
INVITED REVIEW

Bilateral symmetrical basal ganglia and thalamic lesions
in children: an update (2015)

Giulio Zuccoli1 & Michael Paul Yannes2 & Raffaele Nardone3 & Ariel Bailey4 &

Amy Goldstein5

Received: 26 March 2015 /Accepted: 15 July 2015 /Published online: 31 July 2015
# Springer-Verlag Berlin Heidelberg 2015

Abstract
Introduction In children, many inherited or acquired neuro-
logical disorders may cause bilateral symmetrical signal inten-
sity alterations in the basal ganglia and thalami.
Methods A literature review was aimed at assisting neurora-
diologists, neurologists, infectious diseases specialists, and
pediatricians to provide further understanding into the clinical
and neuroimaging features in pediatric patients presenting
with bilateral symmetrical basal ganglia and thalamic lesions
on magnetic resonance imaging (MRI).
Results We discuss hypoxic-ischemic, toxic, infectious, im-
mune-mediated, mitochondrial, metabolic, and neurodegener-
ative disorders affecting the basal ganglia and thalami.
Conclusion Recognition and correct evaluation of basal gan-
glia abnormalities, together with a proper neurological exam-
ination and laboratory findings, may enable the identification
of each of these clinical entities and lead to earlier diagnosis.
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Introduction

The basal ganglia consist of a group of related subcortical
nuclei, which, together, are responsible for multiple brain
functions. Primarily, the function of the basal ganglia is to
control and regulate volitional movement to ensure smooth
performance. However, there are multiple other functions of
the basal ganglia, including procedural learning, Broutine^
behaviors, and contributions to cognition and emotion.
Anatomically, the basal ganglia are composed of several nu-
clei: the striatum (consisting of the caudate nucleus, putamen,
and nucleus accumbens), the globus pallidus, the substantia
nigra, and the subthalamic nucleus. Functionally, the basal
ganglia have considerable connections to the cerebral cortex,
thalamus, and brain stem; in fact, anatomists consider portions
of the thalamus as components of the basal ganglia.

The basal ganglia are a site of high adenosine triphosphate
(ATP) production and thus require a relatively disproportionate
increased blood supply. Consequently, bilateral basal ganglia al-
terations are often observed in pathological processes affecting
energy metabolism. A complete differential diagnosis of system-
ic and metabolic diseases would be exhaustive; therefore, under-
standing of the underlying pathology and imaging findings is
critical for final diagnosis, treatment, and prognosis.

Both acute and progressive disorders can result in bilateral
symmetrical basal ganglia alterations. Primary acute causes
include hypoxic-ischemic injury (HII), infection, autoimmune
disorders, and toxic encephalopathies. Subacute or progres-
sive pathologies are usually neurodegenerative and/or meta-
bolic in nature. The pediatric population (here defined as ages
22 days to 18 years [1]) presents unique diagnostic dilemmas,
since many metabolic and genetic disorders often initially
present during this time period. Identification of patterns of
involvement of specific gray and/or white matter structures
may aid in diagnosis.
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Hypoxic-ischemic injury

A hypoxic-ischemic event (HIE) refers to any circumstance in
which the aerobic demands of the neuronal parenchyma are
not met. When this metabolic deficit persists, cellular death
occurs. Situations that can result in a HIE are numerous, but
the most common etiologies involving the basal ganglia in-
clude cardiac arrest, asphyxia, and drowning [2–4]. There are
two mechanisms of injury through which any prolonged HIE
can present. These include a direct ischemic insult to a struc-
ture which is asymmetrically susceptible to ischemia versus an
area that receives a tenuous blood supply even under normal
circumstances (termed a watershed area).

Regions historically considered asymmetrically susceptible
to ischemia include the CA1 region of the hippocampus, the
thalamus, cerebellum, and basal ganglia [5]. The regions sup-
plied by both the anterior cerebral andmiddle cerebral arteries,
as well as the middle cerebral and posterior cerebral arteries,
are the areas most susceptible to Bwatershed^ injury. While
injury to specifically susceptible structures often results in
both motor and cognitive deficits, injury to watershed areas
often spares injury to motor-eloquent areas [6, 7].

The magnetic resonance imaging (MRI) features of cardiac
arrest are characteristic of any prolonged HIE. These include
acute T2 hyperintensity, late acute to subacute T1
hyperintensity, delayed T2 hypointensity, and restricted diffu-
sion on diffusion-weighted imaging (DWI). Patients with bas-
al ganglia hyperintensity on T2-weighted images 2 weeks fol-
lowing cardiac arrest represent a group with increased risk of
poor outcome [8]. T1 hyperintensity occurs due to accumula-
tion ofmicroglia and fatty degeneration and typically becomes
evident approximately 6 to 7 days following the period of
cerebral ischemia (Figs. 1 and 2) [9]. T1 hyperintensity is a
nonspecific finding and is characteristic of hemorrhage,
protein-containing lesions, fatty lesions, calcified regions, le-
sions with mineral accumulation, and melanin-containing le-
sions [10]. However, the T1 hyperintensity following
hypoxic-ischemic injury is typically bilateral and symmetric.
Moreover, Wallerian degeneration of the corticospinal tracts is
characteristic. The presence of delayed T2 hypointensity fol-
lowing cardiac arrest may be explained by the paramagnetic
effect of free radicals, the presence of denatured proteins,
hemorrhage, membrane lipids, and clusters of mineralized
neurons. Notably, this finding is nonspecific; T2 hypointensity
of the basal ganglia has also been associated with neurodegen-
erative disorders such as Parkinson’s disease (PD),
Huntington’s disease (HD), and multiple sclerosis (MS) and
even in healthy elderly persons due to the physiological age-
related iron deposition in the basal ganglia [11]. Of note, his-
torically, pathological correlation of these findings was termed
Bstatus marmoratus.^ Pathological findings included altered
myelination of the putamen, caudate, and thalamus and were
associated with neonatal asphyxia [12]. Magnetic resonance

spectroscopy (MRS) may provide additional information
regarding impairment of brain metabolism showing de-
creased N-acetyl-aspartate (NAA)/creatine (Cr) ratio and
increased lactate following brain hypoxia [13].

Neurotoxicity (iatrogenic)

Intoxication of various substances can result in bilateral basal
ganglia abnormalities, such as methadone [14] and the antiep-
ileptic drug vigabatrin [15, 16], also known as gamma-vinyl-
GABA. Increasing use of methadone in withdrawal programs
has increased rates of methadone poisoning in children, de-
spite lacking epidemiological data in western countries [17].

