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a b s t r a c t

Neurodegeneration with brain iron accumulation (NBIA) defines a heterogeneous group of

progressive neurodegenerative disorders characterized by excessive iron accumulation in

the brain, particularly affecting the basal ganglia. In the recent years considerable develop-

ment in the field of neurodegenerative disorders has been observed. Novel genetic methods

such as autozygosity mapping have recently identified several genetic causes of NBIA. Our

knowledge about clinical spectrum has broadened and we are now more aware of an overlap

between the different NBIA disorders as well as with other diseases. Neuropathologic point

of view has also been changed. It has been postulated that pantothenate kinase-associated

neurodegeneration (PKAN) is not synucleinopathy. However, exact pathologic mechanism

of NBIA remains unknown. The situation implicates a development of new therapies, which

still are symptomatic and often unsatisfactory. In the present review, some of the main

clinical presentations, investigational findings and therapeutic results of the different NBIA

disorders will be presented.

# 2014 Polish Neurological Society. Published by Elsevier Urban & Partner Sp. z o.o. All

rights reserved.
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Neurodegeneration with brain iron accumulation (NBIA) defines
a heterogeneous group of progressive neurodegenerative
disorders characterized by excessive iron accumulation in the
brain, particularly affecting the basal ganglia [1]. The pantothe-
nate kinase-associated neurodegeneration (PKAN, previously
named as Hallervorden–Spatz disease) and PLA2G6-associated
neurodegeneration (PLAN) are the two main syndromes.
Furthermore, novel genetic methods such as autozygosity
mapping have recently identified several other genetic causes
of NBIA [2] (Table 1). NBIA syndromes pose a challenge to the
clinicians due to their complex phenomenology as well as their
requirement for a comprehensive treatment. This review was
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prompted by the considerable development in this field. Some
of the main clinical presentations, investigational findings and
therapeutic results of the different NBIA disorders will be
presented in the following review.

1. Pantothenate kinase-associated
neurodegeneration (PKAN) – NBIA Type 1

The major form of NBIA is pantothenate kinase-associated
neurodegeneration (PKAN), previously known as Hallervor-
den–Spatz disease (HSD). HSD was first described by the
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Table 1 – Neurodegeneration with brain iron accumula-
tion (NBIA) [2,79,80].

NBIA Mutated
gene

Chromosomal
localization

Pantothenate kinase-associated
neurodegeneration
(PKAN)/NBIA1b

PANK2a 20p13

PLA2G6-associated
neurodegeneration
(PLAN)/NBIA2, PARK14

PLA2G6c 22q12

Aceruloplasminemia (Acp) CPd 3q23
Neuroferritinopathy FTLe 19q13
FA2H – Associated

Neurdegeneration
(FAHN)/SPG35g

FA2Hf 16q23

Kufor-Rakeb Disease
NBIA3/(PARK9)

ATP13A2 1p36

Mitochondrial membrane
protein associated
neurodegeneration (MPAN)

C19orf12 19q12

Static encephalopathy of
childhood with
neurodegeneration
in adulthood (SENDA
syndrome)

nkh nk

a Pantothenate kinase 2.
b Neurodegeneration with brain iron accumulation.
c Phospholipase A2.
d Ceruloplasmin.
e Ferritin light chain.
f Fatty acid 2-hydroxylase.
g Spastic paraplegia.
h Not known.
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German neuropathologists Julius Hallervorden and Hugo
Spatz in 1922 [3]. It should be stressed that because of their
criminal activities during World War II (participating in Nazi
T4 program of euthanasia), HSD is now referred to as PKAN [4].
PKAN is an autosomal recessive disorder caused by mutations
in PANK2 gene [5] which is located on chromosome 20p [6]. The
exact pathologic mechanism of PKAN remains unknown.
PANK2 encodes pantothenate kinase 2, which is a regulatory
enzyme in the coenzyme A (CoA) biosynthesis and catalyzing
the phosphorylation of pantothenate (vitamin B5), N-pan-
tothenoyl-cysteine, and pantetheine. CoA plays an essential
role in fatty acid synthesis and energy metabolism. It has been
postulated that decreased level of panthotenate kinase 2 leads
to the accumulation of cysteine-containing neurotoxic sub-
strates, mostly in the regions with higher energy demand,
such as the basal ganglia [1,5]. Excess amounts of cysteine,
chelate iron and form a complex which leads to tissue damage
by promoting oxidative stress [7]. PKAN accounts for approxi-
mately 50% of cases of NBIA [1]. According to the time of onset,
PKAN has been classified as early onset, rapidly progressive
classic disease and late onset, slowly progressive atypical
variant.

2. Classic PKAN

In the classic form, onset occurs between 3 and 4 years of age.
Extrapyramidal dysfunction with prominent dystonia as well
as gait and postural difficulties are usually the most prominent
syndromes [1] with early involvement of oromandibular
region by dystonic symptoms and signs [8]. Moreover,
parkinsonism, chorea, acanthocytosis, cognitive decline and
dementia might be present. Other common features include
involvement of the corticospinal tract with spasticity, hyper-
reflexia and pathologic signs, dysarthria and clinical or
electroretinographic evidence of pigmentary retinopathy
[1,9]. Egan et al. demonstrated that Adie's-like pupils, vertical
saccades, and saccadic pursuits are common, what suggests
that midbrain degeneration frequently occurs in PKAN.
Additionally, square wave jerks, poor convergence, abnormal
vertical optokinetic response and inability to suppress the
vestibule-ocular reflex may be present. There was no evidence
of optic atrophy [10]. Supranuclear gaze palsy has also been
reported in PKAN patient [11]. The loss of ambulation occurs
within 10–15 years after the onset of the disease [1].

