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� The early diagnosis of beta-propeller protein-associated neurodegeneration (BPAN) remains
challenging.

� The EEGs of children with BPAN show prominent high-amplitude fast activity as early as 1 year of age.
� EEG provides an important clue for the early diagnosis of BPAN.

a b s t r a c t

Objective: The early diagnosis of beta-propeller protein-associated neurodegeneration (BPAN) before dis-
tinct brain magnetic resonance imaging (MRI) findings of iron deposition occur remains challenging. This
study examined whether children with BPAN have characteristic high-amplitude (>50 lV) fast activity
(HAFA) on electroencephalography (EEG).
Methods: We conducted a retrospective analysis of EEG performed during childhood in five patients with
BPAN. We also examined 143 EEGs from 59 patients with different etiologies, including epilepsy (n = 33),
acute encephalopathy (n = 6), neurodevelopmental disorders (n = 5), non-epileptic events (n = 4), and
others (n = 11). Trained electroencephalographers reviewed all of the EEGs. When excessive fast activity
was observed, the amplitude, frequency, and locality were assessed.
Results: All five patients with BPAN underwent initial EEGs at 12–21 months old, and diffuse continuous
HAFA (range 20–50 Hz) was observed on both awake and sleep EEGs. In the awake records, there was no
clear posterior dominant rhythm in 4 of the 5 patients. Although 28% of the 143 EEGs had continuous
excessive fast activity, mainly in the sleep records, only two (1.4%) exhibited HAFA when asleep, and their
awake EEGs had clear posterior dominant rhythm.
Conclusions: The EEGs of children with BPAN showed diffuse HAFA continuously when both awake and
asleep, which is uncommon in children with other etiologies.
Significance: This study provides an important clue for the early diagnosis of BPAN.

� 2020 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. All rights
reserved.
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1. Introduction

Beta-propeller protein-associated neurodegeneration (BPAN),
previously known as static encephalopathy of childhood with neu-
rodegeneration in adulthood (SENDA), is a recently established
subtype of neurodegeneration characterized by brain iron accumu-
lation (NBIA). BPAN is caused by de novo mutations in the gene
encoding WD repeat containing protein 45 (WDR45) localized at
Xp11.23, which has an important role in autophagy (Hayflick
et al., 2013; Saitsu et al., 2013).

BPAN is characterized by global developmental delays with
intellectual disabilities during infancy or childhood, followed by
progressive neurological and cognitive decline in adolescence with
dystonia and Parkinsonism (Hayflick et al., 2013). Although distinct
brain magnetic resonance imaging (MRI) findings of iron deposi-
tion in the bilateral globus pallidus (GP) and substantia nigra
(SN) enable its diagnosis, these become apparent only during child-
hood or adolescence, and an earlier diagnosis is difficult. Here, we
show that common high-amplitude fast activity (HAFA) on elec-
troencephalography (EEG) observed as early as 1 year of age facil-
itates an early diagnosis of BPAN.
2. Methods

We retrospectively collected EEGs obtained during early child-
hood in Japanese patients with BPAN/SENDA. The diagnosis of BPAN
was based on characteristic clinical features, includingMRI findings
and WDR45 mutations. To investigate the incidence of similar EEG
patterns, we collected all EEG data recorded in children aged
6months to 3 years at our center between January 2018 andDecem-
ber 2018. Trained electroencephalographers blinded to the clinical
histories of the patients reviewed all of the EEGs based on the
revised Standardized Computer-based Organized Reporting of EEG
(SCORE, v2) (Beniczky et al., 2017). When excessive fast activity
was observed, the amplitude, frequency, locality, and responsive-
ness to eye opening/closure, intermittent photic stimulation, and
sleep–wake cycles were noted visually. In this study, HAFA was
defined as beta or gamma activities with an amplitude >50 lV.
When opinions differed, consensus was reached by discussion. We
also performed time–frequency analysis of the EEGs using Brain-
storm (https://neuroimage.usc.edu/brainstorm/CiteBrainstorm/).

In children with BPAN, the data analyzed included sex, age at
diagnosis, perinatal and family history, neurological symptoms,
MRI findings, gene mutations, and laboratory data, including levels
of aspartate aminotransferase (AST), lactate dehydrogenase (LDH),
and serum neuron-specific enolase (NSE).

The patients’ families provided informed consent.
3. Results

3.1. Patient characteristics

Table 1 summarizes the clinical features and MRI findings of the
five patients with BPAN. All five were girls, and the initial com-
plaints were developmental delay. The initial brain MRI showed
no distinct findings of iron deposition, but delayed myelination
was observed in all patients. On blood analysis, the AST, LDH,
and serum NSE levels were elevated.

