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Summary

White matter hyperintensities are frequently encoun-
tered in clinical practice. In adulthood, white matter
hyperintensities are generally related to acquired
disorders, such as vascular, inflammatory, or demye-
linating diseases. Symmetrical and confluent white
matter abnormalities on the first available MRI sug-
gest a genetic disorder. In this article, we provide
keys to recognize and classify the adult-onset forms
of inherited leukoencephalopathies and to identify
their causes by targeting specific biochemical or
molecular biomarkers.

hite matter hyperintensities in adulthood are frequently encountered by neu-

rologists in clinical practice and are mainly related to acquired diseases, like

cerebral microangiopathy or inflammatory disease such as multiple sclerosis

(MS). In rare cases, inherited leukoencephalopathy may be diagnosed.
Although rarely present, clinicians should inquire regarding a positive familial history, periph-
eral neuropathy, occurrence of sensorial involvement (visual loss, hypoacousia), and non-
neurologic signs (xanthomas, endocrine dysfunction, syndactyly) (table e-1 at Neurology.
org/cp). Neurologic symptoms are often nonspecific and not helpful in making a diagnosis.
Patients are commonly referred for cognitive/mood changes, progressive paraparesis/ataxia, or
both. Careful analysis of cerebral MRI helps to distinguish acquired from genetic disorders.
Asymmetric distribution, gadolinium enhancement, and rapidly evolving lesions strongly
argue for acquired etiologies, whereas persistent, symmetric, and confluent demyelination
on serial MRI argues for a genetic cause (see diagnostic algorithm, figure 1).

Departments of Neurology (PL, CC-D, XA) and Neuroradiology (NMdC), CHU Montpellier; and Neuropédiatrie et
Maladies Métaboliques and INSERM U676 (OB-T), National Reference Center for Leukodystrophies, Hopital
Robert Debré, Assistance Publique-Hopitaux de Paris—Université Paris Diderot, Paris, France.

Funding information and disclosures are provided at the end of the article. Full disclosure form information
provided by the authors is available with the full text of this article at Neurology.org/cp.

Correspondence to: labauge@yahoo.fr

Neurology: Clinical Practice 1 August 2014

Supplemental Data

Neurology.org/cp



http://Neurology.org/cp
http://Neurology.org/cp
http://cp.neurology.org/lookup/suppl/doi:10.1212/CPJ.0000000000000047/-/DC1
http://cp.neurology.org/lookup/doi/10.1212/CPJ.0000000000000047
http://Neurology.org/cp

Pierre Labauge et al.

288

[ Figure 1 Diagnostic algorithm of the white matter hyperintensities ]

White matter hyperintensities

Acquired diseases | Genetic diseases

Vascular MRI Nonvascular
- Asymmetric distribution
- Gadolinium enhancement
- Rapid increase - Microbleeds Cavitary MRI Other MRI
- Lacunar infarction

- Brainstem, external
capsles and deep
gray matter involvement

Large hypointensity
within high signal area
on FLAIR sequence

NOTCH3 EIF2B1-5 Metabolic screening

FLAIR = fluid-attenuated inversion recovery.

Once a genetic cause of the white matter disease is suspected, MRI pattern analysis is a
key to investigate for specific biochemical or molecular biomarkers. In adult-onset leukoence-
phalopathies, we propose considering 3 groups of MRI presentation: vascular, cavitary, and
other types (figure 1).

Genetic vascular disorders of the white matter

MRI findings suggestive of a vascular mechanism consist of T2/fluid-attenuated inversion re-
covery (FLAIR) sequences hyperintensities, involving the deep gray matter, the pons, the tem-
poral lobe, and the external capsule. Associated subcortical infarcts, lacunes, microbleeds,
calcifications, and dilated perivascular spaces reinforce this hypothesis (figure 2).

Three diseases representing the main causes of inherited cerebral microangiopathy must be
considered: cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoen-
cephalopathy (CADASIL), the most frequent; COL4A1 mutations—related disease; and cere-
broretinal microangiopathy with calcifications and cysts (CRMCC).

CADASIL CADASIL is by far the most frequent cause of inherited adult-onset cerebral mi-
croangiopathy related to heterozygous mutations of the NOTCH3 gene (19p13). Clinical
symptoms are classically related to the age of the patients: migraine with aura before the
fourth decade, lacunar infarcts and mood disturbances during the fifth decade, and cognitive
decline in the sixth. Late onset and incomplete phenotypes are increasingly recognized.’

