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Summary

Lysosomal storage diseases (LSD) are a complex group of genetic disorders
that are a result of inborn errors of metabolism. These errors result in a vari-
ety of metabolic dysfunction and build-up certain molecules within the tissues
of the central nervous system (CNS). Although, they have discrete enzymatic
deficiencies, symptomology and CNS imaging findings can overlap with each
other, which can become challenging to radiologists. The purpose of this paper
is to review the most common CNS imaging findings in LSD in order to famil-
iarize the radiologist with their imaging findings and help narrow down the dif-
ferential diagnosis.
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Introduction/Background

Lysosomal storage diseases (LSD) are a group of rare
inherited metabolic disorders that are a result of inborn
errors of metabolism. They are a clinically heterogeneous
group of approximately 50 disorders that are classified
according to the accumulation of an improperly degraded
macromolecule in tissues.!

The lysosome is a cellular organelle with the purpose
of digesting larger macromolecules. It accomplishes this
task through the use of catabolic enzymes and an acid-
rich environment. The list of macromolecules that are
degraded through the lysosome include sphingolipids,
glycoproteins and glycosaminoglycans. LSDs result when
there is a disruption in the pathway of elimination for
such molecules. The particular symptoms of the disease
are primarily dependent on the substrate tissue source
and the relevant metabolic pathway that is disrupted
leading to a build-up of the substrate in the tissues. The
most common defects involve lipids and are closely
related.!

More than 40 of the classified LSDs share some level

results in an increased viscosity leading to T1 and T2
shortening.? The classic LSD finding is tigroid white mat-
ter, which is thought to be related to periventricular lipid
accumulation on a background of absent myelin?
(Fig. 1). Additional neuroimaging findings demonstrate
significant overlap between syndromes. The purpose of
this paper is to review the most common LSDs, familiar-
ize the radiologist with their imaging findings in order to
aid in narrowing the differential diagnosis. The most
common disorders will be discussed in this article and
include: Metachromatic leukodystrophy (MLD), Krabbe’s
disease, the gangliosidoses Fabry’s disease, neuronal
ceroid lipofuscinosis and the mucopolysaccharidoses.

Metachromatic leukodystrophy

Metachromatic leukodystrophy is the result of deficiency
in arysulfatase A (ARSA) or, even rare, of its activator
protein sapsoin-4.3 All cases result in the accumulation
of the ARSA substrate galactosylceramide I3-sulfatate in
the white matter of the central and peripheral nervous
system.? Sulfatides are a component of myelin and it has
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A pictorial review

Fig. 1. Axial T2-weighted image through the brain showing the classic
finding among the majority of LSD cases, ‘tigroid’ appearance to the
periventricular white matter. Findings are thought to be related to periven-
tricular lipid accumulation (low signal) on a background of absent myelin
(high signal).

disease is classified according to the age at onset into
the following: Infantile (1-4 years), juvenile (5-
10 years) and adult (after puberty). Infantile is the most
common form accounting for 60-70% of all cases.! Clini-
cal manifestations are dependent on the age of onset.
Infantile MLD will usually present with painful polyneu-
ropathy and progressive gait disturbances between the
ages of 14-16 months.! Gait disturbances are progres-
sive with affected patients eventually being unable to sit
up or stand.! The juvenile and adult forms have a similar
presentation with behavioural abnormalities, cognitive
deficits and dementia as more prominent features.® Age
of onset is typically 5-10 years in the juvenile form with
adult being classified as anything after the onset of pub-
erty.” Common features of all forms include gallbladder
dysfunction and early megalencephaly. Gallbladder dys-
function is the result of deposition of sulfatides in the
gallbladder resulting in sludge or polypoid ingrowths
which may result in acute cholecystitis.®