Fig. 2 A 4-month-old male 7 days status post-cardiac arrest. Post-
contrast axial T1-weighted image demonstrates selective contrast
enhancement of the basal ganglia with preservation of the capsules (a,
arrowheads), medial thalamic nuclei (a, arrows), cortical-spinal tracts (a,
open arrows). Mid-sagittal post-contrast T1-weighted image
demonstrates multifocal enhancement in the central gray matter (b,
arrows), thalamus (b, open arrow), and tectal plate (b, arrowhead).
Areas of enhancement reflect selective blood-brain barrier damage
following cardiac arrest-related brain hypoxia. Interestingly, similar
anatomical brain regions are affected in Wernicke encephalopathy,
secondary to thiamine (vitamin B1) deficiency

Fig. 1 Day 7 status post-cardiac arrest in a 3-month-old child. The
sagittal T1-weighted image shows hyperintensity in the motor cortex
and cortical-spinal tracts (a, arrowheads), putamen (a, white arrows),
and optic radiations (a, black asterisk); the axial T2-weighted image
shows mixed hyperintense-to-hypointense signal changes in the
putamen and globus pallidus (b, white arrowheads) and hyperintensity
in the caudate and thalamus, respectively (b, black asterisks) and
hyperintensity in the external capsules (b, black arrows)
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In methadone intoxication, edema has been described in
the basal ganglia, brainstem, and cerebellum, with relative
preservation of the laminae medullaris of the basal ganglia
[14, 17] (Fig. 3).

Transient T2 hyperintensity and restricted diffusion of the
globi pallidi, thalami, dentate nuclei, and cerebral peduncles
have recently been described in a significant number of young
children during treatment with vigabatrin for infantile spasms.
The MRI abnormalities during vigabatrin treatment seem re-
stricted to those patients suffering from infantile spasms, and
the combination of young age and high dose of vigabatrin has
been proposed as a risk factor in epidemiologic studies. The
MRI abnormalities may be transient [15, 16] (Fig. 4).
Histopathologically, vigabatrin-related neurotoxicity demon-
strates intra-myelinic edema, microvacuolation, and
astrocytosis [18]. Affected regions include the bilateral globus
pallidus, thalamus, dorsal brainstem, and dentate nuclei with
the signal intensity alterations being usually seen on T2-
weighted and or DWI/apparent diffusion coefficient (ADC)
images [19]. Other agents resulting in bilateral symmetrical
basal ganglia anomalies in adults may potentially be identified
in the pediatric population. This includes carbon monoxide
intoxication, which is characterized by restricted diffusion of
the globi pallidi during the acute phase of the disease followed
by pallidal vacuolation [20]. In children affected by carbon
monoxide intoxication, cerebellar involvement has been re-
cently described [21].

In children receiving total parenteral nutrition (TPN), clin-
ical neurological manifestations have been associated with
high blood concentrations of manganese [22, 23].
Manganese poisoning presents clinically with parkinsonian-
like symptoms and psychological changes. Moreover, long-
term parenteral administration of manganese, which bypasses
the normal enteral regulatory mechanism, may cause
hypermanganesemia. MRI demonstrates characteristic bilater-
al symmetrical increased signal intensity with T1-weighted
images, without abnormalities on T2-weighted images, in

the globi pallidi, anterior pituitary gland, and subthalamic nu-
clei [22, 24].

Infections

An immense diversity of pathogens can result in the clinical
presentation of meningitis and/or encephalitis. However, sev-
eral specific pathogens have a propensity to affect the basal
ganglia. These include members of the Herpesviridae family
of viruses, West Nile virus (WNV), Japanese encephalitis
(JE), and the new-variant Creutzfeldt-Jakob disease
(nvCJD), among others.

Herpesviridae refers to a large family of DNA viruses,
including Epstein-Barr virus (EBV), herpes simplex virus-1
(HSV-1), herpes simplex virus-2 (HSV-2), varicella zoster vi-
rus, and cytomegalovirus. Of all the members of the
Herpesviridae family, EBV shows the most characteristic tro-
pism for the deep gray nuclei. T2 hyperintensity in the bilat-
eral basal ganglia and thalami is often identified in EBV en-
cephalitis [25–27]. Associated anomalies include the cerebral
hemispheres, brainstem, and cerebellum [28]. HSV-1 is the
species usually responsible for Bherpes encephalitis.^ The ra-
diological presentation for HSV-1 encephalitis can be incred-
ibly variable; however, characteristically, it has a propensity to
infect the unilateral or bilateral temporal lobes. Rarely, HSV-1
can lead to a vasculitis, which may result in basal ganglia
involvement. Varicella Zoster Virus similarly has a relative
predisposition to vasculopathy, typically involving the M1
segment of the middle cerebral artery. If the vasculopathy
involves the origins of the lenticulostriate arteries, this can
result in basal ganglia pathology (usually unilateral) [27].
Cytomegalovirus can affect the bilateral ganglia in the neona-
tal period but is fairly rare in the older population and is thus
outside the scope of this discussion.

WNV infection is more commonly reported in adults than
children and more commonly reported in older than younger
children [29]. The lower rates of WNV disease in children, as
compared to adults, may reflect, at least in part, a lack of

Fig. 4 Vigabatrin intoxication in a 6-month-old old patient. Bilateral
pallidal (a, b, arrows) and thalamic (b, arrowheads) abnormalities are
noted on DWI and confirmed by ADC map (not shown)

Fig. 3 Methadone intoxication in a 4-year-old patient. Cytotoxic edema
is observed in the posterior putamen (single asterisks) and occipital
(double asterisks) regions on DWI (a) and ADC map (b) in a 6-month-
old female
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testing for WNV in younger symptomatic children [30, 31].
Therefore, given the potential serious neurological complica-
tions of WNV encephalitis even in children under 18 years,
pediatricians must consider this infection in the differential
diagnosis of children presenting with aseptic meningitis, en-
cephalopathy, and acute flaccid paralysis. While WNV infec-
tion in adults is often asymptomatic or of limited clinical im-
port, children seem to have a predilection for the development
of encephalitis or meningitis (the so-called BWest Nile neuro-
invasive disease^) [29]. MRI findings of WNV encephalitis
demonstrate ubiquitous asymmetric alterations, including le-
sions in the basal ganglia and thalami. Lesions in the basal
ganglia may be bilateral but are relatively rare. Restricted dif-
fusion and patchy contrast enhancement may be observed.
The spinal cord and cauda equina roots are also frequently
involved [32].

The transmissible spongiform encephalopathies were, until
recently, of little clinical import. However, since the description
of several adolescent cases and an association with the nvCJD,
interest in these rare, slowly progressive and fatal syndromes has
increased among pediatricians and the general public [33]. On
MRI, basal ganglia alterations in viral and spongiform encepha-
lopathies are most often characterized by restricted diffusion ei-
ther from primary viral infection or from secondary to virus-
related small vessel vasculopathy and asymmetric involvement
of the gray and white matter structures [26, 27, 32, 34]. Lower
NAA/Cr has been described in patients affected by sporadic
Creutzfeldt-Jakob disease with basal ganglia involvement show-
ing a rapid course of the disease [35].

