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ARTICLE INFO ABSTRACT
Keywords: Metachromatic leukodystrophy (MLD) is a glycosphingolipid storage disease caused by deficiency of the lyso-
Metachromatic leukodystrophy somal enzyme arylsulfatase A (ASA) or its activator protein saposin B. MLD can affect all age groups in severity

Multiple sulfatase deficiency

varying from a severe fatal form to milder adult onset forms. Diagnosis is usually made by measuring leukocyte
Arylsulfatase A

Urinary sulfatide ASA activity. However, this test can give false negative or false positive laboratory results due to pseudodefi-

Antibody ciency of ASA and saposin B deficiency, respectively. Therefore, we aimed to evaluate patients with suspected

MRI MLD in a Turkish population by comprehensive clinical, biochemical, radiological, and genetic analyses for

ARSA molecular and phenotypic characterization. We analyzed 28 suspected MLD patients and 41 relatives from 24

SUMF1 families. ASA activity was found to be decreased in 21 of 28 patients. Sixteen patients were diagnosed as MLD (11
late infantile, 2 juvenile and 3 adult types), 2 MSD, 2 pseudodeficiency (PD) and the remaining 8 patients were
diagnosed as having other leukodystrophies. Enzyme analysis showed that the age of onset of MLD did not
correlate with residual ASA activity. Sequence analysis showed 11 mutations in ARSA, of which 4 were novel (p.
Trp195GlyfsTer5, p.Gly298Asp, p.Arg301Leu, and p.Gly311Asp), and 2 mutations in SUMF1 causing multiple
sulfatase deficiency, and confirmed the diagnosis of MLD in 2 presymptomatic relatives. All individuals with
confirmed mutations had low ASA activity and urinary sulfatide excretion. Intra- and inter-familial variability
was high for the same ARSA missense genotypes, indicating the contribution of other factors to disease
expression. Imaging findings were evaluated through a modified brain MRI scoring system which indicated
patients with protein-truncating mutations had more severe MRI findings and late-infantile disease onset. MRI
findings were not specific for the diagnosis. Anti-sulfatide IgM was similar to control subjects, and IgG, elevated
in multiple sulfatase deficiency. In conclusion, the knowledge on the biochemical, clinical and genetic basis of
MLD was expanded, a modified diagnostic laboratory algorithm for MLD based on integrated evaluation of ASA
activity, urinary sulfatide excretion and genetic tests was devised.

1. Introduction lysosomal enzyme arylsulfatase A (ASA) encoded by ARSA, or of its
activator saposin B encoded by PSAP. MLD is an autosomal recessive

Metachromatic leukodystrophy (MLD, OMIM #250100, #249900) is disorder with an estimated global incidence of 1,/40,000-1,100,000 [1],

a glycosphingolipid storage disease caused by deficiency of the and 1/69,000 in Turkey [2]. To date, around 200 ARSA mutations have
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been described. ASA (E.C.3.1.6.8) hydrolyses sulfated glyco-
sphingolipids (sulfatides), which are primarily located in myelin sheaths
of the peripheral and central nervous systems (CNS), as well as in such
visceral organs as the kidneys, gallbladder, and liver. In cases of ASA
deficiency, progressive accumulation of undegraded sulfatides such as
galactosylceramide sulfate in lysosomes and related organelles in
sulfatide-abundant tissues causes clinical symptoms [1]. Experimental
studies suggest an immune response against sulfatides which may
contribute to pathogenesis of MLD [3,4].

Multiple sulfatase deficiency (MSD, OMIM #272200) is a similar
autosomal recessive disorder caused by insufficient activity of sulfatase-
modifying factor 1, encoded by SUMF1. MSD is rarer than MLD; how-
ever, it results in deficiency of several sulfatase enzymes including ASA
and usually manifests as a more diverse phenotype with ichthyosis,
skeletal deformities, and cardiomyopathy in addition to features of MLD
[5].

The characteristic findings of MLD are progressive demyelination
and neurodegeneration, which can appear at different ages, defining the
late infantile, juvenile, and adult forms of the disease. The common signs
of the late infantile and juvenile forms are spasticity, neuropathy, ataxia,
seizures, and mental regression. Dementia, as well as gait and behavioral
disturbances are characteristic of the adult form [1].