The neuroimaging hallmark of MLD is a rapidly pro-
gressive leukodystrophy with periventricular white mat-
ter predominance. The typical MRI appearance is
symmetric, confluent, ‘butterfly’ T2/FLAIR hyperintensity
in bilateral periventricular white matter.® There is early
sparing with later involvement of the subcortical
U-fibres, internal capsule and corpus callosum. Low T2/
FLAIR signal maybe seen in the thalami, however, less so
than Krabbe’s disease.® A tigroid appearance to the white
matter on T2-weighted imaging may be evident sec-
ondary to islands of normal myelin around medullary
veins producing linear hypointensities in confluent hyper-
intensity® (Fig. 2). Diffusion weighted imaging (DWI)
often demonstrates restricted diffusion in the involved
white matter® (Fig. 3). Enhancement of the cranial
nerves may also be seen® (Fig. 4). Short TE (35) MR

Fig. 2. Axial T2 (a) and FLAIR (b) images in a patient with MLD. The images
depict some of the typical findings in MLD. The hallmark of the disorder is
rapidly progressive leukodystrophy with the periventricular white matter
taking on the typical MRI appearance of symmetric, confluent, ‘butterfly’
T2/FLAIR hyperintensity, often with a tigroid appearance (large arrow-
heads). There is usually early sparing with later involvement of the subcor-
tical u-fibers (small arrowheads) and internal capsule (small arrows). Low
signal is seen within the bilateral thalami, a feature in many LSDs (asterix).

Fig. 3. Diffusion-weighted imaging in patients with MLD will often show
diffusion restriction in the affected white matter. In the above example, we
can see diffuse involvement of the white matter evident by restricted diffu-
sion on both the DWI image (a) and the ADC map (b).

spectroscopy in the abnormal periventricular white mat-
ter may demonstrate relative elevation in the choline
band with variable elevation of myoinositol® (Fig. 5).

No effective treatment exists for the disease. However,
when undertaken early, bone marrow transplantation
may slow or halt the progression of the disease! (Fig. 6).
Unfortunately bone marrow transplantation may fail, par-
ticularly when neuropsychologic signs are advanced?
(Fig. 7).

Krabbe disease

Krabbe’s disease (or Globoid Cell Leukodystrophy, GLD)
is a disease that is a result of a galactocerebroside
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Fig. 4. Enhancement of the cranial nerves (CNs) is a common finding in multiple LSDs. The above post-contrast enhanced sagittal and coronal T1-weighted
images demonstrate enhancement of CNs IIl (a, arrow) as well as CNs V, VII, and VIII (b, arrows).

Fig. 5. Short TE (35) single voxel MR spectroscopy in a patient with MLD.
Abnormal periventricular white matter in patients with MLD demonstrates
decreased NAA peak with relative elevation in the choline band with vari-
able degrees of elevation in myoinositol on MR spectroscopy. The above
case depicts a case in which both the choline and myoinositol bands are
elevated.

betagalactosidase deficiency!®. The normal function of
galactocerebroside betagalactosidase is to cleave the
bond between ceramid and galactose in the molecule of
galactosylceramide. The end result is an accumulation of
galactosylsphingosine in oligodendrocytes and macro-
phages.!! Galactosylsphingosine is highly toxic to oligo-
dendrocytes leading to severe myelin loss from
oligodendrocyte destruction.!! GLD is an autosomal
recessive disorder caused by mutations in the galactosyl-
ceramidase gene located on chromosome 14q31.1113
Infantile, juvenile and adult forms are recognized. The
majority of cases are an early infantile form (onset
between 1-6 months old) with the later onset forms

Pre-transplantation

Post-transplantation

Fig. 6. Axial FLAIR images (a) pre and (b) post bone marrow transplant. (a)
Pre-bone marrow transplantation axial FLAIR image in a 15-month-old infant
boy with MLD shows symmetric ‘butterfly’ hyperintensity of the periventric-
ular white matter (arrowheads). BMT was performed at the age of 4 years
with significant improvement in the abnormal ‘butterfly’ hyperintensity of
the periventricular white matter as seen in axial FLAIR image (b) obtained
at the age of 5 years.

being exceedingly rare.'? Patients demonstrate rapid
psychomotor regression with generalized rigidity with
tonic spasms.2? Opisthotonic posturing is common with
clenched fists and myoclonic jerks.'? Blindness and optic
atrophy are features that appear later in the disease
process.!?

