investigations, and
parental consent for their use as part of a natural history
study was obtained; the study was approved by the local
ethics committee in Tübingen (401/2005).6,18 The Cincin-
nati MR Imaging of NeuroDevelopment (C-MIND) data-
base was approved by the Institutional Review Board at
Cincinnati Children's Hospital Medical Center.19 For
children between 0 and 17 years of age, informed consent
for their participation was provided by their legal guard-
ian(s) and assent was provided by children older than
5 years.

2.2 | Study design and participants

MRI data were collected from four separate groups of
children: IV rhASA-treated children with MLD,8 IT
rhASA-treated children with MLD,9 children with
untreated MLD,6,18 and normally developing children19

(Table 1).

2.2.1 | IV rhASA phase 1/2 trial and
extension

Full inclusion criteria and the study design for the IV
rhASA phase 1/2 trial have been described previously.8

Briefly, this single-center, open-label, nonrandomized,
dose-escalation, phase 1/2 trial enrolled patients aged
12 months–6 years at screening with a confirmed diagno-
sis of MLD, based on accepted diagnostic criteria (defi-
cient ASA activity and elevated sulfatide concentration).8

Patients received IV rhASA (50, 100, or 200 U/kg body
weight) every other week (EOW) over two consecutive
26-week periods (NCT00418561; NCT00633139). Patients
who completed the phase 1/2 trial were eligible to enroll
in an extension study (NCT00681811), which was discon-
tinued owing to lack of efficacy after 24 months.

2.2.2 | IT rhASA phase 1/2 trial and
extension

Full inclusion criteria and the trial design for the IT
phase 1/2 trial have been described previously.9 Briefly,
this multicenter, open-label, dose-escalation phase 1/2
trial enrolled patients with a confirmed diagnosis of
MLD, based on accepted diagnostic criteria (deficient
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ASA activity and elevated sulfatide concentration), who
presented with symptoms of MLD by 30 months of age,
were ambulatory, and displayed neurological signs of
MLD at screening (NCT01510028).9 Patients received
10, 30, or 100 mg IT rhASA EOW for 38 weeks. Patients
who completed the phase 1/2 trial were eligible to con-
tinue receiving IT rhASA EOW as part of an ongoing
extension (NCT01887938), with all patients eventually
receiving 100 mg IT rhASA EOW.

Dosing between the two treated cohorts differed
owing to the route of administration.

2.2.3 | Tübingen natural history study

Patients with a confirmed diagnosis of MLD and disease
onset before 2.5 years of age were enrolled in an ongoing
natural history study within the German research net-
work LEUKONET.6 Data from early-juvenile, late-juve-
nile, and adult MLD were also collected in the study.

2.2.4 | The C-MIND database

The C-MIND database contains functional neuroimaging
and behavioral data from normally developing children;
exclusion criteria include any chronic illness, a history of
neurological or psychiatric disease, or a family history
of neurological or psychiatric disease in first-degree
relatives.19

2.3 | MRI data and image processing

Volumetric and DTI analyses were conducted centrally,
at the University Children's Hospital Tübingen. GM vol-
ume was calculated from automated multispectral seg-
mentation of high-resolution T1-weighted and axial T2-
weighted images using the SPM12 software (https://
www.fil.ion.ucl.ac.uk/spm/), as detailed previously.12

Briefly, the segmentation uses both prior tissue informa-
tion and tissue intensities in a modified mixture model.
The volume of the resulting GM tissue maps was calcu-
lated by summing the probability values of all voxels.
Fractional anisotropy (FA; a measure of WM integrity)
was calculated from DTI in the regions of the posterior
limb of the internal capsule (PLIC) and the centrum
semiovale using the MRtrix software, version 0.3.12
(www.mrtrix.org). These regions were defined manually
using anatomical landmarks as described in more detail
previously.18 Briefly, the PLIC was defined at the level of
the third ventricle, and the central semiovale was defined
from identification of the central sulcus, the hand knob
in the precentral gyrus, and the fissura longitudinalis cer-
ebri. These areas were selected owing to their well-
defined connections to the primary motor area and their
tightly packed, highly myelinated fiber structure.20,21

This allows for more specificity in FA findings, given that
there are few crossing fibers in the PLIC.22

Recently, it was shown that comparability of DTI
parameters across different sites and scanners is relatively
robust for MLD.18 Identification of the pyramidal tract

TABLE 1 Patient groups and summary of characteristics for children included in the analysis.