Influenza A (H1N1) is a major contributor to morbidity and
mortality throughout the world. Although a rare complication,
encephalitis secondary to influenza A has been described in as-
sociation with bilateral lesions of the thalami, basal ganglia, pon-
tine tegmentum, and periventricular white matter [22]. MRS
evaluation in a cohort of 11 children affected by H1N1 enceph-
alitis demonstrated no significant fluctuations in the major me-
tabolites during the acute, subacute, and chronic phases of the
diseasewith the exception for taurine and glucose. A taurine peak
was noted during the subacute phase of the disease [36].

Acute necrotizing encephalopathy of childhood (ANEC) is
a poorly understood entity that has been associated with a
peri- and post-infectious etiology (Fig. 5). It often presents
clinically initially with vague flu-like symptoms, followed
by a fulminant neurologic progression. It is associated with
high mortality and severe neurologic sequela. Influenza A,
HSV, mycoplasma, and human herpes virus-6 (HHV-6) have
all been identified as potential culprits, although some sources
suggest that the causative agent is an immune reaction to the
initial infectious insult. It can be characterized by multiple,
symmetric lesions to the putamina, thalami, brain stem teg-
mentum, and white matter [37]. Interestingly, there is a lack of
inflammatory cells in the affected brain parenchyma, differen-
tiating the disease process from other entities such as acute

disseminated encephalomyelitis (ADEM) (see below) [38].
Data regarding MRS findings in infectious encephalitis in
children are sparse.

Autoimmunity

Many autoimmune disorders in the pediatric population can
affect the basal ganglia, including post-streptococcal autoim-
munity [39], N-methyl-D-aspartate receptor (NMDAR) anti-
bodies [40], neuromyelitis optica (NMO)/neuromyelitis optica
spectrum disorders (NMOSD) [41], and ADEM (Fig. 6) [42].

The classic post-streptococcal neurologic clinical presenta-
tion is that of Sydenham’s chorea, but recently, other post-
streptococcal basal ganglia-associated neurological symptoms
have been described in patients who do not meet the criteria
for choreiform movements, including myoclonus, dystonia,
and parkinsonism [39] (Fig. 7). Although MRI imaging find-
ings in patients with post-streptococcal findings are not con-
sistent (and may even be normal), published abnormalities
include symmetric areas of T2 hyperintensity and restricted
diffusion that may involve the basal ganglia and cerebral
white matter [43]. Radiologically, differentiation from acute
necrotizing encephalopathy of childhood (ANEC) is
impossible.

Pediatric autoimmune neuropsychiatric disorders
associated with streptococcal infections

Pediatric autoimmune neuropsychiatric disorders associated with
streptococcal infections (PANDAS) has been under study for
many years at the National Institute of Mental Health.
Although there has been controversy regarding the diagnostic
criteria and temporal association with infections, there is no
doubt that PANDAS is recognized as a specific disease entity
involving pre-pubertal children and a dramatic, acute onset of
obsessive compulsive disorder (OCD) and/or tic disorders such
as Tourette syndrome. Symptoms characteristically worsen fol-
lowing streptococcal infections. The diagnostic criteria are as
follows: (1) presence of obsessive-compulsive disorder and/or a
tic disorder, (2) pediatric onset of symptoms (age 3 years to
puberty), (3) episodic course of symptom severity, (4) association
with group A beta-hemolytic streptococcal infection (a positive
throat culture for strep or history of scarlet fever), and (5) asso-
ciation with neurological abnormalities (motoric hyperactivity or
adventitious movements, such as choreiform movements) [44].
In addition, children may also have the following associated
symptoms: (1) Attention deficit hyperactivity disorder (ADHD)
symptoms (hyperactivity, inattention, fidgety), (2) separation
anxiety (child is Bclingy^ and has difficulty separating from
his/her caregivers; for example, the child may not want to be in
a different room in the house from his/her parents), (3) mood
changes (irritability, sadness, emotional lability), (4) sleep
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disturbance, (5) nighttime bed wetting and/or daytime urinary
frequency, (6) fine/gross motor changes (e.g., changes in hand-
writing), and (7) joint pains [44]. MRI volumetric analysis of
patients fulfilling PANDAS diagnostic criteria includes an 8 %
increase in caudate volume, 7 % increase in pallidal volume, and
5 % increase in putaminal volume [45]. In addition, increase T2
and fluid-attenuated inversion recovery (FLAIR) signal can be
seen in bilateral putamen and caudate nuclei [46], as well as
increased microglia-mediated neuroinflammation on positron
emission tomography (PET) scanning [47].

Anti-NMDAR antibody-associated encephalitis may pres-
ent clinically with an acute or subacute onset of seizures,
changes in consciousness, and psychiatric or neurological
symptoms [40]. MRI is often unremarkable [48]. Although
unusual, bilateral symmetrical basal ganglia necrosis has been
described in a case of anti-NMDAR encephalitis presenting
with chronic progressive dystonia [49].

Devic’s syndrome, or NMO, is characterized clinically as a
progressive loss of vision (optic neuritis) and spinal cord func-
tion. Antibodies against the water channel aquaporin-4 (AQP4)
play a critical role. AQP4, the target antigen of NMO-IgG im-
munoglobulin, is a water channel protein highly concentrated in
the spinal cord gray matter, periaqueductal, and periventricular
regions [50]. Diagnosis is made in the presence of at least two of
three criteria: MRI evidence of a contiguous spinal cord lesion
three or more vertebral body segments in length, findings on
brain MRI which are not consistent with multiple sclerosis
(MS), and/or NMO-IgG sero-positivity [51]. Central nervous
system involvement beyond the optic nerves and spinal cord is
still compatible with NMO [51], although in fairness, this would
be an uncommon presentation. T2 hyperintense lesions may af-
fect the basal ganglia (and are characteristically Bblurred^), hy-
pothalamus, white matter (more frequently the frontal lobes),
corpus callosum, periventricular and periaqueductal regions,

Fig. 5 Extensive basal ganglia involvement (a, asterisks) with
hemorrhagic transformation (b, arrows), and necrosis is noted in a 17-
year-old patient in the setting of Epstein-Barr virus (EBV) infection.
Multiple cortical abnormalities associated with patchy areas of contrast

enhancement (c, arrowheads) are also seen. Overall, extensive necrosis
and enhancement patterns are consistent with the diagnosis of acute
necrotizing encephalopathy of childhood (ANEC)

Fig. 6 A 6-year-old male suffering from acute disseminated
encephalomyelitis (ADEM). Bilateral hyperintensity of the basal
putamen (a, arrowheads) and caudate nucleus (a, asterisks) is noted on
axial T2-weighted images. Multifocal involvement of the cortex more
prominent in the frontal-insular regions is identified (a, b arrows).
Bilateral hypothalamic hyperintensities are identified on coronal FLAIR
images (b, arrowheads). MRI changes of ADEM are usually reversible

Fig. 7 A 16-year-old patient previously treated for streptococcal
pharyngitis presenting unarousable. MRI obtained at admission
demonstrates extensive involvement of the basal ganglia particularly at
the level of the dorsal striatum on T2-weighted images (a) and mixed
cytotoxic/vasogenic edema on ADC map (b). The external capsules
demonstrate facilitated diffusion consistent with vasogenic edema while
the claustrum demonstrates restricted diffusion consistent with cytotoxic
edema
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and the brainstem [41]. Interestingly, basal ganglia lesions may
resolve completely over time [41].