Laboratory diagnosis of MLD is, in practice, usually based on low
ASA activity in leukocytes. Two drawbacks of leukocyte ASA activity
measurement are low activity due to pseudodeficiency and normal ac-
tivity despite saposin B deficiency. Urinary sulfatide analysis can tell
apart saposin B deficient from healthy and pseudodeficient individuals,
and thus is required for diagnosis of MLD [1]. In certain cases, arylsul-
fatase isoenzymes may need to be differentiated [6]. Genetic testing is
particularly helpful for genetic counseling and screening of asymptom-
atic family members. The study evaluated individuals with suspected
MLD in a Turkish cohort from a single institution by comprehensive
clinical, biochemical, radiological, and genetic analyses for molecular
and phenotypic characterization. Additionally, a novel MRI scoring
system for comprehensive evaluation of disease severity in MLD is
presented.

2. Materials and methods
2.1. Participants

Symptomatic individuals with clinically suspected MLD aged
20 months-49 years (n = 28) who applied to Hacettepe University Hos-
pital’s Pediatric Neurology and Neurology clinics and 41 clinically un-
affected family members from 24 families were evaluated for this study.
Suspicion of MLD was based on either existence of at least one clinical
finding (gait disturbance, motor weakness/hypotonia, spasticity in the
lower extremities, intellectual disability and gradual loss of speech in
younger patients; cognitive and psychiatric symptoms, spastic para-
paresis and/or polyneuropathy in adult patients) and MRI findings
compatible with MLD (hyperintensity in periventricular and subcortical
white matter). Asymptomatic individuals with a family history sus-
pected MLD were also included. A total of 23 cranial MRI scans, 16
initial and 7 follow-up, obtained in various centers from MLD patients
were reviewed by an experienced neuroradiologist, provided they
comprised a minimum set of axial and coronal T2-weighted images.
Contrast-enhanced T1-weighted images were examined when available.
A modified MRI scoring system (0-49) was constructed based on Eichler
et al. [7]. Segments of the corpus callosum and corticospinal tract were
included [8]. Thalamus atrophy and T2-hypointensity, reported as im-
aging findings associated with MLD, were also added to the scoring
system [9]. Additionally, any cranial nerve involvement and diffusion
features were assessed in available scans. Electrophysiological nerve
conduction studies were reviewed when available.

Immunological assays were performed in MLD/MSD patients
(n=18), and comparison groups consisting of autoimmune
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demyelinating disorders of the CNS: multiple sclerosis or neuromyelitis
optica (MS-NMOSD group) (n=15), healthy parents of affected in-
dividuals (n =25), and age-matched healthy individuals (n=10). All
participants and/or parents provided written informed consent. The
study protocol was approved by the Hacettepe University Ethics Com-
mittee (25.10.2016, GO 16/658-24).

2.2. Plasma and leukocyte lysosomal enzyme assays

Plasma and leukocytes were isolated from 10 ml of whole EDTA-
blood. The activity of 12 lysosomal enzymes (plasma chitotriosidase,
B-mannosidase, hexosaminidase A and total hexosaminidase, leukocyte
galactocerebrosidase, o-mannosidase, a-fucosidase, p-glucuronidase,
B-glycosidase, o-galactosidase, f-galactosidase, and arylsulfatase A)
were measured using spectrophotometric and fluorometric substrates
(Glycosynth, UK and Sigma, Germany) [10-16]. For ASA activity, we
specifically used the protocol established in the Willink Biochemical
Genetics Unit by Alan Cooper, adapted from the method of Baum et al.
[10]. ASA enzyme analysis was performed using synthetic colorimetric
substrate p-nitrocathecol sulfate in leukocytes. p-nitrocathecol sulfate,
which has a high affinity for the enzyme, is also hydrolyzed by the other
isoenzyme arylsulfatase B (ASB). In Baum’s method ASB is inhibited at a
high NaCl concentration [1,10]. Additionally, the enzyme activity was
measured in relevant fractions of DEAE cellulose ion-exchange chro-
matography by fluorometric substrate 4-MU sulfate in the presence and
absence of ASA inhibitor silver nitrate to confirm the activity mea-
surements by p-nitrocathecol method which is described under Section
2.4. Protein levels in leukocyte supernatants were measured by the
Lowry method [17].