Pediatric population

MLD treated with IV
rhASAa

MLD treated with IT
rhASA

Untreated
MLD

Normally developing
children

Number of patients 12 24 32 156

Number of MRI scans 57 172 43 238

Sex, n (%)

Male 4 (33.3) 15 (62.5) 16 (50.0) 68 (43.6)

Female 8 (67.7) 9 (37.5) 16 (50.0) 88 (56.4)

Age at first available MRI scan, years

Median 2.9 3.1 2.2 6.3

Range 2.1–4.9 1.7–9.0 0.5–2.9 0.1–10.6

Age at MRI scan, yearsb

Median 4.2 4.3 2.3 7.1

Range 2.1–7.4 1.7–10.9 0.5–6.3 0.1–10.9
aOne patient was excluded from the analysis because MRI data after treatment were unavailable.
bMedian age and age range across total number of scans per population.
Abbreviations: IT, intrathecal; IV, intravenous; MLD, metachromatic leukodystrophy; MRI, magnetic resonance imaging; rhASA, recombinant human
arylsulfatase A.
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was supported by color-coded eigenvector maps. DTI was
performed in all studies; however, there were technical
issues (a hardware malfunction) with the DTI for the IV
rhASA phase 1/2 trial and extension that could not be
resolved in post-processing. The resulting FA values were
not comparable, and DTI data from this trial were, there-
fore, excluded from the analysis. Demyelination load was
defined as the volume of hyperintense areas within cere-
bral WM in T2-weighted MRI scans and evaluated as a
ratio to total WM volume. This was calculated by apply-
ing an automated intensity threshold within the WM of
T2-weighted images, based on automated segmentation
using the SPM12 software, as outlined previously.12

2.3.1 | IV rhASA phase 1/2 trial and
extension

MRI data were collected at baseline and 6-monthly inter-
vals, and acquired using a Siemens Vision 1.5 T scanner.
T2-weighted anatomic images (matrix 256 � 256, field of
view 320 mm, voxel size 0.78 � 0.78 � 4.00 mm3) were
obtained with a spin echo sequence with echo train length
11 and echo time/repetition time = 99 ms/5400 ms.
Whole-brain three-dimensional (3D) T1-weighted images
were acquired using a magnetization-prepared rapid gradi-
ent-echo (MPRAGE) sequence with a voxel size of
1 � 1 � 1 mm3. Owing to technical problems during
acquisition, diffusion-weighted sequences were not
analyzed.

2.3.2 | IT rhASA phase 1/2 trial and
extension

MRI data were collected at baseline, at week 40, and then
every 6 months in the extension study. MRI data were
acquired on clinical 1.5 T and 3 T scanners at five sites (Sie-
mens Avanto 1.5 T scanners at three sites, and a Philips
Achieva 3 T scanner and a Siemens Verio 3 T scanner at
one site each) using high-resolution T1-weighted MPRAGE
sequences (voxel size 1 � 1 � 1.2 mm3) and axial T2-
weighted sequences (voxel size 0.43 � 0.43 � 3 mm3). Dif-
fusion sequences consisted of slices of 3 mm thickness
(4 mm thickness with one scanner) and a b value of
1000 s/mm2.

2.3.3 | Tübingen natural history study

MRI data were acquired on clinical 1.5 T and 3 T scan-
ners, as detailed previously.18 Specifically, 76 data sets

were assessed using a 1.5 T scanner (Vision, Sonata,
Avanto Fit, Aera, Espree, Symphony, or Essenza from
Siemens Healthineers; Signa from GE Healthcare; Titan
from Toshiba; or Achieva or Intera from Philips Health-
care) and 35 data sets were assessed using a 3 T scanner
(Skyra, Prisma Fit, Trio, or Verio from Siemens Healthi-
neers; or Signa MR750 from GE Healthcare). Data were
collected from 38 sites. MRI data consisted of conventional
clinical routine images with a T1-weighted MPRAGE
sequence (echo time/repetition time = 11.4 ms/4.4 ms
and voxel size typically 1 � 1 � 1 mm3; in five patients,
the voxel size was higher and in the range
0.39–0.86 � 0.39–0.86 � 1.0–1.4 mm3) and a T2-weighted
axial sequence (typically a spin echo sequence with
echo time/repetition time = 99 ms/5940 ms and voxel
size 0.78 � 0.78 � 4.0 mm3; in five patients, the in-plane
resolution was higher [0.39–0.78 � 0.39–0.78 mm2] and
the slice thickness was in the range 3.3–7.2 mm).
Different (axial) DTI sequences were used with a low
b value (≤1000 s/mm2; median b value 1000 s/mm2,
range 700–1000 s/mm2), and spatial resolution varied
between sequences (median [range] slice thickness
5 [2.0–7.2] mm).18

2.3.4 | The C-MIND database

MRI data were acquired on a 3 T Philips Achieva scan-
ner, using high-resolution T1-weighted MPRAGE
sequences (voxel size 1 � 1 � 1 mm3) and 3D fluid-atten-
uated inversion recovery (voxel size 1 � 1 � 1 mm3), as
well as a diffusion-weighted sequence with b value
1000 s/mm2 (voxel size 2 � 2 � 2 mm3). Further specifi-
cations can be found here: https://nda.nih.gov/edit_
collection.html?id=2329; data set digital object identifier:
10.15154/1528588.