Acute disseminated encephalomyelitis (ADEM) is a rare
autoimmune disorder which also affects the brain and spinal
cord. In contrast to neuromyelitis optica (NMO), ADEM is
thought to be a post-infectious autoimmune response to a viral
illness. Offending agents are numerous but include influenza,
enterovirus, HSV, measles, and many others [52]. It has rarely
been described after the administration of vaccinations in chil-
dren. As stated above, it is differentiated from ANEC by the
presence of inflammatory cells throughout brain parenchyma.
The presentation is typically abrupt and includes fever, head-
ache, seizures, and disparate neurological symptoms.

Imaging features suggestive of ADEM include multifocal,
bilateral, asymmetric FLAIR hyperintensities in the setting of
recent a viral infection or vaccination. Although white matter
involvement is most common, deep gray matter nuclei can be
involved in up to 50 % of cases. Occasional spinal cord in-
volvement is possible, however, is rarely the only area of
abnormality. Bilaterally symmetrical involvement would be
incredibly rare. In both ADEM and NMO, vasogenic edema
characterizes the acute phase of the disease, as demonstrated
by ADC map [41, 42]. The presence of vasogenic edema at
symptom onset may be helpful in distinguishing primary brain
viral infections from autoimmunity [42].

Differentiation of ADEM fromMS is often difficult in both
the adult and pediatric population; however, diagnostic guide-
lines in children have been described [53]. In general, lesions
in MS involve white matter tracts, are often periventricular,
and are more frequently symmetric compared to those of
ADEM. Bilateral symmetrical lesions of the basal ganglia
would not be characteristic of MS in children and thus are
outside the scope of this review article.

Collagen vascular diseases are systemic disorders that have
their foundation in auto-immune-mediated tissue destruction.
Several collagen vascular diseases can present as a
neurovasculitis in the pediatric population, which can poten-
tially affect the basal ganglia in either an asymmetric or a
symmetric fashion. Patients with systemic lupus erythemato-
sus can present with movement disorders, in which case, there
are often hyperintense T1-weighted signal intensity alterations
in either the unilateral or bilateral basal ganglia. Case reports
have suggested a vasculitic component contributing to condi-
tions such as dermatomyositis, Bechet’s syndrome, and
polyarteritis nodosa, all with variable basal ganglia involve-
ment [54].

Inherited and acquired metabolic neurodegenerative
brain disorders

Inherited metabolic brain disorders cause changes in brain
metabolism and structure secondary to genetic mutations. In

children, symptoms of metabolic brain disorders are often
nonspecific and include seizures, hypotonia, and developmen-
tal delay. This nebulous presentation often delays diagnosis
[55]. Since these disorders are progressive, the classification
of neurodegenerative disorders is characterized by degree of
volume loss of affected structures [55].

Lysosomal storage diseases

Lysosomal storage diseases (LSDs) are rare disorders caused
by genetically transmitted lysosomal enzyme deficiencies.
LSDs result when enzyme activity falls below a critical level
and incompletely metabolized products accumulated within
the lysosome [55]. Although the MRI findings of LSDs have
not been systematically reported, there is some evidence that
decreased T2 signal in the thalami may be a sign of a LSD,
likely accounting for associated alteration in brain tissue vis-
cosity [56]. Symmetric T1 hyperintensity T2 hypointensity
have been described in the globi pallidi of patients affected
by fucosidosis, a rare LSD caused by a decreased amount of
the enzyme α-L-fucosidase [57]. More common lysosomal
disorders, such as metachromatic leukodystrophy (MLD)
and Krabbe disease, demonstrate abnormalities in white mat-
ter and atrophy [55].

Mitochondrial disorders

Leigh Syndrome, also known as subacute necrotizing enceph-
alomyelopathy, is a common phenotype seen in primary
mitochondrial disorders and a typically progressive neuro-
logical disease defined by specific neuropathological fea-
tures often associated with brainstem and basal ganglia le-
sions. Leigh syndrome is an inherited disorder that usually
affects infants between 3 months and 2 years of age, with
rare adolescent and adult presentations. In most cases,
Leigh syndrome is inherited in an autosomal recessive
manner; however, there have been some reports of mater-
nally inherited mitochondrial DNA (mtDNA) mutations.
Leigh syndrome is best thought of as a phenotypic expres-
sion of multiple genetic causes, most of which involve a
defect in aerobic energy production and/or oxidative stress
from reactive oxygen species causing lipid peroxidation and
eventual cell death. Defects range from abnormalities in the
pyruvate dehydrogenase complex to the oxidative phos-
phorylation pathway, with a deficiency in the nuclear-
encoded subunit of complex 1 of the mitochondrial respi-
ratory chain being the most common cause of Leigh syn-
drome [58, 59]. However, there are at least 60 other differ-
ent genetic causes of Leigh syndrome known at this time
(Table 1). Restricted diffusion is classically identified in the
basal ganglia in Leigh syndrome and is the most character-
istic feature of the disease process [60] (Fig. 8). An abnor-
mally low signal on T1-weighted images or hyperintensity
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on T2-weighted images in the basal ganglia, periaqueductal
gray matter, brainstem, and cerebellum is characteristic of
this group of disorders. Involvement of the brain structures
in Leigh syndrome is always bilateral and symmetric [55,
58, 59]. It has been proposed that bilateral involvement of
the subthalamic nuclei and brain stem, associated with mild
or even absent basal ganglia abnormalities, suggests the
presence of a cyclooxygenase (COX) deficiency with un-
derlying SURF1 gene mutations [61]. Elevation of lactates
in the basal ganglia is observed in Leigh’s disease patients
on MRS [62].

While most mitochondrial diseases are autosomal reces-
sive, there are several notable exceptions. These include the
pyruvate dehydrogenase complex deficiency, which is
expressed in an X-linked fashion in the E1 alpha subunit of
the pyruvate dehydrogenase enzyme complex. Also included
are multiple mtDNA mutations, which includes Leber hered-
itary optic neuropathy (LHON); maternally inherited Leigh
syndrome (MILS); and mitochondrial encephalomyopathy,
lactic acidosis, and stroke-like episodes (MELAS).

Organic acidurias

Glutaric aciduria type 1 is an inherited disorder in which the
body is unable to completely break down the amino acids
lysine, hydroxylysine, and tryptophan. Excessive levels of
these intermediate breakdown products, including glutaric ac-
id, glutaryl-CoA, and glutaconic acid, can accumulate in the
brain and lead to an encephalopathic crisis [63]. On T2-
weighted images, hyperintensity involves both the putamina
and globi pallidi in all cases. The caudate nucleus may be
spared onMRI. Associated alterations include the typical Bbat
wing^ appearance of the Sylvian fissures [64] (Fig. 9).