3. Atypical PKAN

The onset takes place between the second and the third
decades [1]. Atypical disease is clinically heterogeneous [12].
Speech difficulties (palilalia, dysarthria) and psychiatric
problems are frequent the initial syndromes. Extrapyramidal
features are generally less severe and more slowly progressive
than patients with classic form [1,7]. It has been reported that
patients with adult onset PKAN often present parkinsonism as
the first sign whereas early onset individuals seem to have
dystonia as a presenting feature [7]. Psychiatric syndromes
include personality changes with impulsivity and violent
outbursts, depression, obsessive-compulsive signs and emo-
tional lability [13,14]. The presence of psychotic symptoms has
also been described in the literature [15–18]; cognitive decline
and dementia may also develop [1]. Moreover, pyramidal tract
involvement [12], freezing during ambulation and pure
akinesia can be observed [19,20]. Sleep analysis revealed
altered sleep architecture with reduced total time of sleep and
the lack of slow wave sleep. No significant apnea/hypopnea
and REM sleep abnormalities – in particular REM sleep
behavior disorders were detected [21]. Diagnostic criteria for
PKAN were first proposed by Dooling et al. and based on
clinical features [22]. Swaiman revised these after brain MRI
became a valuable diagnostic tool [23,24]. Gregory et al. suggest
that after identification of PANK2 gene and the development of
the molecular diagnostic tests, obligate and corroborative
features should be improved again [25] (Table 2). The
development of high-field magnetic resonance imaging
(MRI) in the 80-ties was a significant milestone in the further
studies of NBIA. Brain MRI allowed for noninvasive demon-
stration of decreased T2 relaxation time caused by iron
deposition, what correlates with iron accumulation of the
brain in postmortem studies. Thus, MRI has become a highly
sensitive diagnostic tool for the diagnosis of NBIA [26]. An ‘‘eye
of the tiger’’ sign, first described by Sethi et al. in 1988 is a
specific MRI pattern, a key diagnostic feature of PKAN [27]. It is
high signal intensity in the center of the globus pallidus
interna with low signal intensity in the surrounding region.
The surrounding hypointensity of the globus pallidus repre-
sents excess iron deposition and the central hyperintensity is



Table 2 – Diagnostic criteria for PKAN proposed by
Swaiman and Dooling et al. [22–24].

Obligate features Corroborative features

Onset in the first three decades Corticospinal tract
involvement

Progression of signs and symptoms Progressive intellectual
impairment

Evidence of extrapyramidal
dysfunction (dystonia, rigidity,
tremor, bradykinesia,
choreoathetosis)

Retinitis pigmentosa,
optic atrophy

T2-weighted brain MRI: high signal
intensity in the center of the
globus pallidus interna with low
signal intensity in the surrounding
region (eye of the tiger sign)

Family history of similar
disorder
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due to necrosis and edema [28]. What is important, MRI
changes may precede clinical onset [29]. In the early stages of
PKAN only isolated high signal intensity on T2-weighted
images of the globus pallidus interna can be observed [26].
Hayflick et al. emphasized that there is an absolute correlation
between ‘‘eye of the tiger’’ sign and presence of mutations in
PANK2 [1,30]. However, similar changes in MRI were described
in many other conditions and these should be taken into
consideration in the differential diagnosis, when appropriate
(Fig. 1). This characteristic pattern was also observed in
neuroferritinopathy. However, in these cases the involvement
of other basal ganglia nuclei (caudate and putamen), thalamus
and cerebral cortex was found and it is not seen in PKAN [31].
Moreover, ‘‘eye of the tiger’’ can be seen in non-NBIA
conditions such as corticobasal degeneration [32], progressive
supranuclear palsy [33] and multiple system atrophy [34].
Hypointensities of the globus pallidus, caudate nuclei, and
putamen on T2 images have been described in beta-thalassa-
nemia major [35], HIV infection [36], Wilson disease [37], toxic
and metabolic degeneration [26]. Therefore, MR images should
be scrutinized in the context of clinical data and other
Fig. 1 – Examples of brain MR imaging in NBIA disorders. On th
(PKAN), in the middle, Kufor-Rakeb disease (due to ATP13A2 mu
the right. In PKAN there is a classic eye-of the-tiger sign. Iron acc
Rakeb disease patient. In this gene-proven neuroferritinopathy p
slight hint of thalamic involvement.
Image reprinted with permission from John Wiley and Sons: Sc
radiological findings. In later stages of the disease only
hypointesity of the globus pallidus may be seen. This might
be explained by further accumulation of iron deposits, which
can obscure central hyperintensity [38]. Historically, all
patients who had HSD/NBIA phenotype and radiological
evidence of excess iron accumulation in the globus pallidus
were diagnosed of PKAN. After the identification of mutations
in the PANK2 gene on chromosome 20p12.3–p13 the term
pantothenate kinase-associated neurodegeneration (PKAN)
has been proposed only for patients with confirmed or
suspected mutations in PANK2. For the remainder the term
‘‘neurodegeneration with brain iron accumulation’’ has been
suggested [1]. Mutations (mainly missense) as well as dele-
tions, duplications and splice-site ones have been detected in
all seven exons of PANK2 [39]. Mutations in PANK2 occur in all
cases of classic PKAN, especially in those with ‘‘eye of the tiger
sign’’ on brain MR and around one third of cases with atypical
features [1]. While mutations in patients with classic disease
usually lead to protein truncation, those in atypical patients
often result in amino acid changes. It indicates that many of
patients with atypical form of disease may have a residual
panthotenate kinase 2 activity [1]. Two most frequent
mutations (1231G > A, 1253C > T) account for about one third
of all cases and the majority of the remaining carry ‘‘private
mutations’’ [30]. It is noteworthy that G411R mutation was
detected on only one chromosome in few cases. It suggests
that G411R might act in semidominant fashion, with one allele
sufficient to cause disease [1].