2.4 | Gross Motor Function Measure-88
for IT rhASA-treated children

Motor function was assessed in the IT rhASA-treated
children using the 88-item Gross Motor Function Mea-
sure (GMFM-88) total score (0–100%), as described previ-
ously.9 The GMFM-88 measure is a standardized
observational evaluation of motor function, with 88 items
categorized into five dimensions: lying and rolling; sit-
ting; crawling and kneeling; standing; and walking, run-
ning, and jumping.23 The instrument has been validated
to measure longitudinal change in patients with move-
ment disorders,24 and assessments were performed by a
trained physiotherapist (clinician).

GROESCHEL ET AL. 781
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2.5 | Statistical analyses

Characteristics of the children included in the analysis
are reported as frequencies and percentages for categori-
cal parameters, and median (range) for continuous
parameters. Correlations between the MRI parameters
in normally developing children and in children with
MLD were tested separately by repeated-measures
correlation. All patients with MLD across studies were
combined for correlational analyses. In addition, corre-
lations between MRI parameters and functional out-
come in IT rhASA-treated children with MLD were
assessed at baseline using Spearman rank correlation
analysis and were analyzed over time by repeated-mea-
sures correlation.

2.5.1 | Modeling methodology

Linear mixed models were fitted to analyze the time
courses of GM volume (all groups) and FA in the PLIC
(normally developing children, children with untreated
MLD, and IT rhASA-treated children with MLD groups
only). To account for nonlinearity in GM volume, a qua-
dratic function of the time parameter (age in analyses
including normally developing children and children
with untreated MLD, follow-up time from baseline in
analyses including only treated children with MLD) was
added to the model. To account for individual variation
at baseline and for dependency across the repeated mea-
surements within the same child, a random intercept per
child and/or a random slope (for the included time vari-
able) was included based on the Akaike information cri-
terion. A continuous autoregressive correlation structure
was also added to the model based on Akaike informa-
tion criterion, to account for autocorrelation between
within-subject errors.

Significance of covariates (fixed effects), including
interaction between the groups and the time variable to
analyze differences in time slopes, was assessed with a
likelihood ratio test between the model with and without
the covariate using maximum likelihood estimation
(MLE). Only statistically significant covariates were
included in the final model. The final coefficients were
estimated using restricted MLE. Model assumptions were
confirmed visually, and included normally distributed
residuals, random effects, and homogeneity of variance.
Random effects and model performance indicators are
provided in Table S1.

Time courses of GM volume and FA in the PLIC for
the different groups, with their 95% confidence intervals
(CIs) as estimated by the final models, were plotted

together with the individual patient data to visualize
changes over time. Data were considered statistically sig-
nificant at p-values of less than 0.05. The R project (RStu-
dio: Integrated Development for R. RStudio, Inc., Boston,
MA, USA) for statistical computing version 4.0.3 with the
packages “lme4,” “rmcorr,” and “ggplot2” was used for
all analyses.

2.5.2 | Demyelination load and FA in the
centrum semiovale

Time courses were plotted for demyelination load (chil-
dren with MLD) and the FA in the centrum semiovale
(normally developing children, children with untreated
MLD, and IT rhASA-treated children). These data were
not analyzed by linear mixed models owing to improper
model fit and violation of the model assumptions.
Instead, the time courses were visualized by locally esti-
mated scatterplot smoothing regression curves with their
95% CIs based on the individual data.

2.5.3 | Comparison of IT rhASA dose groups

The effect of IT rhASA dose on GM volume, demyelin-
ation load, and FA in the PLIC and centrum semiovale
were analyzed by categorizing patients receiving IT
rhASA into a low-dose group (10 mg or 30 mg IT rhASA;
n = 6 and n = 6, respectively) and a high-dose group
(100 mg IT rhASA; n = 12).

Further descriptive statistics are reported for patients
in the high-dose group who were defined post hoc as hav-
ing stabilized motor function; these were patients with a
GMFM-88 total score of at least 35% at baseline, which
was maintained (decrease ≤10%) or increased at the end
of the study (40 weeks).