Methylmalonic acidemia

Methylmalonic acidemia (MMA) is an inborn error of metab-
olism in the organic aciduria family, whichmay be detected on
newborn screening. Symptoms may appear at any time be-
tween the neonatal period and adulthood. Neonatal symptoms
include lethargy, vomiting, hypotonia, neutropenia and throm-
bocytopenia, respiratory distress, ketocidosis, and
hyperammonemia. Symptoms often mimic those of sepsis
and delay the diagnosis. A vitamin B12 form of this disorder
exists, so early diagnosis is important. During early childhood,
symptoms may include hypotonia and developmental delay
[65]. Children are at risk of having a metabolic stroke of
the basal ganglia during an acute decompensation, which
can result in infarction of the basal ganglia (Fig. 10) and a
refractory movement disorder. Other neuroradiological find-
ings include delayed myelination, brain stem, and cerebellar
lesions [66].

Primary familial brain calcification

Primary familial brain calcification (PFBC), which had been
referred to as Fahr’s disease, is an autosomal dominant genetic
disorder that leads to bilateral calcium deposition in the thal-
ami, subcortical white matter, and cerebellum. Symptoms of

Fig. 8 A 6-year-old female patient affected by Leigh disease. Predomi-
nant vasogenic edema is noted in the bilateral putamen on T2-
weighted images (a) and ADC map (b), with areas of restricted diffusion
noted in the most anterior aspects of the putamen (b, black arrows)

Table 1 Genetic causes of Leigh syndrome

Complex I: MT-ND1, 2, 3, 4, 5, 6; NDUFS1, 2, 3, 4, 7, 8; NDUFV1; NDUFA1, 2, 9, 10, 12; NDUFAF2, NDUFAF5, NDUFAF6, FOXRED1

Complex II: SDHA, SDHAF1

Complex III: UQCRQ, BCS1L, TTC19

Complex IV: SURF1, COX10, COX15, LRPPRC, NDUFA4, PET100

Complex V: MT-ATP6

PDH deficiency: PDHA1, PDHB, PDH3BP, DLD

Multiple RC defects: mtDNA deletions (Kearns-Sayre syndrome), mtDNA maintenance disorders: POLG, SUCLA, SUCLG1, mtDNA t
ranslational defects: MT-TTL1, M-TTK, MT-TV, MT-TW, C12orf65, TACO1, MTFMT, GFM1, FARS2, EARS2

Defective lipid and cofactor biosynthesis: SERAC1, PDSS2, LIAS, LIPT1

Other mechanism: BTD, SLC19A3, SLC25A19, ETHE1, HIBCH

RC respiratory chain, mtDNA mitochondrial DNA
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dystonia, chorea, and neuropsychiatric disturbances typically
present in adulthood but have been reported in children and
adolescents. Fahr’s disease is a progressive neurodegenerative
disorder which typically presents in the fourth to fifth decade
with neuropsychiatric symptoms and movement disorders, in-
cluding: ataxia, dysarthria, dysphagia, migraine headaches, de-
mentia, and epilepsy [67]. Although calcification of the basal
ganglia can be seen in other disorders, such as Aicardi-
Goutières syndrome, Krabbe disease, Alexander disease, mito-
chondrial cytopathies, and hypoparathyroidism, pattern recog-
nition can aid the radiologist in the differential diagnosis [68].

Hypoparathyroidism

Hypoparathyroidism is the most common cause of bilateral sym-
metric calcification of the basal ganglia. Symptoms typically

begin in childhood (earlier than in PFBC) and include tetany,
weakness, seizures, paresthesias, and intellectual disability.
Decreased parathyroid hormone can be idiopathic or post-
surgical in etiology and results in low serum calcium and in-
creased phosphorus. Treatment is effective, and therefore, radio-
graphic appearance should prompt testing [69].

Gangliosidoses

GM1 gangliosidosis is a lysosomal storage disorder, caused
by the deficiency of the enzyme beta-galactosidase and muta-
tions in the beta-galactosidase gene (GLB1). As a result of this
enzyme deficiency, GM1 gangliosides accumulate in lyso-
somes, causing swelling, damage, and organ dysfunction.
There are three phenotypes of the disease, distinct by age of
onset and disease severity [70].

Type 1 presents in infancy and is the most common pheno-
type. A macular cherry red spot may be seen before the other
symptoms of developmental delay and regression, hypotonia,
coarsening of facial features, hepatosplenomegaly, and skeletal
and cardiac involvement. Type II is a late infantile form, with
corneal clouding; motor delay; and involvement of the liver,
spleen, heart, and bone. Juvenile onset presents in childhood
with a slower disease progression. The childhood presentations
of GM1 gangliosidosis are fatal; experimental therapies are in
progress. The adult form is mild and presents as dysarthria or
dystonia [71]. Neuroimaging reveals progressive atrophy, ab-
normalities of the white matter, and nonspecific T2
hypointensity in the basal ganglia, particularly the globus
pallidus. Adult-onset neuroimaging reveals hyperintensity in
the putamen and/or mild cerebral atrophy [72].

GM2 gangliosidosis is a lysosomal storage disorder, caused
by the deficiency of the enzyme hexosaminidase A due to mu-
tations in HEXA. As a result of this enzyme deficiency, GM2

Fig. 10 A 9-year-old female affected by methyl malonic acidemia. Flair
images demonstrate alterations in the bilateral putamen (a, arrows),
corresponding to restricted diffusion on DWI (b, arrows). A remote
stroke in the right middle cerebral artery distribution is identified (a,
white asterisk). Cortical/subcortical anomalies are also seen in the right
frontal lobe and right posterior periventricular white matter (a, dark
asterisks)

Fig. 9 Three differentMRI phenotypes of glutaric aciduria type 1 (GA1).
A 2-year-old patient (a) showing mild enlargement of the Sylvian fissures
(dark asterisks) and mild alterations in the globus pallidus (arrows). A
14-month-old patient (b) with cystic enlargement of the Sylvian fissures

(dark asterisks) and atrophy and gliosis in the posterior putamen
(arrows). A 6-year-old patient (c) with bilateral enlargement of Sylvian
fissures (black asterisks); extensive degeneration of the bilateral basal
ganglia (arrows) and hemispheric white matter is noted (white asterisks)
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ganglioside, a glycosphingolipid, accumulates in lysosomes and
causes a progressive neurological syndrome. The acute infantile
presentation is also known as Tay-Sachs disease, which affects
infants between 3 and 6 months of life with exaggerated startle
response, developmental regression, seizures, blindness, spastic-
ity, a cherry red spot on the macula, and eventual death in the
first few years of life. Other forms exist with later age of onset
and slower progression of symptoms. Sandhoff’s disease, also
known as type II GM2 gangliosidosis, is caused by a deficiency
of both hexosaminidase A and hexosaminidase B. Symptoms
are similar, with the addition of symptoms outside the nervous
system, including hepatosplenomegaly, skeletal abnormalities,
and abnormal cells in bone marrow aspirate [73]. MRI findings
in Sandhoff’s disease include characteristic basal ganglia and
white matter T2 hyperintensity and marked T2 hypointensity
in the thalami [74, 75] (Fig. 11). T2 hypointensity in the thalami
is thought to reflect micro-calcifications [76]. A hexosamine
peak can be identified on MRS in affected patients [77].