2.3. Molecular analysis

In all individuals with ASA activity <50 pmol/g protein/h, all exons
of ARSA including pseudodeficiency alleles at c¢.1055A>G (p.
Asn352Ser) (PD1) and c.*96A > G (PD2) were sequenced using Big Dye
Terminator v3.1 and ABI Prism 3500 Genetic Analyzer according to the
manufacturer’s protocols, and primers designed by Bognar et al. [18]
and Ben Halim et al. [19]. Sanger sequencing of all exons of SUMF1 was
performed when MSD was suspected. NM_000487.6, NM_182760.4, and
NM_002778.4 RefSeq sequences were referred to for annotating varia-
tions in ARSA, SUMF1, and PSAP, respectively.

2.4. Diethylaminoethyl (DEAE) cellulose chromatography

Leukocytes resuspended in 10 mM TRIS/HCI buffer at pH7.5 con-
taining 0.1% Nonidet P-40 were homogenized by 5 freeze-thaw cycles.
Total protein in supernatant fractions was measured using the Bicin-
choninic acid (BCA) method. Supernatants of homogenized samples
were loaded into 50% DEAE cellulose matrix columns and elutions were
collected to determine ASA and ASB activities. Further elutions with
0.05-0.25M NaCl gradient were obtained to collect matrix-bound
fractions for determining ASA and ASB activities, as previously
described [20]. The fluorogenic substrate 4-methylumbelliferyl sulfate
(17 mM) was utilized for measuring isoenzyme activity in the fractions
in the presence or absence of 125 pM AgNOg, a specific inhibitor of ASA
[6,21,22].

2.5. Urine sulfatide determination via thin-layer chromatography (US-
TLC)

First-void morning urine samples (20 ml), were adjusted to pH=>5
using glacial acetic acid, incubated for 16 h at 4°C, and then centri-
fuged. The supernatant was discarded and glycolipids were extracted
from the precipitate using chloroform/methanol (2:1, v/v). Next, the
samples were applied to silica gel plates (20 x 20 cm) for TLC and run in
chloroform/methanol/water (144:56:7, v/v/v) as the mobile phase,
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Fig. 1. Biochemical test results, genetic findings, and MRI evaluations in individuals with MLD/MSD. (A) Boxplots of ASA activity measurements in affected in-
dividuals, carriers, and individuals with other causes of leukodystrophy. Median and range values are indicated above each boxplot. (B) US-TLC results in affected
individuals (red) and others (black). (C) DEAE cellulose chromatography for differential measurement of arylsulfatase A (ASA) and arylsulfatase B (ASB) activity in
an individual with MLD (above) and in an individual with MSD (below). Note that only ASA activity is low in MLD, while both ASA and ASB activity are low in MSD.
(D) The ARSA gene containing 8 exons with mutations discovered in this study. Protein-truncating mutations are shown in red. (E) The secondary structure of ASA
adopted from Lukatela et al. [25]. Helices indicate o helices, pleated sheets indicate p-strands, dark yellow dots indicate cysteine residue forming disulfide bridges,
octagonal amino acid residue indicates glycosylation targets. Grey and green dots show active site residues bonding and not bonding to Mg™™" (represented by the
black dot), respectively. Residues in the grey area lie in a conserved protein structure. Note that the color palette of the protein backbone matches the exons shown in
(D). Mutations in this study are indicated on the protein. (F) Boxplots showing MRI scores in 2 MLD age groups. Comparison of 2 groups by Mann-Whitney U test
showed a significant difference (*p < 0.05). Note that individuals with protein-truncating mutations (1.3 and 2.3) have higher MRI scores, being infantile-onset. (G) A
collection from cranial MRI studies of MLD and MSD patients. Extensive bilateral white matter involvement is seen as T2 hyperintensity in (G1) to (G3). White matter
involvement is prominent in the periventricular area, corpus callosum, internal capsules, and centrum semiovale. Tigroid pattern formed from T2 hypointense stripes
and dots in the background of diffuse hyperintensity are easily seen in (G3). Bilateral thalami in (G1) and (G2) show T2 hypointensity and atrophy, which are more
profound in (G2). Arachnoid cyst is an incidental finding in (G1). Coronal T1-weighted contrast-enhanced image shows bilateral linear enhancement along the cranial
nerves (G4). Involvement of the centrum semiovale shows restricted diffusion as hyperintensity on trace diffusion image (G5) and low values on the corresponding
ADC map (G6). Axial T2-weighted images in a 44-year old patient (individual 12.11) show severe white matter involvement accompanied by prominent volume loss
(G7-8). Please note the preferential involvement of frontal white matter in the convexity (G8). (H) Serum anti-sulfatide IgM (above) and IgG (below) levels in the
MLD/MSD patients, heterozygous carriers, individuals with MS-NMOSD, and controls. For all group comparisons, Kruskal-Wallis tests were performed, in case a

