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ABSTRACT
Background: Neurodegeneration with brain iron accumulation (NBIA) comprises a genetically and clinically heterogeneous 
group of rare neurological disorders characterized particularly by iron accumulation in the basal ganglia. To date, 15 genes have 
been associated with NBIA. Among them, WDR45, linked to beta-propeller protein-associated neurodegeneration (BPAN), rep-
resents the only X-linked dominant subtype of NBIA. Herein, clinical, electrophysiological, and neuroimaging evaluations were 
used to broaden the understanding of BPAN in a newly reported case series.
Methods: This study included 10 individuals with BPAN, categorized into three age groups. WDR45 variant data retrieved from 
next-generation sequencing or Sanger sequencing were reviewed and reassessed. Comprehensive clinical evaluations including 
magnetic resonance imaging (MRI), fluorodeoxyglucose positron emission tomography (FDG-PET), and video electroencepha-
lographic monitoring were conducted.
Results: The clinical manifestations were highly heterogeneous, with cognitive impairment being a consistent finding among the 
patients, with variable severity. The associated WDR45 variants are likely to exert loss-of-function effects. Electroencephalogram 
(EEG) abnormalities included age-dependent background slowing and epileptiform discharges. MRI indicated a characteristic 
pattern, while two patients lacked these typical findings. FDG-PET imaging demonstrated hypometabolism extending beyond 
cerebral structures, with predominant cerebellar and pontine involvement in pediatric patients and frontoparietal hypometabo-
lism in adults.
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Conclusions: This study contributes further to our understanding of the heterogeneous clinical spectrum of BPAN. Genotype–phe-
notype correlation in BPAN remains unclear due to the absence of sufficiently large cohorts in the literature, including the present 
study. Nevertheless, even within this small sample, the phenotypic heterogeneity observed among individuals harboring the same 
genotype highlights the biological complexity of the disease. Neuroimaging findings may reflect progressive and widespread neuro-
logical involvement in an age-dependent pattern, whereas EEG data suggest that epilepsy severity tends to decrease after adolescence.

1   |   Introduction

Neurodegeneration with brain iron accumulation (NBIA) com-
prises a clinically and genetically heterogeneous group of rare 
neurological disorders affecting both children and adults. To 
date, pathogenic variants in 15 genes have been implicated 
in NBIA, with a combined prevalence of 0.1–0.3 per 100,000 
worldwide [1–3]. Basal ganglia iron accumulation, a hallmark 
of NBIA, occurs despite the lack of direct involvement of most 
associated genes in iron regulation, challenging its role in patho-
genesis [4, 5]. Extrapyramidal, pyramidal, and cognitive impair-
ments are typically the dominant clinical features in most NBIA 
subtypes, whereas seizures are generally rare [1, 6]. However, 
epilepsy is a recognized feature in several forms, including 
phospholipase A2-associated neurodegeneration (PLAN), par-
ticularly its infantile neuroaxonal dystrophy (INAD) subtype, as 
well as in beta-propeller protein-associated neurodegeneration 
(BPAN), mitochondrial membrane protein-associated neurode-
generation (MPAN), with BPAN exhibiting a particularly prom-
inent epileptic phenotype, especially in childhood [1, 4, 6].

BPAN has increasingly been recognized as the most common 
NBIA subtype, seemingly predominating over PKAN in clinical 
frequency [1, 7, 8]. Clinically, BPAN shows a biphasic manifesta-
tion; it is characterized by developmental delay (DD), intellectual 
disability (ID), epilepsy, and autistic-like features, which mani-
fest in childhood as a first phase. In early adulthood, the disease 
enters into a second phase, marked by the onset and progression 
of extrapyramidal symptoms, including dystonia, parkinsonism, 
and dementia [7–9]. While the MRI findings, particularly the 
banded halo sign on T1-weighted images, serve as a distinguish-
ing radiological hallmark of BPAN, little is known about positron 
emission tomography (PET) findings in affected individuals. To 
the best of our knowledge, PET has been reported in only two 
studies to date, not allowing for definitive conclusions [10, 11]. 
Additionally, reports on electroencephalographic (EEG) findings 
in BPAN are limited and suggest a wide spectrum of abnormali-
ties [12–14]. In some cases, EEG alterations may precede detect-
able changes on MRI. Although not pathognomonic, specific 
EEG patterns, particularly in females presenting with DD, ID, or 
epileptic seizures, may serve as early clues and warrant clinical 
attention [15].