3 | RESULTS

3.1 | Characteristics of patients and
normally developing children

In total, 510 MRI scans were obtained from 12 children
with MLD treated with IV rhASA, 24 children with MLD
treated with IT rhASA, 32 children with untreated MLD,
and 156 normally developing children (Table 1). All trea-
ted children with MLD had repeated MRI scans; how-
ever, only single scans were available for most children
with untreated MLD (21 of 32 [66%]) and normally devel-
oping children (99 of 156 [63%]).
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3.2 | Characteristics of patients treated
with 100 mg IT rhASA with stabilized
motor function

Of the 12 children treated with 100 mg IT rhASA, four
met the criteria for stabilized motor function. All
four children continued to receive 100 mg IT rhASA
EOW in the extension study for varying lengths of time.
Stabilized response was maintained in the extension for
three of the four children; one child showed an initial
improvement in motor function but experienced a
decline from the age of approximately 60 months.
Median age at enrollment for these children was
39.5 months, with a median age at symptom onset of
23.0 months and a median age at diagnosis of
39.5 months. Baseline GMFM-88 total scores for these
children were 39, 51, 76, and 96, and changes from
baseline in GMFM-88 score to week 40 were +16.05,

�1.43, +3.83, and +0.67, respectively. At the last fol-
low-up in the extension study, two of these children
experienced an overall decline in GMFM-88 total score
and the other two children maintained a stable or
increased score.

3.3 | GM volume

Total GM volume was lower over time in all groups of
children with MLD than in normally developing children
of the same age (all p < 0.05; Table 2; Figure 1A) and
was lower in girls than in boys (all p < 0.05; Table 2). An
increase in GM volume would be expected with normal
development; however, total GM volume declined with
age in children with MLD, with the fastest decline
observed in children with untreated MLD (p < 0.001;
Table 2; Figure 1A).

TABLE 2 Linear mixed models for GM volume including all children.

Predictors (fixed effects)

All cohortsa IV rhASA vs IT rhASAb Low-dose vs high-dose IT rhASAc

Intercept, estimate (95% CI) 0.56 (0.50, 0.61)
p < 0.001

0.57 (0.51, 0.62)
p < 0.001

0.62 (0.57, 0.67)
p < 0.001

Sex,d estimate
(95% CI)

�0.04 (�0.06, �0.02)
p < 0.001

�0.05 (�0.10, 0.00)
p = 0.044

�0.07 (�0.13, �0.01)
p = 0.032

Group estimate (95% CI)

Normally developing children Reference group N/A N/A

MLD: untreated 0.07 (�0.17, 0.31)
p = 0.549

N/A N/A

MLD: IV rhASA 0.36 (0.18, 0.53)
p < 0.001

N/A N/A

MLD: IT rhASA 0.18 (0.08, 0.28)
p < 0.001

N/A N/A

Treatment group,e estimate (95% CI) N/A 0.07 (0.01, 0.12)
p = 0.016

0.04 (�0.02, 0.10)
p = 0.225

Note: Bold values are statistically significant (p < 0.001, p < 0.01, and p < 0.05). The fixed effects in a mixed model can be interpreted in the same way as
variables in a normal linear model (i.e., given that all other variables are the same in the two children, at any given time point the GM volume of a girl is 0.04 L

lower than that of a boy and the GM volume of an IT rhASA-treated child with MLD is 0.07 L higher than that of an IV rhASA-treated child with MLD).
Random effects/model performance indicators are provided in Table S1.
aFor the linear mixed model comparing all cohorts, age at MRI scan, squared function of age at MRI scan, interaction term between group and age at MRI
scan, and interaction term between group and squared function of age at MRI scan were included in the model as significant predictors (all p < 0.001).
bFor the linear mixed model comparing IV rhASA-treated children with MLD with IT rhASA-treated children with MLD, follow-up after baseline and squared

function of follow-up after baseline were included in the model as significant predictors (both p < 0.001). Age at MRI scan and the interaction between
treatment group and follow-up after baseline were not significant predictors of GM volume (p = 0.757 and p = 0.730, respectively) and, therefore, were
excluded from the model.
cFor the linear mixed model comparing low-dose and high-dose IT rhASA-treated children with MLD, follow-up after baseline, squared function of follow-up
after baseline, and interaction term between dose group and follow-up after baseline were included in the model as significant predictors (p < 0.001, p < 0.001,

and p = 0.035, respectively). Age at MRI scan was not a significant predictor of GM volume (p = 0.765) and, therefore, was excluded from the model.
dMale sex is used as the reference group.
eFor the linear mixed model comparing IV rhASA-treated children with MLD with IT rhASA-treated children with MLD, IV rhASA-treated children are used
as the reference group. For the linear mixed model comparing low-dose IT rhASA-treated children with MLD with high-dose IT rhASA-treated children with
MLD, the low-dose group is used as the reference group.