Aminoacidopathies

A genetic defect of the mitochondrial branched-chain alpha-
ketoacid-dehydrogenase complex leads to blockage of one of
the first steps in the catabolism of branched-chain amino acids
(leucine, isoleucine, and valine). This disruption in normal
catabolism leads tomaple syrup urine disease (MSUD), which
involves the accumulation of ketoacids in plasma, urine, and
cerebrospinal fluid (CSF). Importantly, there is a subtype of
MSUD that is responsive to thiamine (Vitamin B1) treatment
[31]. The pathophysiology of MSUD is manifested through
diffuse edema of myelin [78]. MRI demonstrates alterations in
the basal ganglia, dorsal brainstem, cerebral peduncles, and
posterior limbs of the internal capsules [79, 80] (Fig. 12). On
MRS, a large methyl resonance peak at 0.9 ppm has been
described in one patient affected by MMA [81, 82].

Canavan disease, an autosomal recessive disorder arising
from a deficiency of the enzyme aspartoacyclase, results in the
accumulation of N-acetylaspartic acid in the brain. Much like
MSUD, white matter involvement is characteristic. However,
MRI may show an increased signal intensity in the basal gan-
glia and dorsal brainstem in the mild juvenile form of Canavan
on T2-weighted images [83]. An NAA peak represents the
hallmark MRS feature of Canavan disease [84].

Wilson disease

Wilson disease, also known as hepatolenticular degeneration, is
a rare and treatable autosomal recessive disorder that involves
an excessive accumulation of copper. Copper accumulates pri-
marily in the liver and brain, resulting in mainly hepatic and
neurological sequela [85–89]. The Kayser-Fleischer ring, a
darkened brown ring at the junction of the cornea with the
sclera, is a distinctive characteristic of Wilson disease.
However, Kayser-Fleischer rings are observed less often in
the pediatric age group, because they result from the chronic
deposition of copper [32, 34]. The neurological form of Wilson
disease clinically presents with the classic Bwing-beating trem-
or,^ dysarthria, ataxia, and rigidity. Psychiatric symptoms are
variably observed in adults [90, 91]; however, this presentation
is less common in children and is reported at rates of 4 to 12 %
[86, 92]. On MRI, the basal ganglia, specifically the putamina,
caudate nuclei, and globi pallidi, are hyperintense on T1-
weighted (Fig. 13) and T2-weighted images. The white matter
may show progressive T2 hyperintensity during the late course
of Wilson Disease. Corpus callosum abnormalities have also
been described [55]. In the neurological Wilson disease pheno-
type Choline (Cho)/Cr, Glutamine (Glx)/Cr ratio levels inverse-
ly correlate with the clinical status of the patients [93].

Huntington’s disease

Huntington’s disease (HD) is an autosomal-dominant progres-
sive neurodegenerative disorder, with an incidence of 5–10
per 100,000 individuals. While the classic form of HD has
an onset in adulthood, juvenile HD is a rare clinical entity
characterized by disease onset before the age of 21. It accounts
for <10 % of HD patients. Adult-onset HD usually presents
with choreiform movements, progressive dementia, and be-
havioral abnormalities; however, Juvenile HD can present
with myoclonus, seizures, behavioral problems, and parkinso-
nian features. Importantly, choreiform movements are often
absent. Transmission of juvenile HD is paternal in 80–90 %
of cases. In JHD, distinguishing neuroimaging findings are
represented by caudate and cerebellar atrophy [94].
Diffusely elevated glutamate and low Cr levels in the basal
ganglia have been described in Juvenile HD [95].

Fig. 11 A 12-month-old male affected by Sandhoff disease (GM2
gangliosidosis). There is marked T2 hyperintensity on T2-weighted
images (a) of the caudate nucleus (arrows) and marked hypointensity of
the thalami (asterisks). Diffuse white matter and putaminal hyperintensity
is also noted. An unusually hypointense signal is identified in the thalami
on SWI (b, asterisks)
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Infantile bilateral striatal necrosis

Infantile bilateral striatal necrosis is a rare autosomal recessive
disorder, which, like Leigh syndrome, represents a common
phenotypic expression of multiple genetic derangements.
Clinical features are nonspecific, including choreoathetosis,
dystonia, spasticity, and mental regression. Pathological find-
ings include severe gliosis and neuronal loss. Imaging corre-
lates include bilateral symmetrical volume loss and T2
hyperintensity of the caudate nuclei, putamina, and, rarely,
the globi pallidi. Usually, patients who are diagnosed early
will have putamina involvement versus those that are diag-
nosed later will have caudate involvement [11]. A late diag-
nosis can make it difficult to distinguish from Juvenile HD.
Additionally, features can be markedly similar to acute necro-
tizing encephalopathy of childhood (ANEC); however, a ro-
bust recent past medical history will often clinch the diagnosis
[96]. Small studies have suggested a partial treatment response
to biotin [97]; because of this, some sources have suggested

that this disease is actually the same as the biotin-responsive
basal ganglia disease spectrum (see below) [98].

Neurodegeneration with brain iron accumulation
spectrum disorders

The so-called neurodegeneration with brain iron accumulation
(NBIA) spectrum disorders encompass a phenotypic expres-
sion of approximately ten genetic mutations. The combination
of spasticity, dystonia, neuropsychiatric symptoms, and cere-
bellar atrophy should raise suspicion for these disorders. The
disease is typically progressive and can present from infancy
to adulthood. The value of standard MRI sequences in the
diagnosis of NBIA spectrum has gained importance over time,
particularly after the introduction of susceptibility-weighted
imaging (SWI) [99]. Abnormalities in the basal ganglia may
not be apparent on standard imaging sequences such as T2-
and T1-weighted sequences, but excessive iron accumulation
may be noted on SWI, and the exact location of iron accumu-
lation correlates with the genotype.

The most commonly diagnosed NBIA disorder is panto-
thenate kinase-associated neurodegeneration (PKAN) and is
caused by a mutation in the gene encoding pantothenate ki-
nase 2 (PANK2). In addition to the clinical characteristics of
any NBIA, pigmentary retinopathy is often present in children
[100]. The iron deposition and destruction of the globus
pallidus in this disease give rise to a characteristic and virtu-
ally pathognomonic MRI abnormality, called the Beye-of-the-
tiger^ sign: T2-weighted hypointense signal in the
globus pallidus with a central region of hyperintensity
(Fig. 14). The MRI signal intensity abnormalities in the
globus pallidus can distinguish patients with mutations
in PANK2 from those lacking a mutation, even in the
early stages of disease [101].