Familial history suggesting an autosomal dominant transmission could be absent, since in-
complete penetrance, variable expressivity, and de novo mutations have been described.

MRI features suggestive of a vascular origin are observed: T2/FLAIR hyperintensities of ex-
ternal capsules, thalami, and pons (figure 2, A and B), associated with deep microbleeds on
gradient echo sequences. In this context of vascular MRI, marked hyperintensities of the
temporal lobe strongly suggest CADASIL diagnosis (figure 2B), since they are observed in
90% of NOTCH 3 mutated patients.” Milder MRI phenotypes are increasingly recognized.
Age of the patient is important when considering a diagnosis of CADASIL. NOTCH3 gene
analysis must be investigated in (1) patients under age 50, with a vascular MRI pattern, even
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[ Figure 2 Cerebral MRI of genetic vascular disorders of the white matter ]

(A, B) Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy. Fluid-attenuated
inversion recovery (FLAIR) sequence: symmetrical hyperintensities of external capsules, thalami (A), and anterior part
of the temporal lobe (B). (C, D) COL4A1 mutation. (C) FLAIR sequence. Right porencephalic cavity. (D) Gradient echo
sequence. Numerous microbleeds. (E, F) Leukoencephalopathy with calcifications and cysts. (E) FLAIR sequence.
Cystic aspect in the demyelinating area. (F) T1 weighted with gadolinium injection. Enhancement of the cysts by
the contrast product. (G, H) Fabry disease. (G) FLAIR sequence. Lacunes and hyperintensities of the white matter
involving the external capsules. (H) Gradient echo sequences. Numerous deep microbleeds.

in the absence of the characteristic temporal lobe involvement; and (2) patients above age 50
without any cardioembolic disease or atherosclerosis, and with a typical MRI pattern.

A rare and recessive form mimicking CADASIL, cerebral autosomal recessive arteriopathy
with subcortical infarcts and leukoencephalopathy (CARASIL), has been reported. CARASIL
is mainly described in Asia, with peculiar extraneurologic symptoms such as alopecia and spon-
dylosis. The mutated gene, HTRAI, should not be routinely screened, except for patients with
recessive inheritance and extraneurologic signs.’

COLA4A1 mutations—related diseases Mutations in the COL4Al gene were initially
described in children as familial porencephaly. Common features were initially characterized
by dominant inheritance, cerebral palsy with porencephalic cavities, and recurrent brain
hemorrhages.* Porencephaly is defined by a fluid-filled cavity, communicating with the lateral
ventricle.

Phenotype is now widening, including adult-onset cases, sporadic cases, mild phenotype,
ophthalmologic involvement (retinal arteriolar tortuosities, cataracts, retinal hemorrhages,
Axenfeld-Rieger anomaly), and intracranial aneurysms. Association of nephropathy, muscle
cramps, and aneurysms has been described as hereditary angiopathy with nephropathy, aneur-
ysms, and cramps (HANAC) syndrome.’

MRI features consist of a classical vascular pattern. In addition, occurrence of deep hemor-
rhages (deep microbleeds, parenchymal hematomas), calcifications, intracranial aneurysms, and
porencephalic cavities (figure 2, C and D) and absence of temporal lobe involvement strongly
suggest to search for a COL4AI gene mutation.

Since milder phenotypes have been recognized, COL4AI gene analysis is also recommen-
ded in case of unexplained isolated profound hemorrhage in patients under age 50.
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Once a genetic cause of the white matter
disease is suspected, MRI pattern analysis is a
key to investigate for specific biochemical or
molecular biomarkers.

More recently, COL4A2 gene mutations have been identified in adult patients with por-
encephalic cavities and brain hemorrhage.