Abbreviations: CI, confidence interval; GM, gray matter; IT, intrathecal; IV, intravenous; MLD, metachromatic leukodystrophy; MRI, magnetic resonance
imaging; N/A, not available; rhASA, recombinant human arylsulfatase A.
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Total GM volume was significantly lower at any given
time point during follow-up (median duration = 104 weeks)

in IV rhASA-treated children than in IT rhASA-treated
children (p = 0.016; Table 2; Figure 1B), but a statisti-
cally significant difference in rate the of decline between
these two groups was not observed and was not included
in the final model (p = 0.730). However, decline in total
GM volume was faster in the low-dose IT rhASA group
(10 or 30 mg) than in the high-dose IT rhASA group
(100 mg) (p = 0.035; Table 2; Figure 1C). Finally, individ-
ual plots indicated that treatment with 100 mg IT rhASA
may have stabilized the decline in GM volume for two
children (the two uppermost individual time-course plots
in Figure 1C).

3.4 | FA in the PLIC

FA in the PLIC was significantly lower over time in
untreated and IT rhASA-treated children with MLD than
in normally developing children of the same age (both
p < 0.001; Table 3; Figure 2A).

FA in the PLIC showed a nonsignificant (p = 0.0522),
lower trend over time in children with untreated MLD
than in IT rhASA-treated children. There was no differ-
ence in FA in the PLIC between the low-dose and high-
dose IT rhASA groups (p = 0.791; Figure 2B). There was
also no statistical evidence for age differences or sex dif-
ferences among all groups (p = 0.110 and p = 0.392,
respectively); therefore, these differences were not
included in the model.
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FIGURE 1 Longitudinal comparisons of GM volume across

normally developing children and untreated and treated children

with MLD. The course of GM volume over time from baseline as

estimated by a linear mixed model for: (A) normally developing

children, children with untreated MLD, IV rhASA-treated children

with MLD, and IT rhASA-treated children with MLD; (B) IV

rhASA-treated children with MLD and IT rhASA-treated children

with MLD; and (C) children with MLD treated with low-dose IT

rhASA (10 or 30 mg) and children with MLD treated with high-

dose IT rhASA (100 mg). Shadows show 95% CIs. Colored dots

(measurements) and gray lines (course over time) in all graphs

reflect the individual patient data. For (A), age at MRI scan and the

interaction between group and age at MRI scan were significant

predictors in the model, meaning that the decline over time in GM

volume in patients was steeper than that observed in normally

developing children. For (B) and (C), follow-up after baseline was a

significant predictor in the model. For (C), the interaction between

dose group and follow-up after baseline was an additional predictor

of the model, meaning that the decline over time in GM volume

observed in patients in the low-dose group was steeper than that

observed in the high-dose group. CI, confidence interval; GM, gray

matter; IT, intrathecal; IV, intravenous; MLD, metachromatic

leukodystrophy; MRI, magnetic resonance imaging; rhASA,

recombinant human arylsulfatase A.
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3.5 | Demyelination load

Demyelination loads in children with untreated MLD
and IV rhASA-treated children aged 2–4 years were
comparable and, in general, higher than in IT rhASA-
treated children (Figure 3A). Thus, IT rhASA-treated
children overall showed a lower demyelination load dur-
ing follow-up (median duration = 104 weeks) than IV
rhASA-treated children (Figure 3B), as did children trea-
ted with a high IT rhASA dose compared with those
treated with a low IT rhASA dose (Figure 3C). Neverthe-
less, there was large intraindividual variation in the
extent and time course of demyelination load, and CIs
overlapped each other at all time points. Finally, indi-
vidual plots indicated that treatment with 100 mg IT
rhASA may have delayed demyelination for two patients
(the two lowest individual time-course plots in
Figure 3C).

3.6 | FA in the centrum semiovale

FA in the centrum semiovale in untreated and IT rhASA-
treated children with MLD was decreased compared with
that in normally developing children (Figure 4A). The

TABLE 3 Linear mixed model for FA in the PLIC including all

normally developing children, children with untreated MLD, and

IT rhASA-treated children with MLD.

