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Learning objectives

• When to think about a leukodystrophy (LD) in adult patients?
• What are the clinical presentations of adult-onset LD?
• What are the first-line plasma biomarkers in adult-onset LD?
• What are the main treatments of adult-onset LD?

Leukodystrophies
MRI analysis: T2
T2 hyper intensity in the affected white matter is present
N

LD

T2WI
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Diagnosis, prognosis, and treatment of leukodystrophies
Leukodystrophies
Marjo S van der Knaap, Raphael Schiffmann, Fanny Mochel, Nicole I Wolf
Leukodystrophies comprise a large group of rare genetic disorders primarily aﬀecting CNS white matter. Historically,
the diagnostic process was slow and patient prognosis regarded as poor because curative treatment was only available
for very few leukodystrophies in early stages of the disease. Whole-exome sequencing has both greatly increased the
number of known leukodystrophies and improved diagnosis. Whether MRI keeps its central place in diagnosis and
what the role is of whole-exome sequencing are relevant questions for neurologists. Improved diagnosis has revealed
the phenotypic variability of leukodystrophies, requiring adaptation of prognostication. Technological advance in
molecular techniques and improved insight into
pathophysiology of individual leukodystrophies have led to
Fullthe
maturation
therapeutic developments, including drug design and gene therapy. Despite this progress, therapies are only beneficial
early in the disease course, emphasising the need for a speedy diagnosis and for research on regenerative approaches
Myelin destruction
to repair the damage already present.

MRI analysis: T1
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Abnormal myelin formation
Introduction

recognition that all structural white-matter components
Leukodystrophies constitute a large, highly heterogeneous (including myelin, oligodendrocytes, astrocytes, microgroup of rare genetic disorders, characterised by selective glia, axons, and blood vessels) can be primary disease
and primary involvement of the CNS white matter.1,2 Such targets.2,8 This new view aﬀects the understanding of disdisorders can manifest in people of all ages. Various ease mechanisms and directs therapy development. This
underlying gene defects are known, each defining a Review provides an update on these advances in diagnosis,
specific leukodystrophy.1,2 Advances in molecular tech- prognosis, and treatment of leukodystrophies.
niques have had a fundamental eﬀect on the diagnosis,
understanding, and treatment of leukodystrophies.3–6 Definition and categorisation
Diagnosis of leukodystrophy used to be time-consuming The definition of leukodystrophy has evolved over time,
and cumbersome, but whole-exome sequencing (WES; first focused only on myelin and oligodendrocytes, and
mostly used in clinical settings) and whole-genome subsequently including astrocytes.1 The latest definition
WM/GM
sequencing (WGS; currently mostly used Hypersignal
for research) includes
all genetically determined disorders with
now allow rapid identification of the underlying gene selective and primary involvement of CNS white matter,
defect.
WES and
WGS have led to the identification of the irrespective of the structural white-matter component
isosignal
WM/GM
molecular basis of many leukodystrophies, solving the involved and molecular process aﬀected.2,8 By contrast,
Or mildproblem
hypersignal
persistent
of a high proportion of leukodystrophy leukoencephalopathies comprise
all primary
CNS whitehyposignal
WM/GM
2
cases without molecular diagnosis, increasing the number matter disorders, both genetic and acquired. This Review
of diagnosable disorders,3,4 and adding knoweldge about specifically addresses the leukodystrophies. Some leuko-
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*These authors contributed equally to this work.
Inherited white matter diseases are rare and heterogeneous disorders usually encountered in infancy. Adult-onset forms are increasingly
recognized. Our objectives were to determine relative frequencies of genetic leukoencephalopathies in a cohort of adult-onset patients
and to evaluate the effectiveness of a systematic diagnostic approach. Inclusion criteria of this retrospective study were: (i) symmetrical
involvement of white matter on the first available brain MRI; (ii) age of onset above 16 years. Patients with acquired diseases were
excluded. Magnetic resonance imaging analysis identified three groups (vascular, cavitary and non-vascular/non-cavitary) in which
distinct genetic and/or biochemical testing were realized. One hundred and fifty-four patients (male/female = 60/94) with adult-onset
leukoencephalopathies were identified. Mean age of onset was 38.6 years. In the vascular group, 41/55 patients (75%) finally had a
diagnosis [including CADASIL (cerebral autosomal-dominant arteriopathy with subcortical infarcts and leukoencephalopathy, n = 32)
and COL4A1 mutation, n = 7]. In the cavitary group, 13/17 (76%) patients had a diagnosis of EIF2B-related disorder. In the third
group (n = 82), a systematic biological screening allowed a diagnosis in 23 patients (28%) and oriented direct genetic screening

Ayrignac et al, Brain 2015

Figure 1 Study design and classification of the adult-onset leukoencephalopathies. CACH/VWM = childhood ataxia with central
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What are the first-line plasma biomarkers
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Lysosphingomyelin
Cholestanol
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Which of the following statement(s)
is (are) true in X-linked ALD?

