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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?
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Diagnosis, prognosis, and treatment of 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 the pathophysiology of individual leukodystrophies have led to 
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 
to repair the damage already present.

Introduction
Leukodystrophies constitute a large, highly heterogeneous 
group of rare genetic disorders, characterised by selective 
and primary involvement of the CNS white matter.1,2 Such 
disorders can manifest in people of all ages. Various 
underlying gene defects are known, each defin ing a 
specific leukodystrophy.1,2 Advances in molecular tech-
niques have had a fundamental effect on the diagnosis, 
understanding, and treatment of leukodystro ph ies.3–6 
Diagnosis of leukodystrophy used to be time-consuming 
and cumbersome, but whole-exome sequencing (WES; 
mostly used in clinical settings) and whole-genome 
sequencing (WGS; currently mostly used for research) 
now allow rapid identification of the underlying gene 
defect. WES and WGS have led to the identification of the 
molec ular basis of many leukodystrophies, solving the 
persistent problem of  a high proportion of leukodystrophy 
cases without molecular diagnosis, increas ing the number 
of diagnosable disorders,3,4 and adding knoweldge about 
clinical variability and prognosis.5 Therapy for leuko-
dystrophies has lagged, but prospects are improving.6 
Gene-editing tech niques are rapidly advancing, facilitating 
in-vivo and in-vitro gene correct ion, necessary for gene 
therapy. Other treatment options include drugs that 
modu late disease pathways, antisense oligonucleotide 
therapy, and therapy based on stem cells.6

The almost overwhelming increase in the number of 
known leukodystrophies necessitates an updated cate-
gorisation system to facilitate diagnosis. WES availability 
requires reconsideration of the traditional step-by-step 
approaches to achieve definitive diagnoses. The role of 
MRI as a primary diagnostic tool needs be also recon-
sidered, and perhaps redefined. For the leukodystrophies 
with improving therapeutic prospects, a speedy diagnosis 
is particularly important, as such therapies are only 
relevant in early disease stages, when the brain is not yet 
irreparably damaged. New knowledge on wide clinical 
variation and benign disease variants requires modi-
fication of the traditional view on leukodystrophies as 
disorders with an invariably poor prognosis.7 New insights 
into the molecular and cellular bases of the dis orders have 
changed the concept of leukodystrophies and have led to 

recognition that all structural white-matter components 
(including myelin, oligodendro cytes, astrocytes, micro-
glia, axons, and blood vessels) can be primary disease 
targets.2,8 This new view affects the under standing of dis-
ease mechanisms and directs therapy development. This 
Review provides an update on these advances in diagnosis, 
prognosis, and treatment of leukodystrophies.

Definition and categorisation
The definition of leuko dystrophy has evolved over time, 
first focused only on myelin and oligodendrocytes, and 
subsequently including astrocytes.1 The latest defini tion 
includes all genetically determined disorders with 
selective and primary involve ment of CNS white matter, 
irrespective of the struc tural white-matter component 
involved and molecular process affected.2,8 By contrast, 
leukoencephalopathies comprise all primary CNS white-
matter disorders, both genetic and acquired.2 This Review 
specifically addresses the leukodystrophies. Some leuko-
dystrophies are traditionally called leuko encephalopathies; 
although for clarity, we will refer to them as leuko-
dystrophies. However, the outdated myelin-focused con-
cept of leukodystrophies persists, and the new defini tion 
requires further imple mentation in clinical practice. 
For example, a review published in 2018 only recog nised 
demyelinat ing and hypomyelinating cate gories,9 hamper-
ing under stand ing of, for instance, leuko dystro phies with 
a primary astrocytic or microglial defect.10 Importantly, the 
myelin-focused concept of leukodystro phies directs all 
therapy developments towards remyelina tion, which is 
not a useful approach for leukodystrophies in which the 
primary problem does not concern myelin. 

For the diagnostic work-up, a leuko dystrophy cate-
gorising system is helpful, providing a framework, inside 
which the numerous individual dis orders can be recog-
nised, differentiated between, and understood. The most 
appropriate categor ising principle might differ depending 
on purpose or target group. A proposed system for 
pathologists was based on a cellular pathology approach, 
taking into account the contribution of various white-
matter cell types and structures driving white-matter 
disease.2 Although this system is helpful for pathologists, 
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Figure　2.　Appearance of this case. (A) This patient showed a thin and tapered nose, hypoplastic 
alae nasi, epicanthal folds and ocular asymmetry. Her hair was very thin and curly. (B) Her teeth 
were abnormal with enamel hypoplasia of a brown color and an irregular size for each tooth. (C) 
She had bilateral camptodactyly of fingers IV and V, and clinodactyly V. (D) X-ray showed clinod-
actyly of bilateral fingers V after operation.

Table　1.　Nerve Conduction Examination

Nerve conduction examination revealed normal results in motor conduction velocity and amplitude of median, 
ulnar and peroneal nerves. sensory conduction velocity of bilateral median, ulnar, the tibial nerves was delayed, 
while the amplitude was low and distal latency was delayed. Sensory conduction velocity of the sural nerve was 
not detected.
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Adult-onset genetic leukoencephalopathies:
A MRI pattern-based approach in a
comprehensive study of 154 patients
Xavier Ayrignac,1,* Clarisse Carra-Dalliere,1,* Nicolas Menjot de Champfleur,2

Christian Denier,3 Patrick Aubourg,4 Celine Bellesme,4 Giovanni Castelnovo,5
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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

identified 21 additional diseases (25.6%). Adult-onset genetic leukoencephalopathies are a rare but probably underestimated entity.