Transcranial sonography revealed bilateral hyperechogeni-
city restricted to the globus pallidus and substantia nigra (SN),
what correlates with the hypointense regions detected during
MR examinations [40]. Dopamine transporter (DaT) and cardiac
123I-meta-iodobenzylguanidine (MIBG) SPECT imaging are
generally within normal limits [41,42]. A recent neuropatholog-
ical study in 6 genetically confirmed cases of PKAN demon-
strates that mainly central nervous system is occupied with
occasional peripheral manifestations of the disease, i.e.
testicular pathology, lipid profile abnormalities, acanthocytosis.
e left, pantothenate kinase-associated neurodegeneration
tations), and neuroferritinopathy (due to FTL mutations) on
umulation affected the putamen and caudate in our Kufor-
atient, there was iron deposition in the basal ganglia, with a

hneider et al. [2].
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Pathological changes predominantly affected globus pallidus,
but adjacent structures (medial putamen, internal capsule) and
subcortical white matter also could be involved. The most
prominent microscopical finding includes iron deposition,
neuronal degeneration and the presence of widely disseminat-
ed, rounded or oval structures termed spheroids. Two types of
spheroids have been distinguished: smaller, eosinophilic
spheroidal structures as a substrate of dystrophic neurons;
and larger, reflecting degenerating neurons. Iron accumulation
was observed in the globus pallidus within the cytoplasm of
neurons, glia and macrophages, especially in a perivascular
distribution. Increased diffusely in the neuropil of the globus
pallidus ('iron dust') was also present [43]. Numerous previous
articles reported that PKAN could be characterized as both
synucleinopathy and tautopathy. However, Kruer et al. in the
recent studies performed in gene-proven patients have not
confirmed presence of Lewy bodies, neurofibrillary tangles and
tau-positive neuritis [43]. This discrepancy could result from the
fact that many histological studies were performed before
identification of the PANK2 gene. Thus, it is possible that some of
the historical ‘‘Hallervorden–Spatz disease’’ cases with Lewy
body pathology may actually not have had PKAN, but at least
another form of NBIA [43]. In the latest study Li et al. also
confirmed that PKAN is not synucleinopathy, however de-
scribed one autopsy case of significant tau pathology compris-
ing neurofibrillary tangles and neuropil threads [44]. The
treatment for NBIA disorders is challenging and requires a
comprehensive approach to the patients. However, it still
remains symptomatic. Most NBIA patients do not respond well
to levodopa administration. However, in reducing abnormal
movements and spasticity several drugs may be efficacious,
including benzodiazepines, anticholinergics, baclofen, typical
and atypical neuroleptics, botulinum toxin injection and
intrathecal baclofen [30]. Deep brain stimulation (DBS) of the
internal globus pallidus may produce some benefit, especially in
the patients with PKAN, but results are variable [45,46].
Supplementing of pantothenic acid seemed to be effective in
drosophila models of PKAN, but results for human trials are not
yet available [47].

4. PLA2G6-associated neurodegeneration
(PLAN) – NBIA Type 2

PLA2G6-Associated Neurodegeneration (PLAN) is a result of
mutations in the PLA2G6 gene, which encodes a calcium-
independent phospholipase A2 (iPLA2-VIa) [48]. Phospholipase
A2 enzymes catalyze the hydrolysis of glycerophospholipids,
generating a free fatty acid (mainly arachidonic acid) and a
lysophospholipid, which are thought to play a crucial role in
cell membrane homeostasis, signal transduction, cell prolif-
eration and apoptosis. Thereby defects in iPLA2-VIa cause
cellular membrane abnormalities which lead to pathological
changes and eventually culminating in progressive neurologi-
cal impairment [49].

Depending on age two clinical phenotypes can be distin-
guished- infantile neuroaxonal dystrophy (INAD) and atypical
neuroaxonal dystrophy (atypical NAD). INAD usually occurs
before the lapse of 2 years and progressive psychomotor
decline is the most frequent presentation. Characteristic
features also include cerebellar ataxia, gait impairment, visual
disturbances due to optic atrophy, truncal hypotonia and
pyramidal signs. Fast rhythms on an EEG and general seizures
may, also, be present [1]. The clinical spectrum of late-onset
PLAN is not as well characterized and includes progressive
dystonia, parkinsonism, cognitive impairment, psychiatric
features and optic atrophy [50]. Karak syndrome described by
Mubaidin et al. as a novel degenerative disorder of the basal
ganglia and cerebellum [51] has been shown to be caused by
mutations in PLA2G6 and falls into the spectrum of atypical NAD
[48]. In the early stage of INAD neuroimaging shows cerebellar
atrophy. T2-weighted MR demonstrates hypointensity of globus
pallidus, dentate nuclei, and substantia nigra, which reflects
iron depositions [31]. However, iron accumulation may be
absent, and MRI can be even normal. In addition, cortical
atrophy and white matter changes can also occur [50].
Pathological studies demonstrated neuroaxonal dystrophy,
alpha-synuclein pathology with Lewy bodies and Lewy neurites.
Lewy body pathology was particularly severe in the neocortex,
basal forebrain, hippocampal formation and brainstem nuclei.
The findings of Lewy body pathology in PLA2G6 strenghten a
link with other neurodegenerative diseases such as Parkinson's
disease and dementia with Lewy bodies. Cerebellar atrophy
may be present and with iron accumulation in the globus
pallidus is highly specific for INAD. The accumulation of
hyperphosphorylated tau also been reported [52,53].

5. Aceruloplasminemia (aCP)

Aceruloplasminemia (aCP) is an autosomal recessive disorder
caused by mutations in the ceruloplasmin gene (CP), on
chromosome 3q [54,55]. Ceruloplasmin plays an essential role
in the mobilization of iron from tissues through its ferroxidase
activity and carries 95% of plasma copper. Protein dysfunction
resulted in excessive iron accumulation in the brain (basal
ganglia, nuclei, thalami, dentate nuclei and cerebral and
cerebellar cortices), liver and pancreas [56]. The classical triad
of aCP include young-adult onset diabetes mellitus, retinal
degeneration and various neurological symptoms [54]. Mean-
onset age is around 50, with prominent extrapyramidal features
and cognitive impairment. Cerebellar ataxia is also frequent
sign [55]. Laboratory findings typically reveal undetectable
ceruloplasmin in the serum, low levels of serum copper and iron
and elevated serum ferritin [31]. T2-weighted brain MRI scans
showed widespread hypointensity in the cerebral cortex, globus
pallidus, putamen, caudate, thalamus, dentates, substantia
nigra, and cerebellar cortex [31]. Treatment for aCP remains
symptomatic. Several studies have reported positive results of
treating aceruloplasminemia with iron-chelating agents such
as desferrioxamine mesylate [57] and deferasirox [55]. Admin-
istration of an anti-oxidative drugs like deferiprone has also
been suggested. However, systematic studies are needed to
assess the efficacy of these therapies [58].