significant difference were found then non-parametric multiple comparison test was conducted. (*p < 0.05, **p < 0.005, ***p < 0.001).

using 20 pmol C-18 sulfatide (Matreya, USA) as the standard. Following
chromatography, glycolipids were visualized via orcinol spraying, fol-
lowed by incubation at 110 °C for 5 min [23,24].

2.6. Immunological assays

Serum anti-sulfatide IgM and IgG levels were measured using ELISA
kits (Mybiosource Inc., CA, USA), according to manufacturers’
instructions.

3. Results

3.1. ASA activity and urinary sulfatide levels for identifying MLD and
MSD patients

The activity of 12 leukocyte lysosomal enzymes were measured and
US-TLC was performed in 28 suspected MLD patients and 41 of their
relatives (Fig. 1A and B). ASA activity was <50 pmol/g protein/h in 21/
69 participants: of these, 16 patients had homozygous or compound
heterozygous ARSA mutations, and 2 patients had homozygous SUMF1
mutations (Table 1 and Fig. S1). All of these patients (n = 18) had ASA
activity <11.6 pmol/g protein/h and tested positive for urinary sulfa-
tides. In all, 11 disease-causing ARSA mutations, of which 4 are novel,
were identified in exons 2-5, and 7; as well as 2 disease-causing SUMF1
mutations were found in exons 6 and 9 (Table 1, Fig. 1D and, E, and
Fig. S1). All novel mutations affect evolutionarily conserved amino acid
residues (Fig. S2).

Among the 16 patients with ARSA mutations, 2 were identified
during the asymptomatic phase of MLD based on evaluation of relevant
pedigrees (individuals 6.4 and 9.7 shown in Table 1) and subsequently
became symptomatic. Therefore, measurement of ASA activity and US-
TLC clearly differentiated between these asymptomatic cases and non-
MLD/MSD individuals. However, neither ASA activity nor US-TLC
differentiated between individuals according to age of onset. DEAE-
cellulose chromatography was instrumental in differentiating MSD
from MLD (Fig. 1C).

ASA activity in the remaining 3 of the 21 patients with ASA activity
<50 pmol/g protein/h was 19.3-33.5 pmol/g protein/h. These 3 sub-
jects did not have ARSA, PSAP (exons 6-8), or SUMFI mutations;
however, they all carried homozygous PD2 alleles as well as heterozy-
gous or homozygous PD1 alleles. These findings showed that in this
cohort ASA activity <11.6 pmol/g protein/h was diagnostic for MLD/
MSD, while ASA activity between 19.3 and 33.5 pmol/g protein/h can
be due to pseudodeficiency.