The five patients underwent initial EEGs at 12–21 months of age
andwere on nomedications except chloral hydrate (50mg/kg/dose)
for sleep induction (Table 2). In all five patients, diffuse symmetrical
HAFA was observed continuously on both awake and sleep EEGs
(Fig. 1b and d and Supplementary Fig. e-1). On visual assessment,
the HAFA frequency was 20–37 Hz and the amplitude 50–150 lV.
In awake records, no posterior dominant rhythm was identified in
four patients, and the EEG activity did not change upon eye open-
ing/closing or intermittent photic stimulation, while a sleep–awake
cycle and sleep spindleswere observed in four of the five patients. In
the follow-up EEGs, the amplitude of the excessive fast activities
decreased to 30–50 lV in all five patients between 2 and 7 years
of age, although diffuse continuous fast activity was still observed
in both awake and sleep records. In three of the five patients, the
posterior dominant rhythm was still unclear at 4 (Patient 2), 6
(Patient 4), and 11 (Patient 1) years of age.

In addition to the five patients with BPAN, we investigated 143
EEGs from 59 children with different conditions obtained at our
center in 2018 to examine whether they had excessive continu-
ous fast activity (Supplementary Table e-1). Excessive fast activ-
ity was observed in 40 EEGs (28%), but only two exhibited
HAFA (amplitude > 50 lV). One EEG with HAFA was obtained
from a 21-month-old girl with focal epilepsy of unknown etiology
taking oral clobazam and topiramate; the HAFA was observed
only during sleep stages N1 and N2, and not when awake, with
an amplitude of 30–80 lV and frequency of 20–30 Hz. Another
EEG with HAFA was obtained from a 30-month-old boy with eye-
lid myoclonia taking several antiepileptic medications, including
clobazam; the amplitude was 30–60 lV and frequency 20–30 Hz.
The HAFA was observed during sleep stage N1, but lower fast
activity was observed when awake and during the other sleep
stages. His awake EEG had a clear posterior dominant rhythm.
Of the 40 EEGs with excessive fast activity, only 7 had fast activity
not only in the sleep but also in the awake records, and the all 7
had clear posterior dominant rhythm in awake EEG. Of the 40
EEGs with excessive fast activity, 18 (45%) were performed in
patients on benzodiazepines or barbiturates, whereas only 18 of
the 103 (17%) patients without excessive fast activity were on
those medications (p = 0.001).

3.2. Case presentation

Here, we present two unpublished patients (Patients 1 and 5).
The clinical details of twoother patients (Patients 2 and3) have been
reported elsewhere (Ishiyama et al., 2018; Takano et al., 2016).

3.2.1. Patient 1
An 8-year-old girl had delayed motor development from

6 months of age. She achieved eye following and neck control at
4 months of age, but none of the subsequent developmental mile-
stones. At 12 months of age, she underwent MRI, which showed
no abnormality except myelination delay (Fig. 1a). An EEG showed
prominent HAFA (50–120 lV, 27–35 Hz) with central dominancy,
whenboth awake and asleep (Fig. 1b), but her subsequent neurolog-
ical manifestations were not consistent with infantile neuroaxonal
dystrophy. Based on time–frequency analysis, the dominant fre-
quency of the fastwaves ranged from20 to 40Hz (Fig. 1c). At 6 years
of age, she was admitted to our hospital for severemotor and cogni-
tive delays of unknown etiology; she could not roll over, sit by her-
self, or understand any language. She had stiffness of the hips and
knees and stereotypedhandmovements and tremulousmovements
of the left arm. Shewas diagnosedwith BPANbased onwhole exome
sequencing, revealing a de novo nonsense mutation in the WDR45
gene (c.604C > T, p.Q202X). Susceptibility-weighted imaging
revealed iron deposition in the bilateral GP and SN (Fig. 1a). At
8 years of age, her EEG still showed excessive fast activity continu-
ouslywhen both awake and asleep, butwith a lower amplitude than
that observed at 1 year of age (Supplementary Fig. e-1B). The poste-
rior dominant rhythm was still unclear in her awake record.

3.2.2. Patient 5
A 22-month-old Japanese girl exhibited delayed development.

She achieved eye following and neck control at 4 months of age.
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Table 1
The clinical features and MRI findings of the five patients with BPAN.