6. Neuroferritinopathy

Neuroferritinopathy (also known as hereditary ferritinopathy)
is a result of ferritin light chain (FTL) gene mutations. In
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contrast to the other NBIA disorders, inheritance is autosomal
dominant. Onset begins around the age of 40. The clinical
presentation is characterized by extrapyramidal features
including chorea and dystonia [59]. MRI may reveal consistent
involvement of the dentate nuclei, globus pallidus, and
putamen, with areas of hyperintensity due to probable
cavitation, involving the pallida and putamen [31]. Laboratory
tests show decreased level of serum ferritin. Pathology
assessment shows severe neuronal loss in the basal ganglia,
atrophy of cerebellum and cerebral cortex, abnormal iron
accumulation and the presence of ferritin inclusion bodies
(IBs) in neurons and glia [60]. Ferritin IBs can also be seen in
hepatocytes, cells of the renal tubular epithelium, endothelial
cells of capillaries, and skin fibroblasts [61,62]. Effective
treatment still remains unknown. Focal botulin toxin injec-
tions and oral antioxidant therapy can be beneficial, but this
approach requires further studies [63].

7. FA2H-associated neurodegeneration
(FAHN)/SPG35

Autosomal recessive FA2H-Associated Neurodegeneration
(FAHN) results from the mutations in the fatty acid hydroxy-
lase gene, FA2H [64]. FA2H plays a role in the metabolism of
myelin sheaths [65]. It produces free 2-hydroxy fatty acids
necessary for the biosynthesis of ceramide, galactosylcera-
mide and sulfatide, which are major constituents of normal
CNS myelin [66]. Mutations in the FA2H gene had previously
been associated with progressive familial leukodystrophy and
hereditary spastic paraplegia (SPG35). The clinical phenotype
is characterized by childhood- onset gait impairment with
prominent spastic quadriplegia, pyramidal tract signs, pro-
found ataxia and dystonia. Moreover, optic atrophy, nystag-
mus, acquired strabismus and seizures may be present. In
general, clinical presentation discussed above demonstrated
similar features to those observed in neuroaxonal dystrophy
(NAD) [64]. T2-weighted MR shows bilateral hypointensities of
the globus pallidus compatible with excess iron deposits,
prominent pontocerebellar atrophy, mild generalized cortical
atrophy, thin corpus callosum and confluent periventricular
white matter T2 hyperintensities [64]. It is noteworthy that
white matter abnormalities are hallmark feature of leukodys-
trophies and thin corpus callosum is a core element of some
types of hereditary spastic paraplegia [67]. Deterioration of
lipid and ceramide metabolism caused by FA2H deficiency is
the common pathologic mechanism of NBIA, HSP and
leukodystrophies. Thus, the clinical and radiological overlap
between these diseases is not surprising. Overall, FA2H
mutations result in a clinical spectrum rather than distinct
disorders [68]. Neuropathological studies are still awaited.

8. Kufor-Rakeb disease (PARK9)

Kufor-Rakeb disease is an autosomal recessive extrapyramidal-
pyramidal syndrome, originally described in the consanguine-
ous Jordanian family from the village Kufor-Rakeb [69]. It is
caused by mutations in ATP13A2 gene [70], which is localized on
chromosome 1p36 [71]. ATP13A2 encodes a lysosomal 5 P-type
ATPase and in the human brain, it is localized on pyramidal
neurons within cerebral cortex and dopaminergic neurons in
the substantia nigra [72]. In the recent study Park et al.
demonstrated several different mechanisms by which muta-
tions in ATP13A2 may contribute to the development of Kufor-
Rakeb disease. First, mutant ATP13A2 can lead to impaired
lysosomal function and this effect may result in the cellular
accumulation of toxic and unnecessary proteins such as a-
synuclein. Moreover, the mutant proteins are degraded by
proteasomal, not the lysosomal pathway. It might overload
proteasomal pathway and handicap its normal function to
degrade other proteins, particularly if the lysosomal pathways
are not working efficiently. The third mechanism includes
impaired ion transportation or ionic imbalance that results in
increased oxidative stress in the cell [73]. Characteristic clinical
features include juvenile-onset, levodopa-responsive parkin-
sonism, pyramidal dysfunction and eye movements abnormal-
ities with supranuclear gaze palsy. Slowing of vertical and
horizontal saccades and saccadic pursuit may be present [74]. A
good response to levodopa is transient and levodopa-dyskine-
sias tend to develop early [75]. Cognitive deterioration and overt
dementia have been described [70]. Brain MR images reveal
generalized brain atrophy affecting both cerebral and subcorti-
cal structures and hypointensities of the putamen and caudate
nuclei, reflecting iron deposition, however neuropathological
confirmation is still awaiting [76]. Dopamine transporter
imaging demonstrated bilateral symmetrical reduction of
striatal activity indicative of diminished presynaptic function.
Transcranial sonography of the SN remained within normal
limits. Electrophysiological studies showed pyramidal tract
damage [77].

9. Mitochondrial membrane protein
associated neurodegeneration (MPAN)

Extensive studies led to identification of a new mutation
causing a neurodegeneration with brain iron accumulation.
Hartig et al. described a Polish cohort whose clinical phenotype
was characterized by progressive spasticity, dystonia, optic
atrophy, motor axonal neuropathy, and psychiatric signs. T2-
weight MR showed bilateral hypointensity of the globus
pallidus and substantia nigra. A histopathological examina-
tion in a single autopsy case detected Lewy bodies, tangles,
spheroids, and tau pathology. Mutation in the gene C19orf12 on
chromosome 19 was revealed. The acronym MPAN (Mitochon-
drial Membrane Protein Associated Neurodegeneration) has
been proposed [78].

10. Static encephalopathy of childhood with
neurodegeneration in adulthood (SENDA
syndrome)

Recently a static encephalopathy of childhood with neurode-
generation in adulthood (SENDA syndrome) was described.
Genetic cause is still unknown. The clinical presentation is
characterized by early onset spastic paraplegia and cognitive
impairment which remains static until the late 20s to early 30s
but then progresses to parkinsonism and dystonia. Moreover,
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sleep disorders, frontal release signs, eye movement abnor-
malities and dysautonomia may be present. Brain MRI
revealed iron accumulation in the globus pallidus, hypointen-
sities in the substantia nigra and white matter changes. A good
response to levodopa was noticed [79].