3.2. Clinical findings in patients with MLD/MSD

The MLD patients from 12 families, of which 10 had parental con-
sanguinity, were aged 8 months-49 years. MLD patients were catego-
rized according to age at onset as late infantile (6-48 months [n =11]),
juvenile (4-16 years [n=2]), and adult (>16years [n=3]) [1]. The
most common manifestations were ataxia/gait impairment (9/11, 81%),
and motor regression (2/11, 18%) in late infantile-onset MLD, versus
speech (especially expressive, 1/2, 50%) and cognitive impairment (1/
2, 50%) in juvenile-onset MLD. Adult-onset MLD presented most
commonly with cognitive and behavioral problems (2/3, 66%). Spas-
ticity, especially in the lower extremities, was noted prior to motor
regression in 9 of the 11 late infantile-onset patients (81%), while overt
spasticity was not observed and deep tendon reflexes were either normal
or diminished in adult-onset patients.

Uncommon but interesting findings were noted in 3 families. Indi-
vidual 11.3 with adult-onset MLD had gallbladder stones at age 25 years,
a decade before neurological symptoms. Individual 3.3 with late
infantile-onset MLD had congenital sacrococcygeal hypoplasia and
hemivertebra, which were considered as incidental findings. In family 9,
there were 4 affected individuals, 2 of which are included in this study,
who had hypertrichosis as the first symptom observed by their parents.
Individuals 13.3 and 14.3, both with MSD, exhibited developmental,
motor, and skin findings of varying clinical severity: although coarse
facies, hypertrichosis, and dry skin were present in both, they were
barely noticeable in individual 13.3. Marked ichthyosis, malnutrition,
and developmental delay were noted at age 2 months in individual 14.3,
versus at age 12 months in individual 13.3.

Nerve conduction studies had been performed in 11 MLD patients (6
late infantile-onset, 3 juvenile-onset, 2 adult-onset) within 6 months of
the appearance of initial symptoms; independent of age, all had mod-
erate to severe demyelinating sensory and motor polyneuropathy with
or without secondary axonal degeneration. During his asymptomatic
period, individual 9.7 had severe demyelinating polyneuropathy. Deep
tendon reflexes were increased in 3 of these 11 patients (27%, aged
24 months, 6 years, and 6.5 years) despite electrophysiological findings
of polyneuropathy.

3.3. MRI findings of individuals with MLD/MSD

In general, MRI scores did not correlate with disease duration in MLD
patients but increased with age on follow-up as expected (Table 2).
Initial MRI findings were normal in 4 patients with late infantile-onset
MLD (individuals 2.3, 4.3, 6.4 and 7.13) despite the presence of clin-
ical symptoms (mild gait impairment/spasticity/genu recurvatum).
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Tigroid MRI pattern, a finding suggestive of MLD, was observed in only
3/16 MLD patients (19%, 2 late infantile-onset and 1 juvenile-onset)
(Fig. 1G). MRI scores of the symptomatic patients with juvenile-onset
and adult-onset MLD were higher than those with late infantile-onset
MLD (18-32 vs. 0-35, respectively, p < 0.005) (Fig. 1F). Interestingly,
2 outliers with late infantile-onset MLD had protein-truncating muta-
tions (individuals 1.3 and 2.3).

Affected brain regions were predominantly periventricular and
central regions of parieto-occipital white matter in late infantile-onset
MLD (Table 2), while leukodystrophy in frontal white matter and
corpus callosum (CC) were more pronounced in juvenile-onset and
adult-onset MLD. In contrast to other late infantile-onset MLD patients,
the two patients with protein-truncating mutations (1.3 and 2.3)
exhibited frontal white matter involvement and severe thalamic atrophy
as seen in juvenile-onset and adult-onset MLD patients. Decreased
thalamic intensity on T2-weighted MRI and atrophy, observed in all the
juvenile-onset and adult-onset MLD patients (n=5), were present in
only the 2 patients with protein-truncating mutations in the late
infantile-onset group. In all, 7 individuals with thalamic findings had
“dark thalami”, indicating severe thalamic damage, except for 1 adult-
onset patient (individual 11.3). Furthermore, thalamic atrophy accom-
panied generalized brain atrophy, reflected by total MRI score (Table 2).

The CC showed a T2-hyperintensity gradient from splenium to genu
in late infantile-onset MLD patients, as observed in the three consecutive
MRIs of individual 2.3. In juvenile-onset and adult-onset patients,
diffuse involvement of CC was noted. The connecting fibers of the CC
were involved together with the corresponding fibers of white matter.
Atrophy was observed at later stages, or in patients with more severe
phenotypes of MLD: in contrast, early prominent CC atrophy (at 21 and
40 months) was notable in the 2 MSD patients.