Patient /Sex 1/Female 2/Female 3/Female 4/Female 5/Female
Mutation c.604C > T, p.Q202X c.831-1G > C c.224C > A, p.S75X c.729-2A > G c.432C > G, p.N144K
Diagnosis (age) NGS (7y) NGS (5y) NGS (2y) Sanger (6y) Sanger (21m)
Gestational age 39w3d 41w0d 40w0d 38w5d 38w0d
Birth weight 2368 g 3990 g 2900 g 3192 g 2665 g
Delivery NVD NVD NVD NVD CS
Family history none none none none none

Neurological symptoms
Initial symptom Develop delay Develop delay Develop delay Develop delay Develop delay
Age at last follow-up 9y 5y 8y5m 6y 22m
Motor Sitting Walking Sitting Sitting Standing
Spasticity No Yes No No Yes
Dystonia Yes No No Yes No
Language No No No No No
Seizure (age) GTC (6y) infantile spasms (3y) febrile tonic (1y) SE (11m) febrile seizures (1y)

MRI (age)
Delayed myelination Present (12m) Present (24m) Present (20m) Present (12m) Present (21m)
Iron deposition Present (7y) Present (3y) Absent (20m) Present (3y) Absent (21m)

Laboratory (serum)
AST (U/L) 78–133 80–178 72–220 60–100 80–113
LDH (U/L) 381–387 456–714 382–633 308–519 532–693
NSE (ng/ml) 51.5 93.7–121 NA 105 99.7

NGS: next generation sequences, NA: not available, NVD: normal vaginal delivery, CS: Caesarian section, GTC: generalized tonic clonic, SE: status epilepticus, AST: aspartate
aminotransferase, LDH: lactate dehydrogenase, NSE: serum neuron-specific enolase.

Table 2
The EEG findings of the children with BPAN.

Patient 1 2 3 4 5
EEG (Age) 12 m 17 m/18 m 20 m 16 m 21 m
Recorded stages# W, N1, N2 W, N3 W, N1, N2, N3 W, N1,

N2
W, N1, N2, N3

Fast waves
Amplitude (lV) 50–120 50–120 50–100 50–150 50–100
Frequency (Hz) 27–35 22–32 20–26 30–35 30–37
Locality Diffuse, prominent in the centro-

parietal region
Diffuse, prominent
posteriorly

Diffuse, prominent in the centro-parieto-
occipital region

Diffuse Diffuse, prominent
posteriorly

Other features
Posterior dominant

rhythm
Unclear Unclear Unclear Unclear 6–7 Hz

Eye opening NA No changes NA NA No changes
Intermittent photic

stimulation
No changes No changes NA No

changes
No changes

Epileptiform
discharges

No Frontal spikes Unclear Unclear Multifocal spikes

NA: not available.
# Sleep stages were determined according to the American Academy of Sleep Medicine (AASM) Manual for the Scoring of Sleep and Associated Events Version 2.4.
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She sat up at 9 months of age, but never could pull herself up. At
age 19 months, she was referred to our hospital for further evalu-
ation of the developmental delay. Brain MRI showed mild myelina-
tion delay, and EEG showed diffuse continuous HAFA (50–100 lV,
30–37 Hz) with posterior dominancy, when both awake and asleep
(Fig. 1d). Repeated blood examinations revealed an elevated AST
level. Based on these initial data, BPAN was suspected, and we
measured the serum NSE level, which was high (99.7 ng/mL).
WDR45 analysis (Sanger sequencing) performed 2 months after
admission revealed a heterozygous mutation (c.432C > G, p.
N144K). Another EEG was obtained at 2 years of age and showed
diffuse continuous fast activity when both awake and asleep, but
the amplitude was lower.

4. Discussion

We found that EEGs in children with BPAN showed characteris-
tic HAFA as early as 1 year of age. This provides a valuable clue for
the early diagnosis of BPAN.
The neurophysiological mechanisms of HAFA in BPAN are
unknown; however, these EEG findings may be associated with a
common neuropathology in NBIA. Classical infantile neuroaxonal
dystrophy, which is also a subtype of NBIA, shows diagnostic HAFA
with a frequency of 16–24 Hz on EEG between age 2 and 5 years
(Ferriss et al., 1977). One individual with fatty acid hydroxylase-
associated neurodegeneration, which is another subtype of NBIA,
also showed excessive beta activity on EEG (Kruer et al., 2010). A
high concentration of reactive iron can increase oxidative-stress-
induced neuronal vulnerability. Similar conditions have been
reported in patients with cavernomas, vascular malformations of
the central nervous system, in which the electrocorticogram shows
bursting discharges or continuous spiking patterns in the parench-
yma surrounding the cavernoma, where hemosiderin deposits and
gliosis are commonly observed (Ferrier et al., 2007). WDR45, the
causal gene of BPAN, is an important regulator of autophagy and
can inhibit the elimination of abnormal, toxic protein accumula-
tion to promote cellular stress and death. Neuropathological stud-
ies of patients with BPAN revealed neuronal loss not only in the GP