The MR imaging in patients with infantile GLD shows
demyelination and gliosis without inflammation (non-
enhancing) in the cerebrum and cerebellum.? The corpus
callosum is often involved earlier in the disease process
with the subcortical U-fibers spared until late in the dis-
ease!? (Fig. 8). GLD is one of the few leukodystrophies in
which cerebellar findings may appear earlier in the dis-
ease. Similar to MLD, T2 hypointense, tigroid stripes in
the periventricular white matter can be seen in a back-
ground of hyperintense signal*? (Fig. 8). Also similar to
MLD, cranial nerve enhancement and a low T2 signal in
the bilateral thalami may be seen. However, GLD will often
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Pre-transplantation Post-transplantation

Fig. 7. (a) Pre- and (b) post-bone marrow transplant FLAIR imaging in a
patient with MLD shows interval progression of disease. Specifically, there
is severe volume loss and dilation of the ventricles (small arrowheads) sec-
ondary to periventricular white matter necrosis and resultant cyst forma-
tion (large arrowheads). All findings point to worsening leukomalacia.

Fig. 8. Axial T2-weighted images in a 6-year-old male with Krabbe’s dis-
ease. The above axial T2-weighted images show findings commonly seen in
patients with Krabbe’s disease. Often, like many other LSDs, the periven-
tricular white matter will take on a tigroid appearance (large arrows). How-
ever, unlike the others, the corpus callosum is often involved earlier in the
disease process (small arrow).

demonstrate preferential involvement of optic nerves and
a greater decrease in the T2 signal from the thalami com-
pared to MLD*? (Fig. 9). Additionally, increased attenua-
tion is seen within the thalami on non-contrast enhanced
CT (NECT) early in the course'? (Fig. 10). Although the
true cause is unknown, it has been postulated to be sec-
ondary to alterations in the ratio of lipids, water, and pro-
teins in response to the disease. Late stages of the
disease show generalized atrophy.*?

Fabry disease

Fabry disease (FD) is the result of an alphla galactosi-
dase-A deficiency. This leads to a progressive accumula-
tion of glycosphingolipids, predominantly ceramide
trihexoside.'* As a direct result, lipid deposits can be

Fig. 9. While CN enhancement can been seen in many different forms of
LSD, enlarged and enhancing optic nerves bilaterally (a, arrows) are typi-
cally seen in cases of Krabbe’s disease. In this case, bilateral trigeminal
nerve enhancement (b, arrows) is also present.

Fig. 10. Axial non-contrast-enhanced CT (NCECT) image at the level of the
thalami in a 4-year-old boy with Krabbe ‘s disease. An imaging finding in
Krabbe disease that only few LSD exhibit is increased attenuation within
the bilateral thalami (arrows) early in the course of the disease on NCECT.
In addition, there is decreased bifrontal preriventricular density (arrow
heads) from demyelination.

seen within the ganglion cells of the dorsal root and
autonomic nervous system, as well as specific cortical
and brain stem structures.*® Lipid deposits can be found
in non-neural structures such as the cornea, glomeruli
and tubules of the kidneys, cardiac myocytes and
endothelial cells of blood vessels.'®> FD is an X-Linked
disorder, however, a portion of females affected with the
mutation may also develop disease-related complications
with onset typically being delayed.® In late childhood or
adolescence, affected patients begin to develop recurrent
attacks of burning pain in their distal extremities.
Angiokeratomas, or telangiectatic skin lesions, often
occur over the area between the nipple line and above

© 2016 The Royal Australian and New Zealand College of Radiologists

347




N Fagan et al.

the knees. Focal deficits, such as bilateral hearing loss,
may develop.!” Patients may also experience gastroin-
testinal symptoms, excessive sweating and vasomotor
problems secondary to autonomic dysfunction.'®

Endothelial blood vessel deposition of lipid leads to
vascular events such as myocardial ischemia and
dementia from multifocal strokes, most commonly in the
early fourth through the sixth decade of life.'® However,
young men are at an increased risk for stroke as well,
particularly in the vertebrobasilar system.?° Thus, a
common neuroimaging finding is multifocal infarcts
within the small vessel distribution®! (Fig. 11), tortuosity
and dolichoectasia of cerebral vasculature particularly in
the vertebrobasilar system which can lead to compres-
sive or ischaemic dysfunction.