Our study confirms the use of a magnetic resonance imaging-based classification with a final diagnosis rate of 64% (98/154) cases.
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Figure 2 Cerebral MRI illustrating the main results. (A–B and D–H) Axial FLAIR images; (C) enhanced T1-weighted sequence. (A)

CADASIL; (B) COL4A1 mutation; (C) leukoencephalopathy with calcifications and cysts; (D) vascular leukoencephalopathy without diagnosis; (E)

childhood ataxia with central nervous system hypomyelination syndrome/vanishing white matter disease; (F) X-linked adrenoleukodystrophy; (G)

cerebro-tendinous xanthomatosis; and (H) Krabbe disease.

Figure 1 Study design and classification of the adult-onset leukoencephalopathies. CACH/VWM = childhood ataxia with central

nervous system hypomyelination syndrome/vanishing white matter disease; LCC = leukoencephalopathy with calcifications and cysts; WM = white

matter.
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1. Vitamin E
2. Very long chain fatty acids, phytanic & pristanic acids
3. Homocystein
4. Lysosphingomyelin
5. Cholestanol

What are the first-line plasma biomarkers 
in adult-onset leukodystrophy?
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In a 44-year old man with VLCFA elevation, 
what is your next urgent course of action?

1. Measure fasting cortisol & ACTH 
2. Perform nerve conduction studies
3. Address for genetic counseling
4. Assess urinary function
5. Perform brain MRI
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1. Cerebral ALD affects about 20% of men with ABCD1 variants.
2. Women shall be monitored for cerebral ALD by brain MRI.
3. In men, cerebral ALD can occur till about 50 years of age.
4. 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.

Which of the following statement(s) 
is (are) true in X-linked ALD?
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Adrenoleukodystrophy & very long chain fatty acids

• 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
inflammatory demyelinating disease, results in a rapidly progressive neurodegen-
eration, typically leading to severe disability or death within a few years after onset.
We have treated 15 men who had developed ACALD with allogeneic hematopoi-
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 pri-
marily 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
cerebral symptoms pre-transplant (N = 7) had an excellent outcome. In contrast,
no patient with major neurological symptoms associated with an extensive involve-
ment of pyramidal tract fibres in the internal capsule (N = 5) survived without cog-
nitive deterioration. Notably, early leukocyte recovery was associated with dismal
outcome for yet unknown reasons. All 10 tested survivors showed a reduction of
plasma hexacosanoic acid (C26:0) in the absence of Lorenzo's oil. Over time, the
event-free survival could be improved from 2 out of 8 patients (25%) before 2013
to 5 out of 7 patients (71%) thereafter. Therefore, allogeneic HSCT appears to be a
suitable treatment option for carefully selected ACALD patients when transplanted
from matched donors after myeloablative, busulfan-based conditioning.

KEYWORD S

X-linked adrenoleukodystrophy, adult cerebral ALD, hematopoietic stem cell transplantation,

myeloablative conditioning, magnetic resonance imaging, internal capsule

1 | INTRODUCTION

X-linked adrenoleukodystrophy (X-ALD; OMIM 30100) is
the most common inherited peroxisomal disease caused by
mutations in the ABCD1 gene (HGNC: 61). ABCD1

Abbreviations: AACS, adult ALD clinical score; ACALD, adult cerebral ALD; AMN, adrenomyelo-
neuropathy; ATG, anti-thymocyte globulin; BM, bone marrow; CCALD, childhood cerebral ALD;
EDSS, Kurtzke expanded disability status scale; G-CSF, granulocyte-colony stimulating factor;
GVHD, graft-versus-host disease; HSCT, allogeneic hematopoietic stem cell transplantation; MRI,
magnetic resonance imaging; PBSC, peripheral blood stem cells; VLCFA, very long chain fatty
acids; X-ALD, X-linked adrenoleukodystrophy.

DOI: 10.1002/jimd.12044
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3.4 | Survival and outcome

Eleven patients are alive at a median follow-up of 56 months
(range 20–104 months). The estimated probability of sur-
vival is 73 ± 11% (mean ± SD) (Figure 1A). Causes of
death were infection in combination with acute GVHD grade
IV at day +13 (patient #7) and septic shock associated with
either haemorrhagic cystitis 4 months (patient #6) or with
secondary pancytopenia 6 months after HSCT (patient #15).
Contributing factors in the two latter patients were immobil-
ity and disease progression. Nine months post-transplant, a
fourth patient died of ACALD progression after cytomegalo-
virus disease (patient #10) (Table 2). Non-survival was asso-
ciated with rapid leukocyte recovery before day +17
(Figure 1B).

Two years after transplant, 9 out of 11 surviving patients
had stable cognitive functions, i.e. no changes in cerebral
domain of AACS, compared to their pre-transplant status
(Table 3). Five of them were also completely stable in their
motor function, i.e. no changes in motor domain of AACS.
Survival with stable cognition and motor function 2 years
post-transplant was 0 out of 8 for patients transplanted
before 2013, and 5 out of 7 thereafter (P < 0.01).

Beyond two years, patients #8 and #9 with a history of
drug abuse further improved in their cognitive function;
patients #2 and #4 improved in motor function to their level

pre-transplant. Among 9 patients with longer follow-up
(median 59 months, range 39–104 months), only 2 patients
deteriorated moderately. Hence, the current event-free sur-
vival is 2 out of 8 (25%) for patients transplanted before, and
5 out of 7 (71%) after 2013 (P = 0.132).

Furthermore, a reduction of VLCFA was observed after
HSCT. In the absence of Lorenzo’s oil, surviving patients
showed an average decrease of hexacosanoic acid (C26:0) in
plasma by 47% (P < 0.01). Four patients revealed even nor-
malized C26:0 plasma levels post-transplant. Addison dis-
ease had no impact on outcome.

3.5 | Factors influencing transplant outcome

In addition to overall survival, survival with stable cognition
and event-free survival were calculated (Table 4).