Rare MRI findings included: T2-hyperintensity in the superior cere-
bellar peduncle (individual 8.3), dentate nuclei (individual 1.3), basal
ganglia atrophy and paramagnetic substance accumulation (individual
11.3). In total, 2 MLD patients (individuals 1.3 and 9.5) had diffusion
restriction, whereas mild to moderately elevated diffusion was observed
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in all others (Table 2) (individual 9.5; Fig. 1G5, 1G6). Of the 3 MLD
patients whose contrast-enhanced MRIs had been obtained, two had
bilateral cranial nerve involvement (individuals 7.11 and 7.13, cousins
with late infantile-onset MLD). One MSD patient who underwent
contrast-enhanced MRI also showed bilateral involvement of the 3rd,
5th, 7th, and 8th cranial nerves (data not shown).

3.4. Anti-sulfatide immune response

Plasma anti-sulfatide IgM and anti-sulfatide-IgG were measured in
55 and 68 participants, respectively. Anti-sulfatide IgM was higher in
MLD and MSD patients compared to the MS-NMOSD group (p < 0.001)
but similar to heterozygous and healthy control subjects (Fig. 1H). Anti-
sulfatide IgG was lower than the MS-NMOSD group but similar to
healthy control and heterozygous carrier groups (Fig. 1H). Individual
14.3 with severe MSD had high-titer anti-sulfatide IgG; the other MSD
patient (individual 13.3) and one juvenile MLD patient (individual 9.5)
with extensive white matter lesions also had elevated anti-sulfatide IgG
(Fig. 1H).

4. Discussion

Definitive diagnosis of leukodystrophies can be complicated in the
absence of extensive laboratory support. Here, we performed compre-
hensive clinical, biochemical, radiological and genetic analyses to
differentiate MLD from other leukodystrophies.

The present findings stress that both ASA activity and urinary sul-
fatide analysis should be included in the first-line tests for diagnosing
MLD. Mean normal ASA activity in our laboratory is considered
150 pmol/g protein/h (range: 50-250 pmol/g protein/h). Independent
of the age of onset of symptoms, ASA activity <10% (<15 pmol/g pro-
tein/h) is indicative of MLD/MSD (Fig. 1A). Pseudodeficiency chal-
lenges the biochemical diagnosis, reducing the ASA activity to as low as
19.28 pmol/g protein/h in an individual with double homozygous PD1/
PD2 alleles. This level, although close to 10% of normal ASA activity, did

Table 2
MRI findings in patients with MLD.
Individual ID  Clinical Form Number of MRI studies MRI age (months) White Matter (SI) Atrophy
Frontal Par-occ. Temporal Cerebellum
PV C U PV C U PV C U Cerebrum  Thalamus Cerebellum
1.3 L. Inf. 1 48 1 1 1 2 2 -1 - - 1 1 2 2
2.3 L. Inf. 1 21 - - - - - - - - - -
2 23 — - - = - - - - — -
3 36 2 2 - 2 2 - 1 1 — 1 1 2 1
3.3 L. Inf. 1 19 - - -1 - - - - - - - - -
4.3 L. Inf. 1 20 - - - -
5.3 L. Inf. 1 29 - - -1 - - - - - - - —
6.4 L. Inf. 1 16 - - - - - - - - - - - - -
6.3 L. Inf. 1 23 - - -1 1 - - - - - - - -
7.11 L. Inf. 1 42 — - - 2 - -1 - - — — — —
2 45 - - - 2 - - 2 - - - - - —
3 51 - - - 2 1 - 2 - - - - - -
7.13 L. Inf. 1 37 - - - - - - - - - - - - -
2 41 - - - - - - - - - - - - —
3 58 - - - - 1 - - - - - - - -
8.3 L. Inf. 1 35 — 1 - 1 - - - - - - - -
9.7 L. Inf. 1 35 — - -1 - = - - - . — . —
9.5 Juv. 1 88 2 2 2 2 2 2 2 2 - - 1 2 1
10.4 Juv. 1 124 2 2 - 2 2 - 2 - - - 1 2 1
11.3 Adult 1 444 2 2 2 2 2 2 2 - . 2 1 1
2 456 2 2 2 2 2 2 2 - - 2 1 1
12.11 Adult 1 528 2 2 2 2 2 - 2 2 - - 2 2 1
12.12 Adult 1 564 2 2 2 2 2 1 2 - - . 2 2 1