If imaging is performed on asymptomatic patients,
non-specific, asymmetric, widespread deep white matter
nodules that are hyperintense on T2 imaging may be
seen (Fig. 11a). Increased T1 signal in the deep grey
mater nuclei from remote ischaemic insult and mineral-
ization, particularly in the lateral pulvinar, is considered
pathognomonic (Fig. 11b).22

Neuronal ceroid lipofuscinoses

Neuronoal ceroid lipofuscinoses (NCL) is a heteroge-
neous group of lysosomal storage disorders that are gen-
erally classified as CLN1 to CLN10 and differ based on
age of onset, clinical symptoms, neurophysiologic abnor-
malities and pathologic findings.?®> The pathophysiology
is poorly understood and involves intracellular accumula-
tion of an auto fluorescent lipopigment in neurons and
other cells leading to progressive loss of nerve cells.?*
NCL demonstrates mostly an autosomal recessive
pattern of inheritance.?> Age of onset ranges from less
than 2 years of age to adulthood with varying clinical
presentations and life expectancies.! Patients who pre-
sent before the age of 2 are said to have the infantile
form and typically present with seizures and visual loss.

Fig. 11. Axial T2 (a) and T1 (b) image in a patient with Fabry disease.
Image (a) demonstrates multiple foci of abnormal T2 hyperintensity within
the white matter (arrows) representing multiple small infarcts. Image (b)
shows increased T1 signal in bilateral basal ganglia and posterior thalami
(arrows) representing mineralization secondary to remote infarctions.

The juvenile form is between 4 and 10 years of age with
visual loss the most common presenting feature. Finally,
patients present with adult disease around 30 years of
age with seizures or abnormalities as the most common
form of presentation.® All forms develop progressive
ataxia, epilepsy and dementia.2®> The infantile and juve-
nile forms show progressive visual failure and retinopa-
thy which is absent in late presentation cases
(>30 years).?® Patients with the disease demonstrate
typical EEG abnormalities such as variable slowing of
background activity, paroxysmal bursts of polyphasic
epilepitform discharges and excessive photic response.2®

On MRI, patients with NCL may demonstrate diffuse
cerebral, as well as cerebellar atrophy.?® Like the other
lysosomal storage diseases, reduced T2/FLAIR signal is
evident in the bilateral thalami.?®> This finding is most
frequently associated with the infantile form followed by
the juvenile.?®> Mild white mater and internal capsule T2
hyperintensity may also be seen, again, more commonly
associated with the infantile form?° (Fig. 12).

Mucopolysaccharidoses

The mucopolysaccharidoses are another heterogeneous
group of disorders resulting from various individual defi-
ciencies of lysosomal enzymes that are involved in the
degradation of glycosaminoglycans.?”:28 Manifestations of
central nervous system involvement are related to exces-
sive perivascular and intraneuronal storage of
mucopolysaccharides.?® Age of presentation and
symptomology are dependent on the particular disease.
Hunter and Hurler usually present before the age of 10,
while others may present in the teenage or young adult
years.?® 39 Symptoms at time of presentation vary by
specific disease.

Magnetic resonance imaging findings vary in frequency
and severity depending on the disease. Cerebral white
matter lesions due to delayed myelination and/or
demyelination secondary to accumulation of macro-
molecules seen as hyperintense T2 signal foci in periven-
tricular white matter, dilated perivascular spaces including
the basal ganglia, and meningeal thickening, are com-
mon.2%3% Macrocrania early in the disease with associated
hydrocephalus and arachnoid cyst formation is often seen
in Hunter and Hurler’s?®3° (Fig. 13). Kyphoscoliosis, liga-
mentous thickening with atlantoaxial subluxation and cord
compression can be seen and is a common cause of death
in Morquio disease?®3° (Fig. 14). Hepatosplenomegaly
and cardiac dysfunction are accompanying manifestations
of the disease outside the CNS.