Patients with the following pre-transplant disease charac-
teristics had a significantly worse outcome than patients who
lacked these features: 1) at least moderate cerebral symp-
toms (N = 8; Figure 1C), 2) extensive bilateral pyramidal
tract involvement in the internal capsule (N = 5; Figure 1D)
and 3) demyelination of cerebellum or thalamus (N = 3). In
contrast, all 4 patients with only mild AMN symptoms
(EDSS <4) prior to transplant survived without an event.
Moreover, the 8 patients with an EDSS <6 in the absence of
cerebellar or thalamic demyelination had a 100% overall
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All patients (n=15)

No or mild cerebral symptoms (n=8)

Moderate or severe cerebral symptoms (n=7)

P = 0.014

No or limited internal capsule
involvement (n=10)

Extensive internal capsule
involvement (n=5)

Leukocyte recovery ≥ day +17 (n=11)

Leukocyte recovery < day +17 (n=4)

P < 0.001

P < 0.001

(A) (B)

(C) (D)FIGURE 1 Kaplan–Meier
estimates of survival probability after
HSCT. (A) Overall survival for the entire
cohort. (B) ACALD patients stratified by
time to leukocyte recovery (WBC
>1,000/μl). (C) ACALD patients
stratified by the presence of moderate or
severe cerebral symptoms (cerebral
functions domain in Adulthood ALD
Clinical Score > 3 points) before
transplant. (D) ACALD patients stratified
by extensive pyramidal tract involvement
in the internal capsule before transplant.
Follow-up time is limited to 60 months.
Dots indicate censored patients
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Daily dose of Leriglitazone or placebo (2:1 ratio)
116 patients randomized (10 countries) / 96 completed

Screening Treatment period (96 weeks)

V-1 V0 V4V3V2V1

Dose adjustment
(up to week 12)

Safety and Efficacy Visits
(weeks 24, 48, 72, and 96)

Extension

V2V1V0 V5V4V3 V6

CONFIDENTIAL

MT-2-01 
NEWSLETTER

EDITION 38 
Feb21

Dear Investigator, Site Staff and Collaborators,

The purpose of the Newsletter is to inform you about the 
progress of the Study and achievements, as well as sharing with 
you important information and some practical tips to help you in 
conducting the study.

1. Highlights
• Complete study results were relased on January 28th . 

• We are preparing for discussions with FDA and EMA for the approval of 
leriglitazone for AMN patients.

• A KOL meeting to agree on the message to convey to patients and the
scientific community based on the Study results will be held on March 2nd. 

• From now on the newsletters will be issued quarterly. 

2. Study Update

Completers

Content

1. Highlights
2. Study Update
3. Results wrap-up
͜Ǥ W�a�ǯ� �e��ǫ 
5. Current Study Status
6. Contact details

Open Label
Extension

Drop Out In Open 
Label Extension

96 86 7

EDITION 38
MT-2-01 NEWSLETTER

3. Results Wrap-up

CONFIDENTIAL

The primary endpoint, change from Baseline in 6MWT, was not met. However a 
statistical and clinically meaningful difference was observed in early symptomatic 
patients.

Body Sway. Patients treated with leriglitazone showed statistically significant differences 
��Ǥ P�aceb� �� �a����� �a�a�e�e�� a�d c��d������ ��c��d��� ǲe�e� c���edǡ fee� ���e��e�ǳ 
a�d ǲe�e� c���edǡ fee� a�a��ǳǤ

EDSS and SSPROM. Leriglitazone also consistently showed favorable trends when 
compared to placebo.  Again, these beneficial effects on myelopathy symptoms were 
more prominent in patients with more recent onset of symptoms.

Leriglitazone significantly 
reduced cerebral lesion 
progression, assessed by 
imaging and clinical follow up.

Central Reading of serial MRI showed that 8 of the 39 
patients in placebo arm showed new or progressing 
cerebral lesions when compared with 3 of 77 patients 
in the active arm (p=0.0066).

Six patients on the placebo arm who showed 
cerebral lesion progression were also reported by 
sites as having clinically progressive cALD. No cases 
observed into the active arm (p=0.0015).

In the overall patient population, patients treated 
with leriglitazone showed a  significantly less 
increase in Loes scores (p=0.024, ANCOVA)

Neurofilament light confirmed a protective effect of 
leriglitazone on neuronal tissues.

Leriglitazone was generally safe and well tolerated. Weight gain and edema were the most 
frequent adverse events. No events indicating an increased cardiac risk were detected

4. Wha�ǯs next?
• Post-hoc analyses are currently being conducted to better understand the effect 

of disease duration on myelopathy. 

• The Clinical Study Report will be ready by the end of March2021. A summary will 
be shared with you.

• Minoryx is preparing for next studies. We will share our plans with you to discuss 
the most appropriate strategy. 

Progressive cALD reported by sites Leriglitazone Placebo p-value

Total (% of randomized) 0 / 77 (0%) 6 / 39 (15.4%) 0.001
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Krabbe disease (galactocerebrosidase deficiency)

• 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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Metachromatic leukodystrophy (arylsulfatase A deficiency)

• 42 patients, 10-60 years old
• Genotype-phenotype correlation                              

Spastic paraplegia & ataxia / Fronto-temporal dementia
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How would you treat this patient?

1. Cholic acid
2. Chenodeoxycholic acid
3. LDL apheresis
4. Cholic acid + atorvastatin
5. Chenodeoxycholic acid + atorvastatin
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LETTER TO THE EDITOR Open Access

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

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

Introduction
Cerebrotendinous xanthomatosis (CTX) is a rare auto-
somal recessive sterols storage disorder caused by 27-
sterol-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-
mains too often under- or misdiagnosed while treatment
is available. Patients typically manifest both systemic and
neuropsychiatric symptoms of the disease. Systemic
manifestations may include infantile cholestasis or liver
dysfunction, juvenile cataract, Achilles tendon xanthomas,
osteoporosis, premature arteriosclerosis and cardiovascu-
lar disease [1, 2, 4]. Neurological symptoms encompass
cognitive delay, spastic paraplegia, cerebellar ataxia,
peripheral neuropathy, bulbar palsy, epilepsy, movement
disorders, dementia and psychiatric disturbances [1, 2, 4].