L. Inf. Late infantile, Juv. Juvenile, SI Signal intensity abnormality on T2-weighted MRI, PV (periventricular), C (Central), U U-fibers, MPC (medial precentral), LPC
(lateral precentral), IC Internal Capsule, CN Cranial Nerves, SWI (Susceptibility Weighted Image), NA Not Available.
*Diffusion restriction in frontal periventricular white matter (individual 1.3); frontoparietal white matter and centrum semiovale (individual 9.5).



F. Pekgiil et al.

not fall below 10% in our cohort. However, ASA activities less than 10%
has been reported in some cases of ARSA PD homozygotes, mutation
heterozygotes, PD/mutation compound heterozygotes in other labora-
tories previously [23,34]. Double PD homozygotes may be encountered
more frequently in countries with a high rate of consanguineous mar-
riage, such as Turkey. Given the difficulty created by pseudodeficiency,
urinary sulfatide analysis is essential for confirming the diagnosis.
Additionally, since heterozygotes have both ASA activity and US-TLC
comparable to healthy controls, they could be differentiated from
MLD or MSD patients by the biochemical workup in our cohort. Inter-
estingly, a slightly increased urinary sulfatide excretion in a PD/muta-
tion compound heterozygote has been reported in only one study [34].
However, even this study clearly shows at least a 2-fold difference be-
tween that compound heterozygote and MLD patients [34]. Therefore,
urinary sulfatide excretion is a reliable marker for MLD.

Based on the findings presented herein, we can modify a previously
existing diagnostic workflow for individuals with suspected MLD as
shown in Fig. 2 [35]. In this workflow, molecular genetic techniques
serve to ascertain biochemical findings and allow for genetic counseling
at every possible step. With easy access to molecular genetic techniques,
genetic diagnosis of MLD is being widely adopted but variants with
unknown significance and/or those undetectable by conventional
sequencing techniques create a challenge for definitive diagnosis [36].
In order to avoid misdiagnosis, biochemical functional analyses should
be adopted as first-line tests to determine the most accurate molecular
genetic studies in later steps. Our results show that 50 pmol/g protein/h
provides a safe cut-off value to discriminate normal and low ASA ac-
tivities in our laboratory. However, it should be kept in mind that this
value is tailor-fit for one laboratory and other laboratories should make
the effort to determine the right cut-off value in accordance with their
methods. When levels are below this cut-off value, urinary sulfatide
excretion allows for a reliable distinction between MLD patients and
others (Fig. 2). High urinary sulfatide excretion is important for saposin
B deficient individuals who have normal ASA activity. In contrast, MLD-
suspected individuals with normal ASA activity and without urinary
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sulfatide excretion should be reevaluated for other diagnoses, and
considered a candidate for broader molecular genetic and biochemical
analyses. MSD should also be considered on the differential diagnosis
when biochemical tests are suggestive of MLD but there is no ARSA
mutation as observed in a mild MSD patient in our cohort (individual
13.3).

The relationship between the residual ASA activity level and age of
onset remains controversial [1,37]; however, in the present study re-
sidual ASA activity did not correlate with age of onset (Table 1). In
contrast to ASA activity, genotype hints at phenotypic expression in
some cases. Two of our patients with protein-truncating ARSA mutations
had rapid disease progression, high MRI scores, and the lowest age of
onset. Their affected brain regions were typical for adult-onset MLD. In
contrast, missense mutations of ARSA are not correlated with pheno-
typic outcome, exemplified by the intra- and inter-familial phenotypic
variability (ages-of-onset and MRI findings) in individuals with the same
genotype in families 7 and 9 having p.Gly311Ser mutation.