Predictors (fixed effects)

Intercept, estimate (95% CI) 0.73 (0.72, 0.74)
p < 0.001

Group estimate (95% CI)

Normally developing children Reference group

MLD: untreated �0.35 (�0.41, �0.28)
p < 0.001

MLD: IT rhASA �0.25 (�0.28, �0.23)
p < 0.001

Note: Bold values are statistically significant (p < 0.001). The fixed effects in
a mixed model can be interpreted in the same way as variables in a normal
linear model (i.e., at any given time point, the FA in the PLIC in a child with

untreated MLD and that in an IT rhASA-treated child with MLD are,
respectively, 0.35 L and 0.25 L lower than that of a normally developing
child, given that all other variables are the same between these two
children). Age at MRI scan and sex were not significant predictors of FA in
the PLIC (p = 0.110 and p = 0.392, respectively) and, therefore, were

excluded from the model. Random effects/model performance indicators are
provided in Table S1.
Abbreviations: CI, confidence interval; FA, fractional anisotropy; IT,
intrathecal; MLD, metachromatic leukodystrophy; MRI, magnetic resonance
imaging; PLIC, posterior limb of the internal capsule; rhASA, recombinant

human arylsulfatase A.
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FIGURE 2 Longitudinal comparisons of FA in the PLIC across normally developing children and untreated and IT rhASA-treated

children with MLD. The course of FA in the PLIC over time from baseline as estimated by a linear mixed model for: (A) normally

developing children, children with untreated MLD, and IT rhASA-treated children with MLD; and (B) children with MLD treated with low-

dose IT rhASA (10 or 30 mg) and children with MLD treated with high-dose IT rhASA (100 mg). Shadows show 95% CIs. Colored dots

(measurements) and gray lines (course over time) in both graphs reflect the individual patient data. CI, confidence interval; FA, fractional

anisotropy; IT, intrathecal; MLD, metachromatic leukodystrophy; PLIC, posterior limb of the internal capsule; rhASA, recombinant human

arylsulfatase A.
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FA in the centrum semiovale was generally similar in chil-
dren treated with a low or a high IT rhASA dose
(Figure 4B), although two children in the high-dose group
retained a relatively high FA during the follow-up period
(the two highest individual time-course plots in Figure 4B).

3.7 | Correlations between MRI
parameters

Demyelination load in children with MLD was negatively
correlated with both FA in the PLIC (r = �0.377,
p < 0.001) and FA in the centrum semiovale (r = �0.644,
p < 0.001), but was not correlated with total GM volume
(r = 0.140, p = 0.084). Interestingly, FA in the PLIC was
positively correlated with FA in the centrum semiovale
in children with MLD (r = 0.487, p < 0.001). FA in the
PLIC was also correlated with total GM volume
(r = 0.354, p < 0.001) in these children, whereas FA in
the centrum semiovale was not (r = �0.029, p = 0.744).
In normally developing children, FA in the PLIC and FA
in the centrum semiovale were not correlated (r = 0.044,
p = 0.736), nor were FA in the PLIC and total GM vol-
ume (r = 0.032, p = 0.803), but FA in the centrum semio-
vale and total GM volume were positively correlated
(r = 0.377, p < 0.001).

3.8 | Correlations between MRI
parameters and functional outcome in IT
rhASA-treated children

GM volume in IT rhASA-treated children with MLD
showed a strong positive correlation with GMFM-88
score over time (r = 0.675, p < 0.001), whereas FA in the
PLIC was weakly correlated with GMFM-88 score
(r = 0.306, p = 0.003). FA in the centrum semiovale and
demyelination load were both not correlated with
GMFM-88 score over time (r = 0.190, p = 0.066 and
r = 0.041, p = 0.670, respectively). However, both FA in
the centrum semiovale and demyelination load were cor-
related with GMFM-88 score at baseline (r = 0.460,
p < 0.001 and r = �0.266, p = 0.004, respectively),
although less strongly correlated than were GM volume
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FIGURE 3 Longitudinal comparisons of demyelination load

across untreated and treated children with MLD. The course of

demyelination load over time from baseline as estimated by LOESS

regression curves for: (A) children with untreated MLD, IV rhASA-

treated children with MLD, and IT rhASA-treated children with

MLD; (B) IV rhASA-treated children with MLD and IT rhASA-

treated children with MLD; and (C) children with MLD treated

with low-dose IT rhASA (10 mg or 30 mg) and children with MLD

treated with high-dose IT rhASA (100 mg). Shadows show 95% CIs

based on the individual data. Colored dots (measurements) and

gray lines (course over time) in all graphs reflect the individual

patient data. CI, confidence interval; IT, intrathecal; IV,

intravenous; LOESS, locally estimated scatterplot smoothing; MLD,

metachromatic leukodystrophy; rhASA, recombinant human
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(r = 0.755, p < 0.001) and FA in the PLIC (r = 0.586,
p < 0.001).

4 | DISCUSSION

Our findings demonstrate that patients with MLD show
significant neurological deterioration across MRI param-
eters for both GM and WM and that treatment with
100 mg IT rhASA may delay GM atrophy. The analysis
suggests this delay in GM atrophy may relate to a delay
in gross motor function decline in these patients, suggest-
ing a potential clinical benefit of treatment with the
higher IT rhASA dose.