While these symptoms are well described, their natural
history is not. More importantly, CTX is almost always di-
agnosed 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.

Patients and methods
We collected retrospectively clinical, biochemical, imaging
and electrophysiological data from thirteen genetically con-
firmed CTX patients followed at La Pitié-Salpêtrière Uni-
versity Hospital. In order to delineate the natural history of
the disease, we selected only patients whose diagnosis was
made in adolescence or adulthood. Values are expressed in
mean ± SD and/or median. For the Kaplan-Meier analyses,
we assumed that patients are determined to have CTX at
birth. Therefore all time to event data (e.g. time to diarrhea,
time to cataract) assumed that the initial time was the date
of birth. The censoring time was the age at latest neuro-
logical exam. The symptoms were communicated via the
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Abstract
Objective
To evaluate the effect of chenodeoxycholic acid treatment on disease progression in cere-
brotendinous xanthomatosis (CTX).

Methods
In this retrospective cohort study, we report the clinical long-term follow-up characteristics of
56 Dutch patients with CTX. Age at diagnosis was correlated with clinical characteristics and
with the course of modified Rankin Scale (mRS) and Expanded Disability Status Scale (EDSS)
scores at follow-up.

Results
Median follow-up time was 8 years (6 months–31.5 years). Patients diagnosed and treated
before the age of 24 years had a significantly better outcome at follow-up. When considering
only patients with a good treatment adherence (n = 43), neurologic symptoms, if present,
disappeared in all patients who were diagnosed before the age of 24 and treated since.
Furthermore, treatment prevented the development of new neurologic symptoms during
follow-up. In contrast, 61% of the patients diagnosed and treated after the age of 24 showed
deterioration of the neurologic symptoms, with parkinsonism as a treatment-resistant feature.
There was an improvement or stabilization in favor of patients diagnosed and treated before the
age of 24 compared to those treated after the age of 24: 100% vs 58% for mRS scores and 100%
vs 50% for EDSS scores, respectively.

Conclusions
Treatment start at an early age can reverse and even prevent the development of neurologic
symptoms in CTX. This study emphasizes the importance of early diagnosis in CTX and
provides a rationale to include CTX in newborn screening programs.
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xanthomatosis: The rare
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Abstract
Background Cerebrotendinous xanthomatosis (CTX) is a rare neurodegenerative disease related to sterols metabolism. It affects
both central and peripheral nervous systems but treatment with chenodeoxycholic acid (CDCA) has been reported to stabilize
clinical scores and improve nerve conduction parameters. Few quantitative brain structural studies have been conducted to assess
the effect of CDCA in CTX.
Methods and results We collected retrospectively clinical, neurophysiological, and quantitative brain structural data in a
cohort of 14 patients with CTX treated by CDCA over a mean period of 5 years. Plasma cholestanol levels normalized under
treatment with CDCAwithin a few months. We observed a significant clinical improvement in patients up to 25 years old,
whose treatment was initiated less than 15 years after the onset of neurological symptoms. Conversely, patients whose
treatment was initiated more than 25 years after neurological disease onset continued their clinical deterioration. Eleven
patients presented with a length-dependent peripheral neuropathy, whose electrophysiological parameters improved signif-
icantly under CDCA. Volumetric analyses in a subset of patients showed no overt volume loss under CDCA. Moreover,
diffusion weighted imaging showed improved fiber integrity of the ponto-cerebellar and the internal capsule with CDCA.
CDCAwas well tolerated in all patients with CTX.

Maria del Mar Amador, Marion Masingue, and Rabab Debs contributed
equally to this work.
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Neurological Outcome in Cerebrotendinous
Xanthomatosis Treated With Chenodeoxycholic

Acid: Early Versus Late Diagnosis
Gilad Yahalom, MD,*Þ Rakefet Tsabari, MD,Þþ Noa Molshatzki, MSc,þ

Lilach Ephraty, MD,*Þ Hofit Cohen, MD,§|| and Sharon Hassin-Baer, MD*Þ||

Objective: To present the long-term neurological outcome of Jewish
Israeli patients with cerebrotendinous xanthomatosis (CTX) after several
years of chenodeoxycholic acid (CDCA) treatment.
Methods: A cross sectional observational study of all patients with a
diagnosis of CTX followed in a referral outpatient clinic during the years
2003Y2012.
Results: Eighteen patients (10 men) from 11 families were enrolled.
Sixteen patients were included in the analysis (2 patients had low com-
pliance for treatment). The mean T SD age at last evaluation was 35.0 T 9.2
years (range, 16Y45 years). After their diagnosis, at age 22.6 T 10.8 years,
all patients were treated with CDCA. Patients who started treatment after
the age of 25 years had worse outcome and were significantly more
limited in ambulation (P = 0.004) and more cognitively impaired (P =
0.047). Five patients who started treatment after 25 years of age contin-
ued to deteriorate despite CDCA treatment.
Conclusions: Beginning CDCA treatment as early as possible is
crucial to preventing neurological damage and deterioration in CTX.
After significant neurological pathology is established, the effect of
treatment is limited and deterioration may continue.