Gangliosidoses

Gangliosides are complex lipids that are predominately
found in the brain grey matter. Disorders of ganglioside
metabolism are identified on the basis of specific under-
lying enzyme deficiency and the resultant accumulation
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Fig. 12. Axial T2’s (a and b) and axial FLAIR with fat saturation (c) images in patients with NCL at varying ages. Image (a) depicts cerebellar atrophy in a 9-
year-old patient. Patients with the infantile and juvenile forms of the disease often have decreased T2 signal in the thalami (small arrowheads) and basal gan-
glia (large arrowheads) as evident in image (b) in a 12-year-old patient. Mild white matter (small arrowheads) and internal capsule (large arrowheads) T2/
FLAIR hyperintensity in a 15-month-old as seen in image (c) is more commonly associated with the infantile form.

Fig. 13. Axial FLAIR T2 images with fat saturation in a 6-year-old patient
with Hurler s syndrome showing hyperintense T2 signal foci in periventricu-
lar white matter (large arrowheads) and dilated perivascular spaces (short
arrowheads).

of its substrate. Two common forms exist: GM1 gan-
gliosidoses and GM2 gangliosidoses.

GM1 gangliosidosis is associated with the neuronal
storage of the monosialoganlioside GM1. This ganglioside
alone constitutes 20% of the gangliosides found in the
brain and 80% found in myelin.! The disease is a direct
result of a deficiency in the enzyme beta-galactosidase.
This enzyme is responsible for the cleavage of the termi-
nal galactose of GM1.! Deficiency of the enzyme is a
result of one of 102 described genetic mutations.3!
Decreased enzymatic activity results in incomplete meta-
bolism of several other substrates such as galactose con-
taining glycoproteins, N-acetylgalactosamine, lactose
and keratin sulfate.! Early infantile, infantile and juvenile
forms are described. In early infantile, dysmorphic facial
features, such as frontal bossing, gingival hypertrophy
and thickened alveolar ridges may be present at birth.?
Hepatosplenomegaly is usually appreciated within the
first few months of life. The late infantile form has an
onset between 12 and 18 months and usually manifest
with gait disturbances and frequent falls.! Skeletal

Fig. 14. Sagittal T2-weighted image of the spine in a patient with Morquio
disease showing bullet-shaped vertebral bodies and thickened interverte-
bral discs characteristic of mucopolysaccharidoses. There is gibbus forma-
tion (arrow) centered at L1 with no significant mass effect on the cauda
equina. At cervical level, the posterior arcus of the atlas is hypoplastic (ar-
rowhead) predisposing to repetitive atlantoaxial subluxation and reactive
ligamentous thickening at its posterior aspect resulting in significant cord
compression near the foramen magnum (circle).

deformities such as hypoplasia of the acetabula and
proximal deformity of the metacarpal bones me be evi-
dent in both early and late.! Patients eventually develop
spasticity, tonic spasms and pyramidal signs.! In the
juvenile form, disease symptoms usually develop in late
childhood or adolescence. Patients demonstrate a
protracted clinical course with dysarthria and extrapyra-
midal signs.!
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Fig. 15. (a) Axial NCECT and (b) T2 weighted images through the thalami
in 6-month-old patient with infantile GLD. Similar to many LSDs, the bilateral
thalami demonstrate decreased signal on T2 (large arrowheads). However,
a unique feature that is similar to Krabbe disease, is that the thalami are
often hyperattenuating on NCECT (small arrowheads). A way to separate
the two is based on the patient’s age. Because patients with infantile GLD
tend to exhibit imaging findings earlier than Krabbe disease, the white
matter is not fully mature with more fluid content. This is evident by the
hypodense appearance of the white matter (short arrows) and increased
T2 signal (long arrows) of the white matter when compared to the grey
matter.