CRMCC The association of white matter changes with calcifications and intracranial cysts
should evoke CRMCC, a rare recessive multisystem disorder initially described in infancy or
early childhood. Extraneurologic symptoms are frequent, including retinal telangiectasias, os-
teopenia, sparse hair, and dystrophic nails. Intracranial cysts could be very large, evolving
with increasing size or appearance of new cysts on serial MRI (figure 2, E and F). CRMCC
includes 2 entities: leukoencephalopathy with calcifications and cysts (LCC), restricted to
the CNS, and Coats plus disease, which associates retinal telangiectasia with retinal exu-
dation, intracranial calcifications, white matter changes, and extraneurologic symptoms
(digestive hemorrhage, skeletal abnormalities, hepatopathy, disorder of skin appendages).
Coats plus disease and LCC are likely the same clinical entity, with a common primary
pathogenesis based on a small-vessel obliterative microangiopathy. Mutations in the con-
served telomere maintenance component 1 gene (C7CI) were recently identified in patients
with CRMCC.” Further molecular analysis is needed in order to confirm the genetic
heterogeneity of CRMCC.

Familial cerebral amyloid angiopathy Cerebral amyloid angiopathy (CAA) is character-
ized by leukoaraiosis, intracerebral hemorrhage, and lobar microbleeds. Compared with the
sporadic forms, familial CAA (fCAA) is characterized by an earlier age at onset and a more se-
vere clinical course. fCAA is excessively rare. In the absence of relatives with dementia or brain
hemorrhage, genes involved in fCAA (at first APP gene) should not be routinely investigated.

Rare but treatable diseases: Fabry disease and cerebrotendinous xanthomatosis Inher-
ited metabolic disorders affecting small cerebral vessels such as Fabry disease and cerebroten-
dinous xanthomatosis (CTX) must be considered in case of vascular white matter MRI
pattern since specific treatment can be prescribed. Extraneurologic features (painful neurop-
athy, angiokeratomas or cutaneous xanthomas, renal insufficiency, cataracts) must be metic-
ulously searched. Symmetrical involvement of the dentate nucleus argues for a diagnosis of
CTX. T1 hyperintensity of the thalami (the pulvinar sign) and basilar artery dilation are clas-
sically described in Fabry disease.® As a rule, cholestanol and o-galactosidase A must be
measured in patients with a vascular white matter MRI pattern without any explanation
(figure 2, G and H).

New and unknown vascular leukoencephalopathies New phenotypes of dominant vascular
leukoencephalopathies are increasingly recognized. Recently, an autosomal dominant inherited
vascular leukoencephalopathy sharing some MRI features with CADASIL was published. The
hallmark of this new disease was a constant involvement of the pons sparing the medulla and
cerebellum, and absence of ischemic or hemorrhagic strokes. The gene was mapped to 20q13.°

In patients without any diagnosis, careful definition of MRI patterns can help to classify
them in order to identify new biochemical or molecular markers.

Cavitary leukoencephalopathies

A cavitary leukoencephalopathy is radiologically defined by the association of hypointensities
within large areas of demyelination on FLAIR sequences (figure 1). In contrast to porenceph-
aly, they are not connected to the ventricles and they are within the demyelination.'® They
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Figure 3 Cerebral MRI of leukodystrophies with biochemical markers (axial fluid-
attenuated inversion recovery sequences)

(A, B) X-linked adrenoleukodystrophy. Symmetrical hyperintensities of the white matter with parieto-occipital
predominance. (C) Metachromatic leukodystrophy. Symmetrical hyperintensities of the white matter with frontal pre-
dominance. (D) Krabbe disease. Hyperintensities of the corticospinal tracts. (E, F) Cerebrotendinous xanthomatosis.
Diffuse leukoencephalopathy (E) and hyperintensities of the dentate nuclei (F).

are not enhanced by gadolinium injection, unlike cysts. This rare aspect should suggest an
adult-onset form of childhood ataxia with CNS hypomyelination (CACH) diagnosis.

CACH is an autosomal recessive leukodystrophy, initially described as having childhood on-
set (2-5 years), leading to death in a few years. It was also named vanishing white matter
disease (VWM) due to its peculiar MRI pattern with progressive cavitation of diffuse edem-
atous white matter. Mutations in 1 of the 5 EIF2B1-5 genes, encoding the 5 subunits of the
eukaryotic initiation factor elF2B, were further identified in classical CACH/VWM as well as
in congenital and juvenile-/adult-onset forms. Adult-onset phenotypes have been more recent-
ly described. In our series of 16 consecutive patients, a sex imbalance (male/female = 3/13)
and a mean age at onset of 46 years (range 16-62) were observed.'” Two findings are char-
acteristic: influence of stress (that worsened and revealed the symptoms in 38% of the cases)
and premature ovarian failure. Occurrence of ovarian failure, termed as ovarioleukodystrophy,
was effectively present in the majority of the female patients of our adult series.”