Key Words: cerebrotendinous xanthomatosis, Jewish-Moroccan,
chenodeoxycholic acid, prognosis

(Clin Neuropharm 2013;36: 78Y83)

Cerebrotendinous xanthomatosis (CTX) is a rare autosomal
recessive lipid storage disease caused by deficiency of the

mitochondrial enzyme sterol 27-hydroxylase due to various
pathogenic mutations in the CYP27A1 gene.1,2 Sterol 27-
hydroxylase has an important role in the metabolic pathway of
cholesterol, catalyzing the oxidation of sterol intermediates, and
its deficiency results in defective bile acid synthesis, with de-
creases in chenodeoxycholic acid (CDCA), and elevated levels
of cholestanol in plasma, urine, and various tissues.3

Cerebrotendinous xanthomatosis is associated with con-
siderable variability in disease onset, developmental manifes-
tations, neurological deterioration, and systemic involvement,
even among patients within the same family.4 Neurological
deterioration due to cerebellar, pyramidal, and extrapyramidal

system involvement, as well as cognitive decline, psychiatric
symptoms, epileptic seizures, and peripheral neuropathy usually
become evident in the second or third decades of life.5

Treatment with CDCA produces a reduction in cholestanol
synthesis and plasma levels.6 It has been suggested that CDCA
prevents or arrests disease progression and in some cases, par-
ticularly in children, reverses neurological deficits.7Y10

Two clusters of CTX exist in Israel: one in families of
Jewish North African origin with a predilection for Morocco4,11

and another in families from Druze origin.12

The purpose of this cross-sectional report is to assess the
neurological outcome of 18 Jewish patients with CTX, with
reference to the timing of treatment initiation and adherence
to medication, in an attempt to reevaluate the role of CDCA
treatment in CTX and to identify both negative and positive
prognostic factors.

MATERIALS AND METHODS
Data were obtained for all patients with a diagnosis of CTX

treated at our clinic during the years 2003Y2012. The study was
approved by the ethics committee at the Chaim Sheba Medical
Center (institutional review board registration number 8111-10-
SMC). Patients’ conditions had been diagnosed based on clin-
ical features alongside elevated plasma levels of cholestanol
and, when possible, identification of disease-causing mutations
in both alleles of the CYP27A1 gene. Clinical data were col-
lected, and a complete neurological evaluation was performed at
last follow-up. Neurological signs and symptoms were scored
(usually from 0 to 3, where 0 = absent, 1 = mild, 2 = moderate,
and 3 = severe involvement), including dysarthria and cognitive,
cerebellar, pyramidal, and extrapyramidal system involvement.
The Mini Mental Status Examination was performed,13 and
ambulation was scored according to the Hauser ambulation in-
dex (HAI).14

Statistical Analyses
Scatter plots and Spearman rank correlation coefficients

were calculated to test the relationship between age of CDCA
treatment initiation and the various neurological deficits. End
points of neurological status were cognitive deterioration, dys-
arthria, pyramidal and cerebellar dysfunction, psychiatric dis-
turbances, and HAI. A cutoff age of treatment initiation for
detrimental outcome was determined based on scatterplots. A
Mann-Whitney U test was performed to calculate differences in
various parameters in the group of patients who started CDCA
at an early age compared with those who started CDCA at a
later age. All analyses were calculated also separately for men
and women.

Multivariate analyses were not implemented owing to
small sample size. All analyses were performed with SAS sta-
tistical software version 8.2 (SAS, Inc, Cary, NC). P G 0.05 was
defined as statistically significant.
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Expert opinion on diagnosing, treating 
and managing patients with cerebrotendinous 
xanthomatosis (CTX): a modi"ed Delphi study
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 

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 treat-
ment initiation can improve symptoms and prognosis, a standardised approach to diagnosis, treatment and manage-
ment of patients is not yet established.

Aim: To assess expert opinion on best care practices for patients with CTX using a modified Delphi method.

Methods: A multidisciplinary group of healthcare professionals with expertise in CTX responded to a 3-round online 
questionnaire (n = 10 in Rounds 1 and 2; n = 9 in Round 3), containing questions relating to the diagnosis, treatment, 
monitoring, multidisciplinary care and prognosis of patients with CTX. Determination of consensus achievement was 
based on a pre-defined statistical threshold of ≥ 70% Delphi panellists selecting 1–2 (disagreement) or 5–6 (agree-
ment) for 6-point Likert scale questions, or ≥ 70% Delphi panellists choosing the same option for ranking and propor-
tion 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 
facilitate detection in newborns, was reached. Age at diagnosis and early treatment initiation (at birth, where possible) 
were considered to have the biggest impact on treatment outcomes. All panellists agreed that chenodeoxycholic 
acid (CDCA) is a lifetime replacement therapy which, if initiated early, can considerably improve prognosis as it may 
be capable of reversing the pathophysiological process in CTX. No consensus was reached on the value of cholic 
acid therapy alone. Monitoring patients through testing plasma cholestanol levels and neurologic examination was 
recommended, although further research regarding monitoring treatment and progression of the disease is required. 
Neurologists and paediatricians/metabolic specialists were highlighted as key clinicians that should be included in 
the multidisciplinary team involved in patients’ care.

Conclusions: The results of this study provide a basis for standardisation of care and highlight key areas where fur-
ther research is needed to inform best practices for the diagnosis, treatment and management of patients with CTX.

© The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.
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1. Vitamin B12
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3. Low-protein diet
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RESULTS

DNA ANALYSIS

Results of mtDNA analysis in peripheral blood and muscle
were negative for deleterious point mutations by se-

quencing and deletions by array comparative genomic
hybridization. A homoplasmic unclassified missense vari-
ant, m.15077G!A (E111K, CytB), was detected and pre-
viously reported in the Polysite database (http://www
.genpat.uu.se/mtDB/) with a frequency of 2702:2 (A:G).
A homoplasmic variant, m.16017T!C, in transfer RNA
located at the first base of the stem region of the amino
acid acceptor arm was detected. The clinical conse-
quences of these nucleotide changes are unknown but
likely represent benign variants. Sequencing of POLG,
ANT1, PEO1, SUCLG1, and SUCLA2 did not identify del-
eterious changes. Sequencing of RRM2B revealed
c.329G!A (p.R110H) and c.362G!A (p.R121H) muta-
tions. Analysis of parental DNA confirmed that the iden-
tified mutations were in trans configuration.

mtDNA DEPLETION

The mtDNA content in blood and muscle was measured
in duplicates and confirmed by repeat runs. Analysis of
the mtDNA content performed on the muscle biopsy
specimen showed 12% of the control mean content, but
no depletion was detected in peripheral blood.