In PLA2G6-associated neurodegeneration (PLAN), also
known as infantile neuroaxonal dystrophy (INAD), typical
neuroimaging features include cerebellar atrophy and optic
nerve atrophy. Brain iron accumulation in the globus pallidus

Fig. 13 A 13-year-old patient with Wilson disease showing spontaneous
T1 hyperintensity in the basal ganglia, more pronounced in the bilateral
globus pallidus (arrows)

Fig. 12 A 2-year-old male
affected by maple syrup
disease (MSUD). FLAIR images
(a) show alterations in the globus
pallidus without volume loss
(asterisks). DWI (b) and ADC
map (c, asterisks) images show
cytotoxic edema in the globus
pallidus
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and substantia nigra is variable and seen in about half of these
cases [102, 103] (Fig. 15). Neuroimaging of PLAN/INAD
shows marked cerebellar atrophy in addition to iron accumu-
lation of the globus pallidus and substantia nigra [104].
Finally, although most of the NBIA disorders are inherited
in an autosomal recessive manner, the only X-linked NBIA
disorder is the disease entity known as beta-propeller protein-
associated neurodegeneration (BPAN) [105].

Wernicke encephalopathy

Although commonly considered as a condition peculiar to
malnourished adults who suffer from alcohol abuse, a variety
of genetic mutations affecting thiamine metabolism can result
in the phenotypic expression of Wernicke encephalopathy
[106]. Changes in consciousness are nonspecific in acutely
ill patients. For this reason, reliance on the Bclassic triad^ of

ataxia, global confusion, and opthalmoplegia has been shown
to be misleading.

The body’s reserve of thiamine, which is approximately 30–
50 mg, can be depleted in 2–3 weeks [106]. Carbohydrate in-
take, infection, and physical activity all increase thiamine me-
tabolism. In brain regions with high metabolic requirements
and high thiamine turnover, a lack of thiamine may cause tissue
injury through inhibition of proper metabolism. A search for
any cause of malnutrition or unbalanced nutrition in the clinical
history is of utmost importance. Abnormal biochemical pro-
cesses are potentially reversible, so treatment should be started
as soon as possible. At autopsy, the incidence of Wernicke
encephalopathy in the general population is about 0.8–2.8 %.
However, post-mortem studies indicate that Wernicke enceph-
alopathy is underdiagnosed in the pediatric population. In chil-
dren, over 58 % of pathologically proven cases have been
missed at routine clinical examination. Of note, young patients
being treated for acute leukemia are at an increased risk for
developing Wernicke encephalopathy [107–110].

Frontal cortex, basal ganglia, and diffuse brainstem in-
volvement in Wernicke encephalopathy all indicate a poor
prognosis, even when thiamine is administered promptly. In
infants suffering fromWernicke encephalopathy, there is pref-
erential damage to the frontal lobes, followed by the basal
ganglia [97]. Since MRI is utilized in most cases of suspected
pediatricWernicke encephalopathy, it is important to be aware
of characteristic and localized findings in the thalami, mam-
millary bodies, periaqueductal gray matter, basal ganglia, and
the cranial nerve nuclei [111].

Biotin-responsive basal ganglia disease

Biotin-responsive basal ganglia disease is a rare autosomal reces-
sive disorder, caused by mutations in the SLC19A3 gene, which
encodes a thiamine transporter [98, 112]. Biotin-responsive basal

Fig. 16 Biotin-responsive basal ganglia disease (BBGD) in a 4-year-old
patient. Cortical (a, black arrows), basal ganglia (a, white arrows), and
thalami (a, open arrows) alterations are seen in the acute phase of the
disease resulting in basal ganglia atrophy (b, arrows) at follow-up.
Courtesy of Prof. Brahim Tabarki (with permission)

Fig. 15 A 3-year-old patient affected by PLA2G6-associated
neurodegeneration (PLAN) showing excessive iron accumulation in the
globus pallidus on SWI (arrows)

Fig. 14 A 4-year-old patient with pantothenate kinase-associated
neurodegeneration (PKAN) showing the typical eye-of-the-tiger
appearance of the globus pallidus on FLAIR (a) and SWI (b)
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Table 2 Bilateral symmetrical lesions in the basal ganglia and thalami: primary involvement and common anatomical associations in affected children

Primary involvement Anatomical associations/signal features

Hypoxia

BG and Th Brain cortex, cerebellum, hippocampus white matter,
brainstem, subthalamic nuclei; variable RD, ↑T2, ↑T1

Neurotoxicity

Vigabatrin GP and Th Dorsal brainstem and dentate nuclei; RD, ↑T2

Carbon monoxide GP (internus) Supratentorial white matter and cerebellum; RD (acute phase),
vacuolation ↑T2 (chronic phase )

Manganese BG Subthalamic nuclei, anterior pituitary gland; ↑T1

Methadone BG Brainstem and cerebellum; RD

Vigabatrin GP and Th Brainstem and dentate nuclei; RD

Infectious/post-infectious

Epstein-Barr virus BG and Th Cerebral hemispheres, brainstem and cerebellum; RD,
enhancement

West Nile virus BG and Th Asymmetric lesions in cerebral lobes, brainstem and
cerebellum; meningeal enhancement and RD

Creutzfeldt-Jakob disease (CJD) BG and Th (pulvinar sign) Brain cortex (ribbon sign) and brainstem; RD

Influenza A encephalitis BG and Th Pontine tegmentum and periventricular white matter;
RD and enhancement

Acute necrotizing encephalopahty (ANEC) Th and putamen Multifocal asymmetric necrotizing brain lesions; RD
and contrast enhancement (ring-like), hemorrhage

Post-streptococcal disease BG Cerebral white matter; RD

Autoimmune

Anti-NMDA receptor encephalitis BG Hippocampus; MRI may also be negative

Neuromyelitis optica BG (rare) Hypothalamus, white matter (more frequently in
frontal lobes), corpus callosum, periventricular and
periaqueductal regions, and brainstem; VE

Acute disseminated encephalomyelitis
(ADEM)

BG Multifocal cortical subcortical, brainstem and
cerebellum; VE

Inborn errors of metabolism

Lysosomal storage disorders GP and Th BG+Th T2↓ and T1↑; subcortical white matter T2↑ in
Fucosidosis. Th ↓T2; white matter ↑T2 in Sandhoff disease

Mitochondrial disorders BG and Th Leigh syndrome: periaqueductal gray matter, brainstem,
and cerebellum; ↓T1,↑T2, RD

Organic acidurias (glutaric aciduria type 1) Putamen and GP Wide Sylvian fissures; caudate typically spared; RD,
↑T2