1.
2.
3.
4.

Cerebral ALD affects about 20% of men with ABCD1 variants.
Women shall be monitored for cerebral ALD by brain MRI.
In men, cerebral ALD can occur till about 50 years of age.
Hematopoietic stem cell transplant (HSCT) can only be performed
with a (non-ABCD1 variant carrier) haploidentical related donor.
5. HSCT does not protect from myelopathy.
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X-linked disease
Adult cerebral form: 20-50% over 10 years
Adrenocortical insufficiency – 80% (10% symptomatic)
Early inflammatory phase: Hematopoietic stem cell transplantation
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Abstract
The adult cerebral form of X-linked adrenoleukodystrophy (ACALD), an acute
No or limited internal capsule

inflammatoryinvolvement
demyelinating
disease, results in a rapidly progressive neurodegen(n=10)
eration, typically leading to severe disability or death within a few years after onset.
We have treated
men who had developed ACALD with allogeneic hematopoiP <15
0.001
etic stem cell transplantation (HSCT) from matched donors after myeloablative
conditioning with busulfan and cyclophosphamide. All patients engrafted and
11 survived (estimated survival 73 ± 11%), 8 with stable cognition and 7 of them
with stable motor function (estimated event-free survival 36 ± 17%). Death after
transplantation occurred within the first year after HSCT and was caused either primarily by infection (N = 3) or due to disease progression triggered by infection
(N = 1).
Patients with minor myelopathic symptoms (N = 4) or with no or mild
Extensive internal capsule
cerebral symptoms
pre-transplant
involvement
(n=5) (N = 7) had an excellent outcome. In contrast,
no patient with major neurological symptoms associated with an extensive involve20
40 tract fibres in the
60 internal capsule (N = 5) survived without cogment of pyramidal

nitiveMdeterioration.
Notably, early leukocyte recovery was associated with dismal
on t h s
outcome for yet unknown reasons. All 10 tested survivors showed a reduction of
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Krabbe disease (galactocerebrosidase deficiency)
•
•
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41 patients, 4-66 years old
Spastic paraplegia > neuropathy > cerebellar ataxia
Cognitive decline, optic atrophy (15%)

Debs et al, JIMD 2012
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Open Access

0.4

Natural history of cerebrotendinous
xanthomatosis: a paediatric disease
diagnosed in adulthood
Bertrand Degos1†, Yann Nadjar1†, Maria del Mar Amador1, Foudil Lamari2,3,4, Frédéric Sedel5, Emmanuel Roze1,6,
Philippe Couvert7 and Fanny Mochel3,4,6,8*
Abstract

0.2

Cerebrotendinous xanthomatosis (CTX) is among the few inherited neurometabolic disorders amenable to specific
treatment. It is easily diagnosed using plasma cholestanol. We wished to delineate the natural history of the most
common neurological and non-neurological symptoms in thirteen patients with CTX. Diarrhea almost always
developed within the first year of life. Cataract and school difficulties usually occurred between 5 and 15 years of
age preceding by years the onset of motor or psychiatric symptoms. The median age at diagnosis was 24.5 years
old. It appears critical to raise awareness about CTX among paediatricians in order to initiate treatment before
irreversible damage occurs.
Keywords: Cerebrotendinous xanthomatosis, Diarrhea, Cataract, Cerebellar ataxia, Cognitive dysfunction,
Psychiatric symptoms

0.0

Survival Probability

Degos et al. Orphanet Journal of Rare Diseases (2016) 11:41
DOI 10.1186/s13023-016-0419-x
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Introduction
Cerebrotendinous xanthomatosis (CTX) is a rare autosomal recessive sterols storage disorder caused by 27sterol-hydroxylase deficiency due to CYP27A1 mutations
resulting in an accumulation of cholestanol in blood and
organs, mainly the central nervous system, eyes, tendons
and vessels [1, 2]. With an estimated prevalence of 1/
50,000 [3] but only about 300 patients reported, CTX re-

While these symptoms are well described, their natural
history is not. More importantly, CTX is almost always diagnosed in adults whereas most of the initial symptoms
occur in childhood and adolescence. We therefore describe
the natural history of the most common neurological and
non-neurological symptoms in thirteen patients with CTX
in order to alert on the early symptoms of the disease.