PREDICTED STRUCTURAL CHANGES ON RIR2B

To evaluate the effect of the mutations R110H and R121H,
we examined the evolutionary history of each mutant in
its local structural environment composed of the residues
within 0.50 nm. The analyzed homologs consisted of 256
sequences coming from 165 different sources (including
animals, plants, bacteria, and viruses). The metazoa se-
quences clustered in the phylogenetic tree and consisted
of 60 sequences from 32 different species. Substitution
R121H occurs in only 2.3% of homologs, which share less
than 30% of the total sequence identity and only 8% of the
sequence identity among the contacts in position 121. Sub-
stitution R110H is seen in 1.2% of homologs sharing less
than 70% of the total and 46% of the local sequence iden-
tities. Both positions are almost invariant in RIR2B in meta-
zoa. No homologs simultaneously carried histidine in both
positions. Residues R110 and R121 are located in close prox-
imity to each other and to the known homodimer RIR2B
docking interface (Figure3). Together these data are con-
sistent with R121H and R110H being jointly sufficiently
deleterious to affect the protein function.

A B C

Figure 2. Muscle biopsy suggestive of mitochondrial dysfunction. A, Decreased cytochrome-c oxidase staining (original magnification "100). B, Modified Gomori
trichrome staining showing a ragged red fiber (original magnification "400). Mild variation in fiber size is seen. C, Succinate dehydrogenase staining showing
multiple ragged blue fibers (original magnification "40). These findings were suggestive of the mitochondrial dysfunction. Other findings included rare denervated
fibers and several small fiber-type groups (data not shown).
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Figure 3. Consequences of the R110H and R121H mutations on the
structure of the ribonucleoside reductase small subunit (RIR2B). R110H and
R121H (in red) are within 0.75 nm of each other and straddle the outlined
homodimer interface. Each has 13 structural neighbors (light green) that
overlap at F111, S112, Q113, and E114 (dark green). The few instances of
homologs carrying the R110H substitution have at best only 6 identical
structural neighbors (N106, L107, E109, F111, E114, and R186), and the
homologs with the R121H substitution have at best just 1 identical structural
neighbor (Y124). The figure was generated by using the PyMOL program
(DeLano Scientific LLC, Palo Alto, California) and the 2vux Protein Data Bank
file (doi:10.2210/pdb2vux/pdb).
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for MNGIE but whose plasma thymidine level was nor-
mal. Further analysis showed severe mtDNA depletion
in muscle tissue, and sequencing analysis revealed 2 patho-
genic mutations in the RRM2B gene.

METHODS

CLINICAL PRESENTATION

A 42-year-old woman of mixed African American and Latin Ameri-
can descent was referred to us for evaluation of ophthalmople-
gia, ptosis, gastrointestinal dysmotility, cachexia, peripheral neu-
ropathy, and brain magnetic resonance imaging changes
(Figure 1). She was in good health until age 30 years, when she
developed recurrent and severe episodes of nausea and vomiting
due to gastrointestinal dysmotility. In the same year, she was hos-
pitalized with systemic bacterial infection and received intrave-
nous gentamicin sulfate, which was followed by the develop-
ment of sensorineural hearing loss. Owing to her gastrointestinal
problems, she lost significant weight; in fact, she weighed 30 kg
(body mass index [calculated as weight in kilograms divided by
height in meters squared], 12.5) a year before her presentation
to us. Since age 37 years, she had progressive restriction of eye
movements, ptosis, micronystagmus, dysarthria, unsteady gait,
generalized muscle weakness, and loss of deep tendon reflexes.
Her sensorium was preserved. Her family history was negative
for similarly affected relatives.

Her initial diagnostic evaluation revealed normal levels of
plasma thymidine (100 mmol/L; reference range, !150
mmol/L), serum aminotransferases, creatine phosphokinase,
and plasma amino acids as well as a normal acylcarnitine pro-
file. Her plasma lactate level was mildly elevated (27.9 mg/dL
[to convert to millimoles per liter, multiply by 0.111]; refer-
ence range, 1.8-18.0 mg/dL). Cerebrospinal fluid analysis

showed mild elevation of the levels of total protein, IgG,
myelin basic protein, and lactate. Funduscopic evaluation,
echocardiography, and needle electromyography results were
normal. Nerve conduction studies revealed normal sural
potentials, generalized motor slowing (32-37 m/s), and pro-
longed distal latencies consistent with demyelinating neu-
ropathy. Brain magnetic resonance imaging showed increased
T2-weighted signal in the basal ganglia and patchy
T2-weighted signals throughout the periventricular and sub-
cortical white matter (Figure 1). The muscle biopsy revealed
mild variation of fiber size (Figure 2A), increased endo-
mysial connective tissue, rare ragged red fibers on modified
Gomori trichrome stain (Figure 2B), and numerous ragged
blue fibers on succinate dehydrogenase reaction (Figure 2C).
The overall findings were consistent with mitochondrial
myopathy and mild neurogenic atrophy with reinnervation.
The activity of the respiratory chain complexes in muscle was
within the normal range (data not shown).