GM2 gangliosidosis has several variants, all of which
are associated with the neuronal storage of the
monosialoganlioside GM2. Primary accumulation of GM2
occurs secondary to mutations involving either the alpha
or beta subunit of hexosaminidase A.32 Mutation of the
alpha subunit is classically referred to as Tay-Sachs dis-
ease with mutation of the beta as Sandhoff’s. A variant
exists where there is a mutation in the hexosaminidase-
A protein, known as the AB variant.32 Tay-Sachs is classi-
cally known to affect the Ashkenazi Jewish population.
Similar to GM1 gangliosidoses, infantile and juvenile
forms exist. Patients affected by Tay-Sachs disease have
psychomotor deterioration and exaggerated startle
response to loud noise.! Macrocephaly is most prominent
in the second year of life.! Patients also exhibit axial
hypotonia, bilateral pyramidal signs and blindness.! The
hallmark of the disease, however, is the classic macular
cherry-red spot. During the more terminal stages,
patients develop generalized tonic-clonic and/or minor
motor seizures.! Unlike GM1, patients who have Tay-

Table 1. Summary of guidelines for MR imaging approach of LSDs

Fig. 16. The sagittal T1-weighted image in a patient with juvenile GLD
shows cerebellar (circle) and spinal cord (arrows) atrophy. While cerebellar
involvement can be seen in all variants, spinal cord atrophy is typically
characteristic of the juvenile and adult forms.

Sachs do not exhibit dysmorphic facies, hep-
atosplenomegaly or skeletal deformities.! Later onset
Tay-Sachs disease can manifest in either childhood, ado-
lescents or adulthood. Patients will usually follow a more
protracted course. There is no predilection to a certain
ethnic group like for the infantile form.! Patients develop
dysarthria and walking problems secondary to spastic
paraparesis or proximal muscle weakness.® Cerebellar
atrophy is prominent in the later-onset forms.! Like the
infantile form, some patients will eventually begin to
have tonic-clonic or myoclonic seizures.! Sandhoff’s dis-
ease differs from Tay-Sachs in a few subtle ways.
Patients afflicted by Sandhoff’s usually have hep-
atosplenometaly and N-acetylglucosamine-containing
oligosaccharides in the urine.!

Neuroimaging characteristics are somewhat shared
between the subtypes. In the infantile forms of both
GM1 and GM2 gangliosidosis, gyral enlargement due to
atrophy is common.33 Mild cerebellar involvement may
be present, however, usually corpus callosum is spared
early in the disease process with thalamic and cerebellar
atrophy being a sequela of late disease.>®> T2 hypoin-
tense signal is again seen within the bilateral thalami

Tigroid white matter Cerebellar atrophy

Macrocephaly

Cranial nerve
enhancement

Early corpus callosum Spinal cord
involvement atrophy

Metachromatic
Leukodystrophy
Krabbe’s Disease
Gangliosidoses
Mucopolysaccharidoses

Neuronal Ceroid
Lipofuscinosis
Gangliosidoses
Metachromatic
Leukodystroph y (Late)

Gangliosidoses

(GM1 or GM2)
Metachromatic
Leukodystrophy (early)
Mucopolysaccharidoses
(Hunter & Hurler)

Metachromatic
Leukodystrophy
Krabbe’s Disease

® Krabbe’s Disease

® Gangliosidoses
(Juvenile GM2)
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(Fig. 15). Symmetric diffuse, faintly tigroid appearance
can also be seen within the cerebral white matter on
T2-weighted imaging much like the other LSD.33 The
juvenile and adult forms of the gangliosidosis demon-
strate spinal cord anterior horn atrophy which is often
more extensive than the brain (Fig. 16). Patients with
late onset Tay-Sachs may have areas of restricted diffu-
sion in periventricular white on DWI.33 Findings on MR
spectroscopy are similar to MLD with a decrease in NAA
and relative increase in choline and myo-inositol in the
infantile form.33 Juvenile disease may show decreased
NAA in otherwise normal appearing thalami and white
matter.33

In conclusion, while the LSDs have very discrete
enzymatic causes, there is an overlap in symptomology
and CNS imaging findings. However, certain imaging
features are more prevalent among certain disorders
and can help narrow the differential diagnosis and
sometimes point to the correct diagnosis. Table 1 is a
summary of guidelines for MR imaging approach of
LSDs.
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