MRI shows a typical abnormal extensive signal of the cerebral white matter with a diffuse
T1-weighted sequence hypointensity and decreased FLAIR signal within the T2-weighted
hyperintensity observed in the majority (15/16 patients of our series) of the cases. MRI features
also include a constant cerebral atrophy, sparing the U-fibers, and frequent involvement of the
corpus callosum and the cerebellum.'’

In adult-onset forms of EIF2B-related disorders, mutations are mainly found in the E/F2B5
gene, with a recurrent R113H mutation observed in 71% of the cases.'

Rarely, cavitary leukoencephalopathies have been reported in mitochondrial diseases, mega-
lencephalic leukoencephalopathy, and childhood-onset form of Alexander disease. In contrast
to CACH/VWM, these cystic lesions are less extensive and well-delineated.

In fact, the main differential diagnoses of cavitary leukodystrophies in adult patients are acquired
disease, mostly MS. In our series of 9 patients with MS with large cavitary lesions,"" initially referred to
as a cavitary leukodystrophy, the MS diagnosis was based on 2 arguments: (1) absence of mutation
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[ Figure 4 Neuroradiologic examinations of leukoencephalopathies with molecular markers ]

(A, B) Fragile X-associated tremor/ataxia syndrome. Axial fluid-attenuated inversion recovery (FLAIR): hyperin-
tensities involve the splenium of the corpus callosum (A) and the middle cerebellar peduncles (B). (C, D) Mito-
chondrial disorders. (C) CT scan. Bilateral and profound calcifications. (D) Axial FLAIR MRI: hyperintensities of the
cerebellar white matter. (E) Spastic paraplegia-11. Axial FLAIR sequence: subtle hyperintensities of the peri-
ventricular white matter. (F) Leukoencephalopathy with brainstem and spinal cord involvement and lactate ele-
vation syndrome. Axial FLAIR sequence: hyperintense signal of the inferior cerebellar peduncles, pyramidal
tracts, and cerebellar white matter. (G, H) Adult-onset autosomal dominant leukodystrophy. Axial FLAIR sequen-
ces: hyperintensities of the splenium of the corpus callosum, corticospinal tracts (G), and middle cerebellar
peduncles (H).

of the 5 EIF2B genes and (2) a careful analysis of the clinical data, including previous relapses,
presence of oligoclonal bands on CSF study, and partial transverse myelitis on spinal cord MRIL

MRI without any vascular or cavitary pattern
This heterogenous group includes patients with white matter hyperintensities, without any
argument, to search for a vascular mechanism or a cavitary leukoencephalopathy.

Most of the patients present as sporadic cases, because of a frequent recessive inheritance. An
inborn error of metabolism has to be searched first in these cases. Since an inborn error of me-
tabolism is found in almost 25% of childhood leukodystrophies,'> we propose to carry out a
systematic biochemical workup in adult patients without vascular or cavitary demyelinating
MRI pattern (table e-2). The most frequent metabolic leukodystrophies in adult-onset cases
are X-linked adrenoleukodystrophy (figure 3, A and B), metachromatic leukodystrophy
(figure 3C), Krabbe disease (figure 3D), and CTX (figure 3, E and F). Interestingly, patients
with CTX can have either a vascular or a nonspecific leukoencephalopathy. The diagnosis is
based on very long-chain fatty acid level (increased), arylsulfatase or galactocerebrosidase activity
(decreased), or cholestanol (increased). However, as the clinical symptoms and MRI features of
most inherited leukoencephalopathies are not specific, sometimes with isolated corticospinal tract
involvement, a standardized biochemical investigation is proposed to search for rarer diseases
(table e-2). The enzyme deficiency has to be systematically confirmed by the genetic analysis.

In cases of negative metabolic investigation, a careful analysis of the MRI features is impor-
tant to guide the genetic analysis (table e-3).

1. Cerebellar involvement is suggestive of CTX (figure 3, E and F). Association with
middle cerebellar peduncle involvement suggests fragile X—associated tremor/ataxia syn-
drome'” (notably in the presence of late-onset tremor, ataxia, and cognitive impairment)

(figure 4, A and B)."
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Rarely, cavitary leukoencephalopathies have
been reported in mitochondrial diseases,
megalencephalic leukoencephalopathy, and
childhood-onset form of Alexander disease.