ANALYSES

Spectrophotometric analysis of the respiratory chain com-
plexes was performed according to previously described pro-
tocols.10 The coding exons and the immediate flanking in-
tronic sequences of RRM2B, POLG1, ANT1, PEO1, SUCLG1,
and SUCLA2 were amplified by polymerase chain reaction and
sequenced in the forward and reverse directions using auto-
mated fluorescence dideoxy-sequencing methods. The poten-
tial effects of mutants on the protein structure were estimated
by comparing the local environments of mutants11 among the
homologs of the ribonucleoside reductase small subunit (RIR2B)
protein family. Nuclear DNA and mtDNA copy numbers were
determined by real-time quantitative polymerase chain reac-
tion according to a previously validated protocol.12

A B

Figure 1. Axial fluid-attenuated inversion recovery, T2-weighted magnetic resonance images of the brain showing symmetric, hyperintense, nonenhancing lesions
in the basal ganglia (arrows) (A) and patchy signals throughout the white matter (arrows) (B).
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Based on the phenotypic manifestations, radiological 
findings and also the family history, MNGIE disorder was 
suspected. For the definitive diagnosis we performed genetic 
testing. Genomic DNA was extracted from peripheral 
blood using standard procedures. DNA samples were PCR 
amplified using sequence specific primers for the coding 

exons of the thymidine phosphorilase gene. Amplified 
products were cycle-sequenced on ABI prism 3130 DNA 
sequencing system. Our patient was found to be homozygote 
for a mutation in chromosome 22q13.32-ter Exon 8 at 
T5162C and this caused a GCT to GCC codon change. 
Reflecting itself as L371P at the protein level [3], the patient 
was diagnosed with MNGIE syndrome. 

After a three weeks supportive treatment including 
antibiotics, intravenous fluids and parenteral nutrition, his 
symptoms resolved partially and he was discharged to be 
followed up on an outpatient basis.

Discussion

MNGIE syndrome is a multisystemic disorder with 
manifestations in mitochondrial DNA, which results in 
intestinal pseudo-obstruction and neuro-ophthalmologic 
abnormalities and caused by mutations in the thymidine 
phosphorylase gene [4, 5]. Clinical presentation can be 
variable. Approximately 45-67% of patients have had a 
gastrointestinal complaint as the presenting symptom, 
including nausea, vomiting, abdominal pain, diarrhea and 
weight loss. Most of these symptoms suggest a possible 
malabsorption syndrome. If neurologic symptoms are 
present, GSE should be involved in the differential diagnosis 
because GSE long has been associated with neurologic and 
psychiatric disorders including cerebellar ataxia, peripheral 
neuropathy, epilepsy, dementia, and depression [6]. 

Although clinical manifestations are relatively constant 
in MNGIE syndrome, age of onset and disease progression 
are quite variable. These symptoms determine physicians to 
misdiagnose the condition as a malabsorption syndrome such 
as GSE, as happened in our patient. Although he had a strong 
family history, he could not be diagnosed previously because 
the other members of the family, affected by MNGIE, could 

Fig 1. Abdominal radiography revealed air-fluid 
levels in the small intestinal segments.

Fig 2. After diluted barium ingestion, radiography 
showed diffuse thickening of the small intestinal 
walls. The mucosal folds could not be observed 
clearly, but the passage appeared to be normal.

Fig 3. T2-weighted brain magnetic resonance 
imaging showed increased signal, affecting the 
subcortical and periventricular white matter of the 
both hemispheres.
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neurological, developmental or cognitive issues, and 
no pertinent medical history, except for the thumb 
infection.

First examination revealed spasticity involving four 
limbs but no motor deficit. Visual acuity was 20/200 
and 20/63 in the right and the left eye respectively, 
with bilateral central scotomas. Ophthalmologic 
investigations showed bilateral optic atrophy without 
papillary oedema.

Spinal cord MRI revealed a T2 hyperintensity extend-
ing from the cervico-medullary junction to T12 level 
with a cervical swollen aspect and no gadolinium 
enhancement (Figure 1). Brain MRI showed a marked 
hypersignal on diffusion-weighted and FLAIR 
sequences, involving the columns of the fornix and 
the mammillar bodies, together with a T2 hypersignal 
of the optic nerves, without gadolinium enhancement. 
Routine cerebrospinal fluid (CSF) examination was 
unremarkable, with no oligoclonal bands, but lactate 
concentration was elevated at 3.2 mmol/l (normal 
range < 2.2).

Extensive infectious, neoplastic and immunological 
evaluations were negative, including anti-neuronal, 

anti-aquaporine4 and anti-MOG antibodies. 18F-FDG 
positron emission tomography (PET) scan found an 
increased 18F-FDG uptake that ranged from maxi-
mum Standard Uptake Value (SUVmax) 4 to 6 in the 
spinal cord and reached SUVmax 3.3 and 3.9 at the 
level of the right and left optic nerves, respectively.

Despite a 10-day course of methylprednisolone fol-
lowed by seven plasma exchanges, he deteriorated 
and developed severe spastic tetraparesis and dysau-
tonomic symptoms with fever, sweats and intracta-
ble constipation. His visual acuity worsened. 
Multiple cutaneous infections occurred with impe-
tigo, folliculitis, extensive candidiasis and genital 
condylomas. After six weeks he was bedridden and 
nearly blind.

A broader metabolic evaluation was then performed. 
Plasma lactate, pyruvate and amino acids levels were 
normal. Urinary organic acid analysis revealed an 
elevated 3-hydroxyisovalerate concentration and 
presence of 3-methylcrotonylglycine suggestive of 
isolated β-methylcrotonyl CoA carboxylase defi-
ciency, or multiple carboxylase deficiency. Biotinidase 
activity was profoundly decreased at 6.6 nkat/l 
(normal=88–242).