11. Conclusions

We have summarized the major genetic causes and clinical
heterogeneity of NBIA. It is worth pointing out that considerable
developments in the field of neurodegenerative disorders are
being witnessed. However, the exact pathophysiology of NBIA is
still poorly understood. In order to develop new therapies,
which still remain symptomatic and often unsatisfactory, it is
crucial to better understand the pathologic mechanism, clinical
course and diagnostic criteria of the distinct NBIA syndromes.

Conflict of interest

None declared.

Acknowledgement and financial support

None declared.

Ethics

The work described in this article has been carried out in
accordance with The Code of Ethics of the World Medical
Association (Declaration of Helsinki) for experiments involv-
ing humans; Uniform Requirements for manuscripts submit-
ted to Biomedical journals.

r e f e r e n c e s

[1] Hayflick SJ, Shawn K, Westaway SK, Levinson B, Zhou B,
Johnson MA, et al. Genetic, clinical, and radiographic
delineation of Hallervorden–Spatz syndrome. N Engl J Med
2003;348:33–40.

[2] Schneider SA, Hardy J, Bhatia KP. Syndromes of
Neurodegeneration with Brain Iron Accumulation (NBIA):
an update on clinical presentations, histological and
genetic underpinnings, and treatment considerations. Mov
Disord 2012;27:42–53.

[3] Hallervorden J, Spatz H. Eigenartige Erkrankung im
extrapyramidalen System mit besonderer Beteiligung des
Globus pallidus und der Substantia nigra. Z Gesammte
Neurolog Psychiatr 1922;79:254–302.

[4] Shevell MI, Peiffer J. Julius Hallervorden's wartime
activities: implications for science under dictatorship.
Pediatr Neurol 2001;25:162–5.

[5] Zhou B, Westaway SK, Levinson B, Johnson MA, Gitschier J,
Hayflick SJ. A novel pantothenate kinase gene (PANK2) is
defective in Hallervorden–Spatz syndrome. Nat Genet
2001;28:345–9.

[6] Taylor TD, Litt M, Kramer P, Pandolfo M, Angelini L, Nardocci
N, et al. Homozygosity mapping of Hallervorden–Spatz
syndrome to chromosome 20p12.3-p13. Nat Genet
1996;14:479–81.

[7] Thomas M, Hayflick SJ, Jankovic J. Clinical heterogeneity of
neurodegeneration with brain iron accumulation
(Hallervorden–Spatz syndrome) and pantothenate kinase-
associated neurodegeneration. Move Disord 2004;19:36–42.

[8] Schneider SA, Aggarwal A, Bhatt M, Dupont E, Tisch S,
Limousin P, et al. Severe tongue protrusion dystonia:
clinical syndromes and possible treatment. Neurology
2006;67:940–3.

[9] Muthane UB, Shetty R, Panda K, Yasha TC, Jayakumar PN,
Taly AB. Hallervorden–Spatz disease and acanthocytes.
Neurology 1999;53:32A.

[10] Egan RA, Weleber RG, Hogarth P, Gregory A, Coryell J,
Westaway SK, et al. Neuro-ophthalmologic and
electroretinographic findings in pantothenate kinase-
associated neurodegeneration (formerly Hallervorden–
Spatz syndrome). Am J Ophthalmol 2005;140:267–74.

[11] Bozi M, Matarin M, Theocharis I, Potagas C, Stefanis L. A
patient with pantothenate kinase-associated
neurodegeneration and supranuclear gaze palsy. Clin
Neurol Neurosurg 2009;111:688–90.

[12] Hickman SJ, Ward NS, Surtees RA, Stevens JM, Farmer SF.
How broad is the phenotype of Hallervorden–Spatz disease?
Acta Neurol Scand 2001;103:201–3.

[13] Morphy MA, Feldman JA, Kilburn G. Hallervorden–Spatz
disease in a psychiatric setting. J Clin Psychiatry 1989;50:66–8.

[14] Szanto J, Gallyas F. A study of iron metabolism in
neuropsychiatric patients. Hallervorden–Spatz disease.
Arch Neurol 1966;14:438–42.

[15] Öner Ö, Öner P, Deda G, Içağasioğlu D. Psychotic disorder in
a case with Hallervorder-Spatz disease. Act Psychiatr Scand
2003;108:394–8.

[16] Panas M, Spengos K, Koutsis G, Tsivgoulis G, Sfagos K,
Kalfakis N, et al. Psychosis as presenting symptoms in adult
onset Hallervorden–Spatz syndrome. Act Neuropsychiatr
2007;19:122–4.

[17] Sunwoo YK, Lee JS, Kim WH, Shin YB, Lee MJ, Cho IH, et al.
Psychiatric disorder in two siblings with Hallervorden–
Spatz disease. Psychiatry Invest 2009;6:226–9.

[18] del Valle-López P, Pérez-García R, Sanguino-Andrés R,
González-Pablos E. Adult onset Hallervorden–Spatz
disease with psychotic symptoms. Actas Esp Psiquiatr
2011;39:260–2.

[19] Guimarăes J, Santos JV. Generalized freezing in
Hallervorden–Spatz syndrome: case report. Eur J Neurol
1999;6:509–13.

[20] Molinuevo JL, Martí MJ, Blesa R, Tolosa E. Pure akinesia: an
unusual phenotype of Hallervorden–Spatz syndrome. Mov
Disord 2003;18:1351–3.

[21] Fantini ML, Cossu G, Molari A, Cabinio M, Uyanik O, Cilia R,
et al. Sleep in genetically confirmed pantothenate kinase-
associated neurodegeneration: a video-polysomnographic
study. Parkinsons Dis 2010;2010:342834.

[22] Dooling EC, Schoene WC, Richardson Jr EP. Hallervorden
Spatz syndrome. Arch Neurol 1974;30:70–83.

[23] Swaiman KF. Hallervorden–Spatz Syndrome and brain iron
metabolism. Arch Neurol 1991;48:1285–93.

[24] Swaiman KF. Hallervorden–Spatz syndrome. Pediatr Neurol
2001;25:102–8.

[25] Gregory A, Hayflick SJ. Neurodegeneration with brain iron
accumulation. Folia Neuropathol 2005;43:286–96.