Patients with MLD showed deterioration in GM vol-
ume and FA (a measure of WM integrity) in both the
PLIC and the centrum semiovale compared with nor-
mally developing children of the same age. FA in the
PLIC and GM volume were positively correlated with
each other in children with MLD, whereas this relation-
ship was not observed in normally developing children.
These findings are in line with previous literature:
reduced GM volume at diagnosis has been observed in
children with late-infantile MLD through a range of
methods,12,15 and decreases in cingulate, insular, and
frontal lobe cortical thickness have been found to corre-
late with WM involvement.15 Our results also extend
prior MRI analyses from the IT rhASA clinical trial, in

which increases in MLD MRI severity score (indicating
deterioration) were reported over time in all patients,
although they were less pronounced in the 100 mg IT
rhASA cohorts than in those given 10 or 30 mg
IT rhASA.9

A key finding from this analysis is that GM volume
was significantly lower in IV rhASA-treated patients than
in IT rhASA-treated patients during follow-up, suggesting
that treatment with the higher dose of IT rhASA
(100 mg) may further slow the GM atrophy observed in
the natural course of MLD. This slowing of GM volume
atrophy in the high-dose group may translate into
improved motor function, given that signs of stabilization
or improved motor function were observed at the end of
the trial in four patients treated with 100 mg IT rhASA
EOW.9 Indeed, GM volume showed a strong positive cor-
relation with GMFM-88 score at baseline, and, more
importantly, over time during the study. Therefore, GM
volume is a promising MRI biomarker for the evaluation
of treatment effects. In addition, the decline in GM vol-
ume over time and the correlation between GM volume
and functional outcome highlight the involvement of GM
in MLD, a disease previously considered to affect mainly
the WM.12

Higher demyelination loads are thought to indicate
greater deterioration of the myelin sheath,25 and demye-
lination load findings showed similar trends to GM vol-
ume. We found that IT rhASA-treated children had a
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FIGURE 4 Longitudinal comparisons of FA in the central semiovale across normally developing children and untreated and IT rhASA-

treated children with MLD. The course of FA in the central semiovale over time from baseline as estimated by LOESS regression curves for:

(A) normally developing children, children with untreated MLD, and IT rhASA-treated children with MLD; and (B) children with MLD

treated with low-dose IT rhASA (10 or 30 mg) and children with MLD treated with high-dose IT rhASA (100 mg). Shadows show 95% CIs.

Colored dots (measurements) and gray lines (course over time) in both graphs reflect the individual patient data. CI, confidence interval; FA,
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recombinant human arylsulfatase A.
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lower demyelination load during follow-up from baseline
than IV rhASA-treated children. In addition, lower demy-
elination loads were observed in children treated with
100 mg IT rhASA during follow-up than in those treated
with 10 or 30 mg IT rhASA, with some individual plots
indicating delayed demyelination.

These results suggest that treatment with the higher
dose of IT rhASA may have beneficial effects on brain
structure in symptomatic patients with MLD. Currently,
there is no approved treatment for this patient popula-
tion. Gene therapy has been approved in some regions
for the treatment of patients with MLD, but only for pre-
symptomatic patients with late-infantile or early-juvenile
MLD, or early-symptomatic patients with early-
juvenile MLD.26,27 Patients with a diagnosis of MLD are
typically from families with no prior history of the dis-
ease28 and consequently receive a diagnosis after symp-
tom onset, so there continues to be an unmet need in
patients with symptomatic late-infantile MLD. Results
from the phase 1/2 IT rhASA trial suggested that the
100 mg dose may provide a clinical benefit for symptom-
atic late-infantile MLD.9 A phase 2 clinical trial evaluat-
ing the effects of 150 mg IT rhASA delivered weekly is
underway and aims to provide further information on
the efficacy of IT rhASA.

In contrast to GM volume, differences in FA values in
the PLIC between patients treated with IT rhASA and
untreated patients did not reach significance for the
whole cohort. Furthermore, a steeper decline in FA in
the PLIC and in the centrum semiovale was not observed
for patients in the low-dose IT rhASA groups (10 or
30 mg) compared with the high-dose IT rhASA group
(100 mg), in contrast to data reported for GM volume.
This is also supported by the finding that the correlations
between GMFM-88 score and FA at the PLIC at baseline
and over time are weaker than the correlations between
GMFM-88 score and GM volume. Insight into differences
in the GM volume, demyelination load, and FA findings
may be gained from in vitro studies, in which neurons dis-
played a higher uptake of recombinant enzymes than oli-
godendrocytes.29 Mature oligodendrocytes are crucial for
myelin repair and thereby for limiting axon degenera-
tion,30 so the limited uptake by these cells may translate
into less pronounced improvements in imaging parame-
ters that are sensitive to changes in myelin, such as
FA. However, caution must be taken with the interpreta-
tion of FA parameters, because they can be influenced by
microstructural variations in crossing fibers.31,32 Although
we selected areas of clinical relevance and suitability for
FA analyses, more sensitive, tissue-specific WM parame-
ters for WM microstructure than FA may be required to
characterize microstructural properties accurately and to
assess functionally relevant treatment effects.33,34