Figure 1. MRI of the spine. (a)–(d) An extensive lesion of the spinal cord from the bulbo-medullary junction to T12 
level, visible in T2 hypersignal (white arrows, (a) and (b)) and T1 isosignal (c). Axial T2-weighted images (d) reveal a 
lesion mainly involving the pyramidal tracts and anterior grey matter (white arrows, (d)). (e)–(i) Brain MRI showing 
on diffusion-weighted ((e) and (f)) and T2 sequences ((g)–(i)) a hypersignal involving the columns of the fornix (white 
arrowheads) and the mammillar bodies (white arrows).
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rarely seen in other adult-onset leukoencephalopathies and usu-
ally suggests an inflammatory or vascular (acquired or inherited)
etiology.5 Finally, asymmetric hyperintensities are rarely reported
in inherited white matter disorders. Besides ALSP, they have
been mainly described in AARS2-related leukoencephalopathy,
retinal vasculopathy with cerebral leukoencephalopathy, Alexan-
der disease, and leukoencephalopathy with calcifications and
cysts.7,15,16 Our data confirmed that asymmetric lesions are pres-
ent in ALSP (37%), and a recent series reported an even higher
occurrence of asymmetric WMH (90%).7

Deep small white matter DWI diffusion-restricted lesions, of-
ten associated with a restriction on an ADC map, were found in
6/8 patients. They are characteristic of the disease because they
have only been reported in ALSP (two-thirds of the patients) and

in AARS2-related leukoencephalopathy (100%).2,7,14,17 As previ-
ously described, our single patient with serial MR imaging and
DWI sequences had persistent b!1000 hyperintensities.7,17 Other
series have suggested that small calcifications with a stepping
stone distribution were characteristic of the disease, but their fre-
quency has not been reported to date.6,18 Here, we found calcifi-
cations in 4/6 patients who had undergone CT, stressing that they
are likely frequent in ALSP. Of note, none of our patients with
calcifications on CT had identifiable T2* hypointensities.

Atrophy (88%) and/or hyperintensities (81%) were frequently
seen in the corpus callosum. In some patients, the corpus callo-
sum was markedly involved, despite very subtle white matter ab-
normalities.19 Conversely, deep gray matter nuclei (13%) and the
external capsule (44%) were rarely involved. Accordingly, such

FIG 1. Characteristic MR imaging abnormalities in patients with ALSP on FLAIR (A–H, K, L), T2WI (I), and T1WI (J) images. MR imaging usually
discloses subtle (A) or marked (B) white mater hyperintensities with frontal predilection (B). WMH can be confluent (B) or patchy (C) and are
usually asymmetric (D). Corticospinal tract involvement (A and E) and corpus callosum involvement (F and G) are frequent. At the posterior fossa
level, WMH can be of a vascular-like type (H). Some patients can present with enlarged perivascular spaces on T2WI (I). T1WI frequently reveals
atrophy, usually marked, with frontal predominance (J). During a 32-month follow-up (case 8), a clear increase of WMH and atrophy is seen (K and
L). A cavum septum pellucidum is frequently observed (A and B).
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CSF1R –related ALSP

depression, apathy, indifference, abulia, irritability, dis-
inhibition, distraction and other behavioural and per-
sonality changes. The symptom ‘motor dysfunction’
referred to parkinsonian symptoms, gait disturbances
and spasticity. Speech problems were defined as cases
with difficulties speaking or finding words. Half of these
cases (55/106) showed two or more symptoms during
the early phases of the disease. Cognitive impairment or
psychiatric symptoms were observed most frequently in
both sexes at every age of onset, but it should be noted
that motor dysfunction was found at an exceptionally
high rate in women affected in their 20s (Fig. 2b, c).

Based on the detailed clinical data from 26 cases
from our cohort, cognitive impairment (96% of sub-
jects), psychiatric symptoms (81%) and pyramidal signs
(81%) occurred with the highest frequency throughout
the disease (Table 1). Following these were frontal lobe
dysfunction (77%), parkinsonism (65%), dysarthria
(54%) and dysphagia (50%). Seizure was observed in
31% of the cases. The type of seizures was not always
described, but generalized seizure seemed to be the most
common. None of these cases showed stroke-like epi-
sodes or peripheral neuropathy. Similar results were
obtained when our data were combined with those from
the literature, but the frequency of each symptom
tended to be lower than that of our cohort because of
the increased amount of missing data. When the num-
ber of men and women with each symptom were com-
pared using the combined data, there was no significant
difference (Table 1). Twenty-three cases that had been
bedridden were also found and the duration of time
from disease onset to incapacitation of 22 of these cases
were calculated (one case was excluded because the date
when this case had been bedridden could not be
obtained). The duration was 3.9 ! 2.7 years
(mean ! SD, range 0–11 years), and there was no sig-
nificant difference between men and women [3.8 !
2.4 years (n = 9) vs. 3.3 ! 2.2 years (n = 12), respec-
tively; P = 0.666; the sex of one case was unreported].

Radiological data

Dilation of the lateral ventricles (100%), bilateral
white matter lesions (96%), cortical atrophy (92%),
thinning of the corpus callosum (88%) and abnormal
signalling in the corpus callosum (88%) were the most
common magnetic resonance imaging (MRI) findings
in our cohort (Table 1). Abnormal signalling in the
pyramidal tracts was observed in 58% of cases. Diffu-
sion-weighted imaging revealed diffusion-restricted
lesions in 38%. However, gadolinium-enhanced lesions
were not detected in any case. Calcifications in the
white matter detected by computed tomography (CT)
scan were seen in more than half of the cases (54%),

Figure 1 Distribution and disease penetrance of ALSP cases

with CSF1R mutation. (a) The mean age of onset in women was

significantly younger than that of men. (b) Kaplan–Meier curves

showing the difference in probability of survival between sexes.

There was no significant difference. (c) Kaplan–Meier curves

showing the age-dependent penetrance. There was a significant

difference between sexes.

© 2016 The Authors. European Journal of Neurology published by John Wiley & Sons Ltd on behalf of European Academy of Neurology.
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