[26] Hayflick SJ, Hartman M, Coryell J, Gitschier J, Rowley H.
Brain MRI in Neurodegeneration with Brain Iron
Accumulation with and without PANK2 Mutations. AJNR
Am J Neuroradiol 2006;27:1230–3.

[27] Sethi KD, Adams RJ, Loring DW, el Gammal T.
Hallervorden–Spatz syndrome: clinical and magnetic
resonance imaging correlations. Ann Neurol 1988;24:692–4.

http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0005
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0005
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0005
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0005
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0010
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0010
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0010
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0010
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0010
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0015
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0015
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0015
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0015
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0020
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0020
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0020
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0025
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0025
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0025
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0025
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0030
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0030
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0030
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0030
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0035
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0035
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0035
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0035
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0040
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0040
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0040
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0040
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0045
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0045
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0045
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0050
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0050
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0050
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0050
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0050
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0055
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0055
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0055
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0055
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0060
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0060
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0060
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0065
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0065
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0070
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0070
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0070
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0075
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0075
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0075
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0080
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0080
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0080
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0080
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0085
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0085
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0085
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0090
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0090
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0090
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0090
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0095
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0095
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0095
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0100
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0100
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0100
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0105
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0105
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0105
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0105
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0110
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0110
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0110
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0115
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0115
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0120
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0120
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0125
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0125
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0130
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0130
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0130
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0130
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0135
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0135
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0135


n e u r o l o g i a i n e u r o c h i r u r g i a p o l s k a 4 8 ( 2 0 1 4 ) 2 0 6 – 2 1 3212
[28] Schenck JF, Zimmerman EA. High-field magnetic resonance
imaging of brain iron: birth of a biomarker? NMR Biomed
2004;17:433–45.

[29] Hayflick SJ, Penzien JM, Michl W, Sharif UM, Rosman NP,
Wheeler PG, et al. Cranial MRI changes may precede
symptoms in Hallervorden–Spatz syndrome. Pediatr Neurol
2001;25:166–9.

[30] Gregory A, Polster BJ, Hayflick S. Clinical and genetic
delineation of neurodegeneration with brain iron
accumulation. J Med Genet 2009;46:73–80.

[31] McNeill A, Birchall D, Hayflick SJ, Gregory A, Schenk JF,
Zimmerman EA, et al. T2* and FSE MRI distinguishes four
subtypes of neurodegeneration with brain iron
accumulation. Neurology 2008;70:1614–9.

[32] Molinuevo JL, Munoz E, Valldeoriola F, Tolosa E. The eye of
the tiger sign in cortical-basal ganglionic degeneration. Mov
Dis 1999;14:169–71.

[33] Davie CA, Barker GJ, Machado C, Miller DH, Lees AJ. Proton
magnetic resonance spectroscopy in Steele–Richardson–
Olszewski syndrome. Mov Dis 1997;12:767–71.

[34] Strecker K, Hesse S, Wegner F, Sabri O, Schwarz J, Schneider
JP. Eye of the tiger sign in multiple system atrophy. Eur J
Neurol 2007;14:e1–2.

[35] Metafratzi Z, Argyropoulou MI, Kiortsis DN, Tsampoulas C,
Chaliassos N, Efremidis SC. T2 relaxation rate of basal
ganglia and cortex in patients with beta-thalassanemia
major. Br J Radiol 2001;74:407–10.

[36] Miszkiel KA, Paley MN, Wilkinson ID, Hall-Craggs MA,
Ordidge R, Kendall BE, et al. The measurement of R2, R2*
and R2' in HIV infected patients using the prime sequence
as a measure of brain iron deposition. Magn Reson Imaging
1997;15:1113–9.

[37] Sudmeyer M, Saleh A, Wojtecki L, Cohnen M, Gross J, Ploner
M, et al. Wilson's disease tremor is associated with
magnetic resonance imaging lesions in basal ganglia
structures. Mov Disord 2006;21:2134–9.

[38] Delgado RF, Sanchez PR, Speckter H, Then EP, Jimenez R,
Oviedo J, et al. Missense PANK2 mutation without ‘‘eye of
the tiger’’ sign: MR findings in a large group of patients with
pantothenate kinase-associated neurodegeneration. J Magn
Reson Imaging 2012;35:788–94.

[39] Hartig MB, Hortnagel K, Garavaglia B, Zorzi G, Kmiec T,
Klopstock T, et al. Genotypic and phenotypic spectrum of
PANK2 mutations in patients with neurodegeneration with
brain iron accumulation. Ann Neurol 2006;59:248–56.

[40] Kostić VS, Svetel M, Mijajlović M, Pavlović A, Ječmenica-
Lukić M, Kozić D. Transcranial sonography in pantothenate
kinase-associated neurodegeneration. J Neurol
2012;259:959–64.

[41] Cossu G, Cella C, Melis M, Antonini A, Floris GL, Ruffini L,
et al. [123I]FP-CIT SPECT findings in two patients with
Hallervorden-Spatz disease with homozygous mutation in
PANK2 gene. Neurology 2005;64:167–8.

[42] Doi H, Koyano S, Miyatake S, Matsumoto N, Kameda T,
Tomita A, et al. Siblings with the adult-onset slowly
progressive type of pantothenate kinase-associated
neurodegeneration and a novel mutation, Ile346Ser,
in PANK2: clinical features and (99m)Tc-ECD brain
perfusion SPECT findings. J Neurol Sci 2010;290:
172–6.

[43] Kruer MC, Hiken M, Gregory A, Malandrini A, Clark D,
Hogarth P, et al. Novel histopathologic findings in
molecularly confirmed pantothenate kinase-associated
neurodegeneration. Brain 2011;134:947–58.

[44] Li A, Paudel R, Johnson R, Courtney R, Lees AJ, Holton JL,
et al. Pantothenate kinase-associated neurodegeneration is
not a synucleinopathy. Neuropathol Appl Neurobiol 2012.
http://dx.doi.org/10.1111/j.1365-2990.2012.01269.x [Epub
ahead of print].
[45] Timmermann L, Pauls KA, Wieland K, Jech R, Kurlemann G,
Sharma N, et al. Dystonia in neurodegeneration with brain
iron accumulation: outcome of bilateral pallidal
stimulation. Brain 2010;133:701–12.