Fig. 1. a. Characteristic magnetic resonance imaging (MRI) images from Patient 1. The T2-weighted image at 1 year of age shows no signal abnormalities in the globus
pallidus (GP) and substantia nigra (SN) but shows delayed myelination (upper left). In comparison, the T2-weighted image at age 8 years of age shows slightly lower signal
intensity in the bilateral GP (upper right), and characteristic susceptibility-weighted MRI images show low signal intensity in the bilateral GP (lower left, arrows) and SN
(lower right, arrowheads). b. An electroencephalography (EEG) in Patient 1, performed at 12 months of age without any antiepileptic drugs (and no history of benzodiazepine
use), showing excessive high amplitude fast activity at around 30 Hz with central dominancy during sleep. Calibration indicates 1 s and 100 lV. c. Time-frequency map in the
EEG of Patient 1. The frequency of the fast wave at the C3 electrode ranges between 25 and 50 Hz. The x-axis indicates time, with a duration of 2 min, and the y-axis indicates
frequency. The band pass filter was set between 5 and 80 Hz. d. An EEG in Patient 5, performed at 21 months of age without any antiepileptic drugs (and no history of
benzodiazepine use), showing excessive high amplitude fast activity at around 35 Hz with occipital dominancy during sleep. Calibration indicates 1 s and 100 lV.
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and SN but also in widespread neocortical lesions (Paudel et al.,
2015). Therefore, this oxidative cortical stress may result in HAFA
on EEG during early life.

Similar excessive non-specific beta activity can be seen in chil-
dren with intellectual disabilities and more commonly in children
with epilepsy receiving antiepileptic medications, especially ben-
zodiazepines or barbiturates. However, those fast activities typi-
cally have amplitudes <50 lV and occur mainly when they are
drowsy or lightly asleep, with posterior dominancy seen in chil-
dren until 3 years of age (Shibagaki et al., 1982). Importantly, all
patients with BPAN in this study had HAFA as early as 1 year of
age, when the patients were not receiving any antiepileptic medi-
cations. Therefore, it was unlikely that the HAFA resulted from
medication. Additionally, HAFA in BPAN was observed continu-
ously not only when asleep but also when awake. The posterior
dominant rhythm when awake was unclear due in part to contin-
uous HAFA, which seems to differ from that of children with exces-
sive beta activity in other etiologies. We emphasize that HAFA
should be interpreted carefully, because it may be mistaken for
muscle artifacts or drug-induced beta activity, particularly in chil-
dren with developmental delay or seizures of unknown etiology.
The distinction of HAFA in this report from ‘‘extreme spindles”,
first described by Gibbs and Gibbs (1962), is important. Extreme
spindles are observed at frequencies of 8–15 Hz, at much higher
voltages, and are more nearly continuous than normal spindle
activity. Extreme spindles are seen when awake, although when
the patient is awake, they are of low to medium voltage and are
mixed with waking activity. This abnormality is usually found in
mentally retarded children younger than 5 years. By contrast, the
frequency of HAFA in children with BPAN was higher (20–40 Hz),
and the unclear posterior dominant rhythm in the awake state
and presence of sleep spindles when asleep also differed from
extreme spindles.

Although BPAN is often suspected when neurological deteriora-
tion occurs, recent studies have identified valuable clues for the
early diagnosis of BPAN beyond genetic testing. Children with
BPAN can have persistently elevated serum AST, LDH, and NSE
levels first seen during early childhood (Takano et al., 2016). Myeli-
nation delay was common on MRI in our series, before the appear-
ance of the characteristic MRI findings of iron deposition in the
bilateral GP and SN. Transient swelling in the GP and SN on MRI
at the onset of infection has also been reported in children with
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BPAN, although this is uncommon (Ishiyama et al., 2018). There-
fore, a combination of elevated levels of these early markers, MRI
findings, despite their non-specificity, and the unusual EEG find-
ings suggests a suspicion of BPAN, and clinicians should consider
genetic testing for WDR45, as performed in Patient 5.

5. Conclusions

Although it may be non-specific, diffuse continuous HAFA on an
EEG when awake and asleep is a novel clue for the early diagnosis
of BPAN, particularly in children not taking antiepileptic medica-
tions, especially benzodiazepines or barbiturates. With earlier
diagnosis of BPAN, the future development of novel therapeutic
interventions to prevent or delay the onset of neurodegeneration
is desirable.
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