. Calcifications (mainly cerebellar or deep basal ganglia nuclei) and cerebellar hyperinten-

sities/atrophy suggest first a mitochondrial disorder (figure 4, C and D). This diagnosis is
reinforced by occurrence of sensorial symptoms (hypoacousia, optic atrophy) and diabetes.
Intracranial calcifications are also found in the Nasu-Hakola disease,"” including rheuma-
tologic symptoms (osteopenia, bone cysts) and frontal cognitive involvement.

. Subtle periventricular white matter hyperintensities with corticospinal tract involvement

can be found in hereditary spastic paraplegia mainly related to spastic paraplegia (SPG)-10
and SPG-11 (corpus callosum atrophy is an additional indication of the latter) (figure 4E).
The diagnosis is reinforced by occurrence of chronic spastic paraparesis.

. Mesencephalic trigeminal tract involvement with cerebellar involvement and hyperinten-

sities of the posterior part of the spinal cord is suggestive of leukoencephalopathy with
brainstem and spinal cord involvement and lactate elevation syndrome (DARS2 gene
mutation) (figure 4F)."

. Temporal cysts strongly suggest a megalencephalic leukoencephalopathy with subcortical

cysts diagnosis.'®

. Hyperintensities predominant in the internal and external capsules, pons, and medulla

with spinal cord atrophy suggest a diagnosis of adult polyglucosan body disease. This
suspicion is reinforced by occurrence of progressive spastic paraplegia with neurogenic
bladder and peripheral axonal neuropathy. Diagnosis is supported by the glycogen branch-
ing enzyme deficiency and GBEI gene mutation.'”

. A hypomyelinated MRI pattern, defined by T1 isointensity or hyperintensity of the white

matter, is rarely observed in adult-onset forms of leukodystrophies. Two diseases can be
suspected in adult patients: PLPI (SPG2) or GJC2 (SPG44) mutations with a predom-
inant spastic paraplegia and hypomyelination with hypodontia and hypogonadotropic
hypogonadism (4H) syndrome with a predominant cerebellar ataxia.

In few cases, the pedigree analysis argues for a dominant transmission, a mode of inheritance

rarely observed in leukodystrophies with metabolic markers. Some genes are identified in dom-

inant leukodystrophies:

1.

Involvement of the brainstem, cerebellum, middle cerebellar peduncles, and corticospinal
tracts (figure 4, G and H) in a context of a severe ataxia, dysautonomia, and tremor is
suggestive of adult-onset autosomal dominant leukodystrophy diagnosis (related to a lamin
B1 gene duplication).'®

Predominantly frontal hyperintensities are in favor of the pigmentary orthochromatic
leukodystrophy/hereditary diffuse leukoencephalopathy with spheroids diagnosis (CSFIR
gene mutation)."” Association with brainstem atrophy and palatal tremor suggests
Alexander disease (GFAP gene mutation).*

Dominant inherited hypomyelination, reinforced by occurrence of syndactylia, suggests a
diagnosis of the oculodentodigital syndrome (connexin 43/GJ/A1 gene mutation).

Patients without any diagnosis
Finally, some patients can remain without any diagnosis. Acquired diseases or new phenotypes

could explain negative results. Repeat clinical, sensorial, neurophysiological, and MRI
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evaluation must be performed according to the disease progression. In these latter cases, tech-
nological advances including next-generation sequencing will probably allow the identification
of new pathogenic genes.

DISCUSSION

Neurologists should be aware of the genetic form of white matter diseases, even in the absence
of family history. Symmetrical involvement on the first available MRI is the essential distinctive
finding since it strongly suggests an inherited disorder and allows a classification into 3 groups:
vascular, cavitary, and nonspecific. In the vascular group, CADASIL should be evoked first.
Cavitary aspects strongly suggest E/F2B-related disorders. In the third group, a standardized
approach by a metabolic screening remains mandatory. Confirmation of the inborn metab-
olism error requires the presence of a pathogenic mutation. In patients without any enzyme
deficiency, a careful analysis of the MRI and the clinical data are important to search for a
mutation in specific pathogenic genes.
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