[46] Mahoney R, Selway R, Lin J-P. Cognitive functioning in
children with pantothenate-kinase-associated-
neurodegeneration undergoing deep brain stimulation. Dev
Med Child Neurol 2011;53:275–9.

[47] Rana A, Seinen E, Siudeja K, Muntendam R, Srinivasan B, van
der Want JJ, et al. Pantethine rescues a Drosophila model for
pantothenate kinase-associated neurodegeneration. Proc
Natl Acad Sci USA 2010;107:6988–93.

[48] Morgan NV, Westaway SK, Morton JE, Gregory A, Gissen P,
Sonek S, et al. PLA2G6, encoding a phospholipase A(2), is
mutated in neurodegenerative disorders with high brain
iron. Nat Genet 2006;38:752–4.

[49] Beck G, Sugiura Y, Shinzawa K, Kato S, Setou M, Tsujimoto
Y, et al. Neuroaxonal dystrophy in calcium-independent
phospholipase A2b deficiency results from insufficient
remodeling and degeneration of mitochondrial and
presynaptic membranes. J Neurosci 2011;31:11411–20.

[50] Paisan-Ruiz C, Bhatia KP, Li A, Hernandez D, Davis M, Wood
NW, et al. Characterization of PLA2G6 as a locus for
dystonia-parkinsonism. Ann Neurol 2009;65:19–23.

[51] Mubaidin A, Roberts E, Hampshire D, Dehyyat M, Shurbaji
A, Mubaidien M, et al. Karak syndrome: a novel
degenerative disorder of the basal ganglia and cerebellum. J
Med Genet 2003;40:543–6.

[52] Paisán-Ruiz C, Li A, Schneider SA, Holton JL, Johnson R,
Kidd D, et al. Widespread Lewy body and tau accumulation
in childhood and adult onset dystonia-parkinsonism cases
with PLA2G6 mutations. Neurobiol Aging 2010;33:814–23.

[53] Gregory A, Westaway SK, Holm IE, Kotzbauer PT, Hogarth P,
Sonek S, et al. Neurodegeneration associated with genetic
defects in phospholipase A2b. Neurology 2008;71:1402–9.

[54] Miyajima H, Nishimura Y, Mizoguchi K, Sakamoto M,
Shimizu T, Honda N. Familial apoceruloplasmin deficiency
associated with blepharospasm and retinal degeneration.
Neurology 1987;37:761–7.

[55] McNeill A, Pandolfo M, Kuhn J, Shang H, Miyajima H. The
neurological presentation of ceruloplasmin gene
mutations. Eur Neurol 2008;60:200–5.

[56] Miyajima H, Takahashi Y, Kono S. Aceruloplasminemia, an
inherited disorder of iron metabolism. Biometals
2003;16:205–13.

[57] Pan PL, Tang HH, Chen Q, Song W, Shang HF.
Desferrioxamine treatment of aceruloplasminemia: long-
term follow-up. Mov Disord 2011;26:2142–4.

[58] Sohn YS, Breuer W, Munnich A, Cabantchik ZI.
Redistribution of accumulated cell iron: a modality of
chelation with therapeutic implications. Blood
2005;111:1690–9.

[59] Chinnery PF, Crompton DE, Birchall D, Jackson MJ,
Coulthard A, Lombès A, et al. Clinical features and natural
history of neuroferritinopathy caused by the FTL1 460InsA
mutation. Brain 2007;130:110–9.

[60] Vidal R, Delisle MB, Ghetti B. Neurodegeneration caused by
proteins with an aberrant carboxyl-terminus. J Neuropathol
Exp Neurol 2004;63:787–800.

[61] Vidal R, Ghetti B, Takao M, Brefel-Courbon C, Uro-Coste E,
Glazier BS, et al. Intracellular ferritin accumulation in
neural and extraneural tissue characterizes a
neurodegenerative disease associated with a mutation in
the ferritin light polypeptide gene. J Neuropathol Exp
Neurol 2004;63:363–80.

[62] Mancuso M, Davidzon G, Kurlan RM, Tawil R, Bonilla E, Di
Mauro S, et al. Hereditary ferritinopathy: a novel mutation,
its cellular pathology, and pathogenetic insights. J
Neuropathol Exp Neurol 2005;64:280–94.

http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0140
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0140
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0140
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0145
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0145
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0145
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0145
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0150
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0150
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0150
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0155
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0155
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0155
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0155
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0160
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0160
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0160
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0165
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0165
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0165
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0170
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0170
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0170
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0175
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0175
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0175
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0175
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0180
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0180
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0180
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0180
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0180
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0185
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0185
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0185
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0185
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0190
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0190
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0190
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0190
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0190
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0195
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0195
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0195
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0195
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0200
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0200
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0200
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0200
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0205
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0205
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0205
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0205
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0210
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0210
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0210
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0210
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0210
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0210
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0210
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0215
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0215
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0215
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0215
http://dx.doi.org/10.1111/j.1365-2990.2012.01269.x
http://dx.doi.org/10.1111/j.1365-2990.2012.01269.x
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0225
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0225
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0225
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0225
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0230
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0230
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0230
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0230
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0235
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0235
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0235
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0235
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0240
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0240
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0240
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0240
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0245
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0245
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0245
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0245
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0245
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0250
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0250
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0250
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0255
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0255
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0255
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0255
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0260
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0260
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0260
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0260
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0265
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0265
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0265
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0270
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0270
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0270
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0270
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0275
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0275
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0275
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0280
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0280
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0280
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0285
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0285
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0285
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0290
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0290
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0290
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0290
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0295
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0295
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0295
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0295
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0300
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0300
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0300
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0305
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0305
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0305
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0305
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0305
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0305
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0310
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0310
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0310
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0310


n e u r o l o g i a i n e u r o c h i r u r g i a p o l s k a 4 8 ( 2 0 1 4 ) 2 0 6 – 2 1 3 213
[63] Burn J, Chinnery PF. Neuroferritinopathy. Semin Pediatr
Neurol 2006;13:176–81.