Hypertrichosis as the initial finding of MLD in every affected indi-
vidual from family 9 is remarkable. Hypertrichosis is a common finding
in MSD but not described in MLD [38]. Interestingly, despite the com-
mon ARSA genotype in families 7 and 9, hypertrichosis was not observed
in family 7 which suggests the presence of modifier genes. On the other
hand, considering consanguinity between parents, hypertrichosis might
also be related to another genetic cause independently segregating in the
family, resulting in blended phenotypes [39]. However, cosegregation of
both hypertrichosis and MLD in all affected individuals, sparing the
unaffected individual, suggests that hypertrichosis is somehow linked to
MLD in this family. Based on the present findings, we think hyper-
trichosis may be a finding overlooked in MLD and should be part of the
physical examination.

MRI is an important tool for diagnosing MLD. In this study, we
improved upon previously existing MRI scoring systems to better
compare MRI severity with clinical outcomes and genetic mutations in
our cohort. Scoring proposed by Eichler is limited by analysis of pro-
jection fibers at the level of internal capsule and pons, and corpus
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If responsible pathogenic mutation could not be found, look for structural and noncoding variants, or other genes:
genome-wide mapping strategies, MLPA and/or whole exome/genome sequencing may be required.

Fig. 2. Diagnostic flowchart for biochemical and genetic tests of individuals with suspected MLD. Purple boxes refer to biochemical tests and green boxes indicate
genetic tests. Cut-off values for ASA activity measurement, which is 50 pmol/g protein/h for our laboratory, must be determined locally. PD1/PD2 analysis can be
performed either by restriction fragment length polymorphism assay [19] or by sequencing of relative exons.

callosum at its genu and splenium [7]. Being inspired by Cousyn et al.’s
MRI scoring for Krabbe disease, another lysosomal storage disease
affecting corticospinal tracts, we included all 7 sections that cortico-
spinal tracts run through from the vertex down to medulla oblongata
and all 4 segments of corpus callosum [8]. Also other imaging features
including atrophy of the thalamus, gadolinium enhancement of cranial
nerves and presence of diffusion restriction as well as the well-known
‘tigroid pattern’ were added to our scoring table and led us to a more
detailed analysis which might reflect tissue abnormalities in MLD
[9,40].

The earliest lesions identified via MRI in the present study involved
the parieto-occipital region of the cortex, and then spread to other brain
regions, seemingly following the sequence of developmental myelina-
tion [41]. The tigroid pattern of demyelination, considered as indicative
of MLD, was a rare finding in the present cohort. The extent of MRI
findings appeared to correlate with age within the late-infantile-onset
form. On the other hand, severity or duration of disease did not corre-
late with MRI scores: patients with adult-onset MLD have late disease
onset but high MRI scores. Serial MRI studies were available for only few
patients: longitudinal follow-up would be useful to assess the evolution
of the disease and serve as basis for treatment trials. Nevertheless, the
present observations show the characteristic features of MRI as well as
the less known ones, like cranial nerve enhancement and diffusion re-
striction indicating inflammation. The limitations of MR imaging in

MLD were also observed, justifying biochemical and genetic studies in
cases with high clinical suspicion even in the absence of suggestive MRI
features.

Sulfatide accumulation in MLD might induce an autoimmune
response. In the present study, a strong anti-sulfatide IgG response was
apparent in MSD patients, especially in individual 14.3 who has severe
phenotype, and one juvenile MLD patient with extensive white matter
changes and diffusion restriction. Autoantibodies might have contrib-
uted to, or resulted from, rapid progression of the disease. The cellular
immune response against accumulated sulfatides may also play a role in
MLD, as suggested by mouse models [3,4].

In conclusion, integrated biochemical and genetic analyses are
essential for overcoming the diagnostic challenges of MLD. Although
ASA activity is frequently the main diagnostic test, it is critical to
combine it with urinary sulfatide analysis as a first-line test for accurate
diagnosis, especially in populations with parental consanguinity. MRI
does not lead to definitive diagnosis, but MRI scores may indicate dis-
ease severity within the late-infantile-onset group.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ymgmr.2020.100688.
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