Methyl malonic aciduria (MMA) BG Abnormal myelination, brain stem and cerebellar
lesions; ↑T2

Primary familial brain calcification (PFBC) Th Calcifications in subcortical white matter and cerebellum;
↓SWI

Amino acidopathy (MSUD) BG Diffuse edema of myelin, dorsal brainstem, cerebral
peduncles, and posterior limbs of the internal capsules;
RD, ↑T2

Canavan disease (CD) BG White matter and dorsal brainstem; ↑T2, increased NAA

Wilson disease (WD) BG Corpus callosum (splenium); ↑T1

Juvenile Huntington disease (JHD) BG Cerebellar atrophy

Neurodegeneration with brain iron accumulation
spectrum disorders (NBIAs)

BG and SN BEye of the tiger^ in PKAN
Iron accumulation and cerebellar atrophy indicates PLAN

or BPAN
↓SWI

Wernicke encephalopathy (WE) BG and Th (medial
nuclei and periventricular
regions of third ventricle)

Mammillary bodies, periaqueductal gray matter, cranial
nerve nuclei; RD, ↑T2, contrast enhancement

Biotin-responsive basal ganglia disease (BBGD) BG and Th (medial nuclei) Scattered cortical lesions (cerebral hemispheres and
cerebellum), brainstem; VE
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ganglia disease frequently manifests in childhood, resulting in
subacute episodes of encephalopathy, leading to coma, seizures,
and extrapyramidal manifestations [113]. In those who are not
timely treated, death and neurologic deficits such as dystonia,
mental retardation, and epilepsy have been described. MRI typ-
ically demonstrates symmetric and bilateral hyperintense lesions
on T2-weighted sequences in the caudate nucleus and putamina,
medial nuclei of the thalami, infra-and supratentorial brain corti-
ces, and dorsal brainstem (Fig. 16). The acute crises may be
characterized by vasogenic edema as seen on the ADC map
[113]. In patients with chronic disease, atrophy and gliosis are
observed in the affected region. Early treatment with a combina-
tion of biotin and thiamine is lifesaving in patients with biotin-
responsive basal ganglia disease, resulting in clinical and
neuroradiologic improvement. Thus, biotin-responsive basal
ganglia disease is an important consideration and treatable con-
dition in the differential diagnosis of mitochondrial disorders.
Biotin-responsive basal ganglia disease can also often be mistak-
en for Wernicke encephalopathy, secondary to the fact that both
can present with bilateral medial thalamic nuclei involvement in
the typical Bbutterfly^ morphology [110, 111, 113]. However,
biotin-responsive basal ganglia disease often more extensively
involves the cerebellar and hemispheric cortices than Wernicke
encephalopathy, and basal ganglia atrophy is usually more pro-
nounced in biotin-responsive basal ganglia disease than
Wernicke encephalopathy [113]. Furthermore, the mammillary
bodies and brainstem nuclei are almost always involved in
Wernicke encephalopathy versus less consistent involvement in
biotin-responsive basal ganglia disease [111, 114].

Urea cycle defects

The urea cycle disorders are a family of several disorders,
resulting from deficiencies of the enzymes important for the
urea cycle, which metabolizes waste nitrogen from protein.
Neonatal presentations include vomiting, seizures, and coma
from hyperammonemia and resulting cerebral edema.
Hyperammonemia in the newborn can mimic sepsis or
hypoxic-ischemic encephalopathy, and neuroimaging may
be similar to that seen in HIE, with lacunar infarcts and ab-
normalities of white matter in addition to basal ganglia injury

[115]. Neuroradiology plays an important role in helping to
determine prognosis and ultimate neurocognitive outcomes,
although MRI may lag behind the clinical symptoms. On
DWI/ADC, restricted diffusion often involves the cortex dif-
fusely and can be reversible with therapy [116]. Additional
imaging, including MRS diffusion tensor imaging (DTI),
and functional magnetic resonance imaging (fMRI) are being
utilized in urea cycle defects [116–118]. Increased glutamine
and decreased myoinositol may be observed [119].

Others

Central pontine and extrapontine myelinolysis (CPM-EPM) rep-
resents a demyelination syndrome presenting with spastic
tetraparesis, quadriparesis, pseudobulbar paralysis, coma, sei-
zures, and the Blocked in^ syndrome. CPM-EPM is usually as-
sociated with aggressive and rapid correction of hyponatremia.
However, it has also been described in association with
Wilson Disease, diabetes mellitus, autoimmune disorders
including systemic lupus erythematosus, post-liver transplantion,
infections, lymphoma, leukemia, and electrolyte imbalances
[120]. Neuroimaging findings include increased T2 signal in
the pons and basal ganglia with restricted diffusion [121].

Pediatric neurotransmitter disorders encompass a heteroge-
neous group of inherited neurometabolic diseases [122]. In
succinic semialdehyde dehydrogenase (SSADH) deficiency,
brain MRI may reveal hypomyelination or hyperintensities
on T2-weighted images in multiple brain regions, but most
commonly in the globus pallidus [123–125].

The main neuroanatomical associations and imaging find-
ings in children presenting with signal intensity alterations in
the basal ganglia and/or thalami are resumed in Table 2.

Conclusion

We have reviewed many causes of bilateral symmetrical basal
ganglia imaging abnormalities that present with neurological
symptoms. Both the neurologist and neuroradiologist need to
be aware of the constellation of findings associated with these

Table 2 (continued)

Primary involvement Anatomical associations/signal features

Urea cycle disorders/hyperammonemia Insular cortex; cingulate gyrus; RD, ↑T2

Infantile bilateral striatal necrosis (IBSN) BG (striatum) Putamen (early phase); caudate (late phase); GP rarely
involved; RD, ↑T2

Succinic semialdehyde dehydrogenase
(SSADH) deficiency

GP White matter hypomyelination; dentate nucleus; ↑T2

BG basal ganglia, Th thalamus, GP globus pallidus, RD restricted diffusion, VE vasogenic edema, SWI susceptibility weighted images, T1 T1-weighted
images, T2 T2-weighted images, Bright signal↑; Dark signal↓, NAA N-acetyl-aspartate, SN substantia nigra, PKAN pantothenate kinase-associated
neurodegeneration, PLAN PLA2G6-associated neurodegeneration, BPAN beta-propeller protein-associated neurodegeneration
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disorders to allow proper diagnosis. Clinical symptoms and
laboratory tests usually guide the differential diagnosis; how-
ever, neuroimaging findings may provide clues in diagnosis
and prognosis. More specifically, bilateral symmetrical basal
ganglia abnormalities associated with bilateral symmetrical
brainstem and cortical alterations point to the diagnosis of
disorders of brain metabolism in the appropriate clinical and
laboratory setting. On the other hand, asymmetrical brainstem
and cortical involvement is usually associated with infectious
or para-infectious (autoimmune) etiologies.
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