[64] Kruer MC, Paisán-Ruiz C, Boddaert N, Yoon MY, Hama H,
Gregory A, et al. Defective FA2H leads to a novel form of
neurodegeneration with brain iron accumulation (NBIA).
Ann Neurol 2010;68:611–8.

[65] Edvardson S, Hama H, Shaag A, Gomori JM, Berger I, Soffer
D, et al. Mutations in the fatty acid 2-hydroxylase gene are
associated with leukodystrophy with spastic paraparesis
and dystonia. Am J Hum Genet 2008;83:643–8.

[66] Hama H. Fatty acid 2-Hydroxylation in mammalian
sphingolipid biology. Biochim Biophys Acta 2010;1801:
405–14.

[67] Hourani R, El-Hajj T, Barada WH, Hourani M, Yamout BI. MR
imaging findings in autosomal recessive hereditary spastic
paraplegia. AJNR Am J Neuroradiol 2009;30:936–40.

[68] Garone C, Pippucci T, Cordelli DM, Zuntini R, Castegnaro G,
Marconi C, et al. FA2H-related disorders: a novel c.270
+ 3A > T splice-site mutation leeds to a complex
neurodegenerative phenotype. Dev Med Child Neurol
2011;53:958–61.

[69] Najim al-Din AS, Wriekat A, Mubaidin A, Dasouki M, Hiari
M. Pallido-pyramidal degeneration, supranuclear upgaze
paresis and dementia: Kufor-Rakeb syndrome. Acta Neurol
Scand 1994;89:347–52.

[70] Ramirez A, Heimbach A, Gründemann J, Stiller B,
Hampshire D, Cid LP, et al. Hereditary Parkinsonism with
dementia is caused by mutations in ATP13A2, encoding a
lysosomal type 5 P-type ATPase. Nat Genet 2006;38:1184–91.

[71] Hampshire DJ, Roberts E, Crow Y, Bond J, Mubaidin A,
Wriekat AL, et al. Kufor-Rakeb syndrome, pallido-
pyramidal degeneration with supranuclear upgaze paresis
and dementia, maps to 1p36. J Med Genet 2001;38:680–2.

[72] Ramonet D, Podhajska A, Stafa K, Sonnay S, Trancikova A,
Tsika E, et al. PARK9-Associated ATP13A2 localizes to
intracellular acidic vesicles and regulates cation
homeostasis and neuronal integrity. Hum Mol Genet
2012;21:1725–43.

[73] Park JS, Mehta P, Cooper AA, Veivers D, Heimbach A, Stiller B,
et al. Pathogenic effects of novel mutations in the P-type
ATPase ATP13A2 (PARK9) causing Kufor-Rakeb syndrome, a
form of early-onset Parkinsonism. Hum Mutat 2011;32:956–64.

[74] Machner B, Sprenger A, Behrens MI, Ramirez A,
Brüggemann N, Klein C, et al. Eye movement disorders in
ATP13A2 mutation carriers (PARK9). Mov Disord
2010;25:2687–9.

[75] Paisán-Ruiz C, Guevara R, Federoff M, Hanagasi H, Sina F,
Elahi E, et al. Early-onset L-dopa responsive parkinsonism
with pyramidal signs due to ATP13A2, PLA2G6, FBXO7 and
spatacsin mutations. Mov Disord; 2010;25:1791–800.

[76] Schneider SA, Paisan-Ruiz C, Quinn NP, Lees AJ, Houlden H,
Hardy J, et al. ATP13A2 mutations (PARK9) cause
neurodegeneration with brain iron accumulation. Mov
Disord 2010;25:979–84.

[77] Anheim M, Lagier-Tourenne C, Stevanin G, Fleury M, Durr
A, Namer IJ, et al. SPG11 spastic paraplegia. A new cause of
juvenile parkinsonism. J Neurol 2009;256:104–8.

[78] Hartig MB, Iuso A, Haack T, Kmiec T, Jurkiewicz E, Heim K,
et al. Absence of an orphan mitochondrial protein C19orf12,
causes a distinct clinical subtype of neurodegeneration
with brain iron accumulation. Am J Hum Genet
2011;89:543–50.

[79] Kruer M, Gregory A, Hogarth P, Hayflick S. Static
encephalopathy of childhood with neurodegeneration in
adulthood (SENDA syndrome): a novel neurodegneration
with brain iron accumulation (NBIA) phenotype
[correspondence]. Abstract; 2009.

[80] Hartig MB, Iuso A, Haack T, Kmiec T, Jurkiewicz E, Heim K,
et al. Absence of an orphan mitochondrial protein,
c19orf12, causes a distinct clinical subtype of
neurodegeneration with brain iron accumulation. Am J
Hum Genet 2011;89:543–50.

http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0315
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0315
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0320
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0320
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0320
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0320
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0325
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0325
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0325
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0325
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0330
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0330
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0330
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0335
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0335
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0335
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0340
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0340
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0340
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0340
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0340
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0340
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0340
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0340
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0340
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0340
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0345
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0345
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0345
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0345
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0350
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0350
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0350
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0350
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0355
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0355
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0355
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0355
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0360
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0360
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0360
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0360
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0360
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0365
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0365
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0365
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0365
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0370
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0370
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0370
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0370
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0375
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0375
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0375
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0375
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0380
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0380
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0380
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0380
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0385
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0385
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0385
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0390
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0390
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0390
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0390
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0390
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0395
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0395
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0395
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0395
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0395
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0400
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0400
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0400
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0400
http://refhub.elsevier.com/S0028-3843(14)00078-4/sbref0400

	Update on neurodegeneration with brain iron accumulation
	Pantothenate kinase-associated neurodegeneration (PKAN) - NBIA Type 1
	Classic PKAN
	Atypical PKAN
	PLA2G6-associated neurodegeneration (PLAN) - NBIA Type 2
	Aceruloplasminemia (aCP)
	Neuroferritinopathy
	FA2H-associated neurodegeneration (FAHN)/SPG35
	Kufor-Rakeb disease (PARK9)
	Mitochondrial membrane protein associated neurodegeneration (MPAN)
	Static encephalopathy of childhood with neurodegeneration in adulthood (SENDA syndrome)
	Conclusions
	Conflict of interest
	Acknowledgement and financial support
	Ethics
	References