Although this study has progressed our understand-
ing of the potential treatment effects of IT rhASA on neu-
rological structure, there are several limitations. First,
owing to the nature of rare diseases, patient populations
were small. Specifically, subdividing the population of
patients treated with IT rhASA into low- and high-dose
groups resulted in particularly small samples for these
analyses and may limit the power of these results. Future
work is necessary to confirm these findings in larger
cohorts. In addition, data were collected from four inde-
pendent studies, which introduced variability in MRI
data acquisition protocols and data availability. For
instance, DTI was not included for the IV rhASA clinical
trial owing to technical sequence issues, so we do not
know how WM microstructure in this group differed
from that in untreated patients or patients receiving IT
rhASA. However, IV rhASA treatment is not expected to
result in any significant changes to WM microstructure:
IV rhASA did not affect central nervous system symp-
toms in the clinical trial, suggesting that it cannot cross
the blood–brain barrier in therapeutic quantities.8 Fur-
thermore, variability in patient demographics and stage
of disease might also be expected when comparing four
separate cohorts, particularly for the natural history
cohort, which used less-stringent inclusion criteria, and
the healthy cohort, which would likely show variability
inherent to normal development.35 Visual inspection of
the graphs also suggests that patients receiving 100 mg IT
rhASA doses had less-advanced disease at baseline than
most patients in all other groups, indicated by better MRI
parameters and motor function. However, our statistical
modeling approach took account of several confounding
factors across studies to control for this variation. We
included a random intercept and a random time slope to
control for individual variation in MRI parameters at
baseline and disease course, and included covariates
when significant, including age at MRI, sex, and follow-
up duration for patients.

It is encouraging that the FA in the centrum semio-
vale and demyelination load findings followed the same
pattern as FA at the PLIC and GM volume, respectively.
The trajectory of demyelination load in children with
untreated late-infantile MLD is known to increase ini-
tially but to decrease or to “normalize” in the advanced
stages of the disease.10 This T2-pseudonormalization may
occur owing to the migration and accumulation of
enzyme-deficient myelin and sulfatide-loaden phago-
cytes, causing increases in tissue density and a subse-
quent drop in the T2 signal.10 Consequently, lower
demyelination load could be misinterpreted as a thera-
peutic response if taken in isolation, so it should not be
used as a biomarker for disease severity in advanced late-
infantile MLD. A slower/delayed initial increase in
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demyelination load, together with the lack of/delayed
decrease in demyelination load reported here as well as
corroboration with delayed GM atrophy, suggests an
observed treatment effect of IT rhASA rather than a misin-
terpretation of T2-pseudonormalization. In addition, high
demyelination load at an early disease stage and low demy-
elination load at a later disease stage due to T2-pseudonor-
malization may explain the lack of correlation between
demyelination load and GMFM-88 score over time,
whereas a correlation between demyelination load and
GMFM-88 score at baseline was observed in this analysis.

Future work could benefit from the inclusion of other
imaging parameters that provide complementary infor-
mation on WM microstructure, such as myelin water
fraction or magnetization transfer ratio.10,33 N-acetylas-
partate (NAA) levels in magnetic resonance spectroscopy
may also be a more sensitive biomarker for WM micro-
structure early in the disease course.9,33 NAA levels are a
known marker for neuronal and axonal loss, have been
shown to decrease with increasing progression of MLD,
and strongly correlate with cognitive (and motor) func-
tion in these patients.36 Furthermore, NAA levels have
been found to predict outcomes following hematopoietic
stem cell transplantation in patients with juvenile or
adult MLD.37 In line with these findings, the phase 1/2
trial of IT rhASA showed a less pronounced decrease in
the NAA/creatine ratio for higher-dosing groups, suggest-
ing a delay in neuroaxonal loss.9 Taken together, these
results support the use of multimodal MRI protocols
when evaluating treatment efficacy in clinical trials.10,12

5 | CONCLUSIONS

Treatment with IT rhASA may show promise in delaying
the deterioration of GM volume in patients with MLD,
which may translate to stabilized motor function for
selected patients. The phase 2 clinical trial currently
underway (NCT03771898) aims to provide further infor-
mation on the efficacy of IT rhASA.
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