Therapeutic window in CTX

(2021) 16:353
Stelten et al. Orphanet J Rare Dis
https://doi.org/10.1186/s13023-021-01980-5

RESEARCH

Open Access

Expert opinion on diagnosing, treating
and managing patients with cerebrotendinous
xanthomatosis (CTX): a modified Delphi study
2021

Bianca M. L. Stelten1* , Maria Teresa Dotti2, Aad Verrips3, Bülent Elibol4, Tzipora C. Falik-Zaccai5,6,
Kate Hanman7, Andrea Mignarri8, Belina Sithole9, Robert D. Steiner10,11, Surabhi Verma12, Gilad Yahalom13,14,
Tanyel
Zubarioglu15, Fanny Mochel16 and Antonio Federico17
ARTICLE

Long-term treatment eﬀect in cerebrotendinous
xanthomatosis depends on age at treatment start

2019

Abstract
Background: Cerebrotendinous xanthomatosis (CTX) is a rare, chronic, progressive, neurodegenerative disorder
requiring life-long care. Patients with CTX often experience a diagnostic delay. Although early diagnosis and treatment initiation can improve symptoms and prognosis, a standardised approach to diagnosis, treatment and management of patients is not yet established.
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2019;92:e83-e95.
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ment) for 6-point Likert scale questions, or ≥ 70% Delphi panellists choosing the same option for ranking and proportion questions.
Results: Of the Round 1 (n = 22), Round 2 (n = 32) and Round 3 (n = 26) questions for which consensus was
assessed, 59.1%, 21.9% and 3.8% reached consensus, respectively. Consensus agreement that genetic analyses and/
or determination of serum cholestanol levels should be used to diagnose CTX, and dried bloodspot testing should
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Mitochondrial neurogastrointestinal encephalomyopathy
(MNGIE, thymidine phosphorylase)
Oztas et al
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Fig 1. Abdominal radiography revealed air-ﬂuid
levels in the small intestinal segments.
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Figure 1. Axial fluid-attenuated inversion recovery, T2-weighted magnetic resonance
of the brain showing symmetric,
hyperintense, nonenhancing
lesions
Figimages
3. T2-weighted
brain magnetic
resonance
in the basal ganglia (arrows) (A) and patchy signals throughout the white matter (arrows) (B).
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for MNGIE but whose plasma thymidine level was normal. Further analysis showed severe mtDNA depletion
in muscle tissue, and sequencing analysis revealed 2 pathogenic mutations in the RRM2B gene.
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Leukodystrophy &… biomarkers
Ophthalmology, Audiometry, Other

Biomarkers

delay, cataract, spasticity, ataxia, psychosis

Sterols
CTX

spasticity, ataxia, psychosis
spasticity, ataxia, optic atrophy
delay, deafness, bone, ataxia, psychosis

Lysosome
MLD
Krabbe
𝜶-mannosidosis

Arylsulfatase A
Galactocerebrosidase
𝜶-mannosidosis

spasticity, adrenal insufficiency
spasticity, ataxia, deafness, retinopathy

Peroxisome
ALD
PBD

VLCFA
Phytanic, pristanic acids

delay, spasticity, neuropathy, epilepsy

Hcy methylation
MTHFR

Homocystein

PEO, intestinal pseudo-obstruction

Mitochondria
MNGIE

Lactate

Cholestanol

Peripheral (demyelinating) neuropathy

Mochel et al, Ann Neurol 2012

Glycogen branching enzyme

Adult Polyglucosan
Body Disease
Mochel et al, Ann Neurol 2012

Depression
Psychosis

?

Adolescence
Motor deterioration
with NLP change

35 years
2nd episode of motor
deterioration with NLP change

26 years

LBSL: DARS2 mutations

Differential diagnosis: LMNB1 dup, Alexander disease

Myelitis and/or optic neuropathy
Family
Negative history
Narrative
Over 2 weeks: spastic tetraparesis
Decreased visual acuity
Bedridden and nearly blind
Investigation
Bilateral optic neuropathy
Oligoclonal bands

Bottin et al, Mult Scl 2015

Biotinidase deficiency

“If you have to have an
inherited metabolic disease,
this is the one to have”

Mild head trauma
Stiffness right leg

32 years

Rapid
spastic paraplegia

33 years
Need a walker
Only a few steps

CSF1R-related leukodystrophy

Family history
No Gd enhancement
No spinal lesions
Normal CSF

Codjia et al, AJNR 2018

CSF1R –related ALSP
Mimicks severe forms of multiple sclerosis

ALSP= CSF1 Receptor mutation
Alert (M0)
Pro inflammatory (M1)

GLYCOLYSIS

GM CSF

CSF-1

IFN γ/ LPS

IL4/IL13

Pro regenerative (M2)

OXIDATIVE PHOSPHORYLATION
FATTY ACID OXIDATION

Hematopoietic Stem
Cell Transplantation
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Mochel, Delorme, JNNP 2019

2015, pregnant
Asymmetric gait
Right leg stiffness

May 2018
Frontal dementia
Tetrapyramidal Sd

Cognitive decline
Spastic gait
Steroids, Copaxone

•

Think Leukodystrophy – it is not just MS…

•

T1-weighted images, sensory evoked potentials, nerve conduction studies

•

Think Biomarkers – it is not just NGS

•

Think Treatments
fanny.mochel@upmc.fr
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