BPAN is the only X-linked dominant form of NBIA and is caused 
by pathogenic variants in the WDR45 gene (MIM: *300526) [6]. 
WDR45 encodes a WD-repeat protein with an N-terminal β-
propeller structure, although its precise function remains poorly 
understood. Its dysfunction disrupts autophagy, induces mito-
chondrial dysfunction and endoplasmic reticulum (ER) stress, 
and leads to iron dysregulation, emphasizing its role in multi-
ple cellular pathways. Notably, pathogenic variants in WDR45 
have been associated with a spectrum of overlapping clinical 

presentations, including BPAN, ID, Rett-like syndrome, devel-
opmental and epileptic encephalopathy, early-onset epileptic 
encephalopathy, and West syndrome, highlighting its broad phe-
notypic spectrum [16]. Furthermore, a recent large-scale study 
identified WDR45 as one of the five most significant genes im-
plicated across all epilepsy subtypes and their comorbidities [17].

In this study, we present a case series of 10 patients with WDR45 
variants, diagnosed and monitored between 2019 and 2024. In 
addition to comprehensive clinical assessments, our report in-
cludes detailed MRI and PET findings, epilepsy phenotypes sup-
ported by electrophysiological data, and genetic interpretations. 
Through this unique cohort, we aim to provide an in-depth 
characterization of BPAN and to draw attention to specific clini-
cal and diagnostic features that may have been underrecognized 
in the existing literature.

2   |   Patients and Methods

2.1   |   Clinical Assessments

This study has been approved by Istanbul University, Istanbul 
Faculty of Medicine, Clinical Ethics Committee (12/01/2023-24). 
Written informed consents were obtained from all participants 
enrolled in the study according to the Helsinki Declaration. This 
study was conducted at the NBIA Research Center, a newly es-
tablished unit within the Department of Neurology at Istanbul 
Faculty of Medicine, a national referral center for NBIA disor-
ders in Turkiye. Patients, referred from external institutions or 
self-referred, were hospitalized for an initial evaluation lasting 
approximately 2–3 weeks. A standardized diagnostic workup 
was applied, comprising detailed neurological examination, 
neuroimaging investigations, electrophysiological tests, tar-
geted biochemical analyses, clinical scoring, genetic testing 
when indicated, and multidisciplinary consultations.

In the present study, a total of 10 patients diagnosed with BPAN 
were included. Comprehensive physical and neurological exam-
inations were performed on all affected individuals and, where 
available, their family members. All patients underwent prolonged 
video-EEG monitoring, lasting over 12 h, covering wakefulness, 
natural nocturnal sleep, and activation methods. EEG recordings 
were obtained using 20 scalp electrodes following the international 
10–20 system, with additional electrodes for electrooculography 
(EOG) and chin electromyography (EMG) to facilitate sleep stage 
differentiation according to AASM v3.0 criteria [18]. For the acti-
vation procedures, repeated eye opening and eye closure were per-
formed 10 times. Hyperventilation, lasting 5 min, was performed 
when feasible. Additionally, photic stimulation was applied using 
a broad frequency range, including unconventional lower frequen-
cies (2, 4, 5, 8, 10, 12, 15, 18, 20, 25, and 30 Hz).
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Cranial MRI was performed on all patients using a SIEMENS 
MAGNETOM 3.0T XQ Numaris scanner. Axial plane sequences 
included T1-weighted imaging (T1WI) and susceptibility-
weighted imaging (SWI) with a slice thickness of 1 mm, as well 
as T2-weighted imaging (T2WI) and diffusion-weighted im-
aging (DWI) with a slice thickness of 3 mm. Coronal plane se-
quences consisted of T2WI with a slice thickness of 3 mm, while 
sagittal plane imaging included fluid-attenuated inversion re-
covery (FLAIR) sequences with a slice thickness of 1 mm.

The PET scans using fluorine-18 fluorodeoxyglucose (18F-FDG) 
were performed as part of a standardized protocol established 
at the NBIA Research Center and were applied to all BPAN pa-
tients without contraindications, with the aim of exploring the 
potential of PET-based imaging biomarkers in this relatively un-
derstudied field.

2.2   |   Genetic Analyses

Genetic testing was performed as part of clinical diagnosis or 
research studies, employing whole-exome sequencing (WES), 
clinical-exome sequencing (CES), or Sanger sequencing for the 
probands. The MANE (Matched Annotation from NCBI and 
EBI) Select transcripts have been used for all variant annota-
tions (WDR45: ENST00000376372.9; NM_001029896.2).

3   |   Results

3.1   |   Clinical Assessments

Out of 106 NBIA cases followed at NBIA Research Center, 10 pa-
tients (9.4%) were diagnosed with BPAN. BPAN patients were cat-
egorized into three age groups: childhood (4.7 ± 1.8 years, n = 5), 
adolescence (13 years, n = 1), and adulthood (39.5 ± 2.6 years, 
n = 4). The cohort included six female and four male patients. 
The demographic, clinical, and electrophysiological characteris-
tics of the patients are summarized in Table 1.

All patients exhibited a history of delayed language development 
in childhood. Eight patients experienced delays or regression in 
motor milestones, while five had a history of self-limited febrile 
seizures. In one patient (P4), unprovoked seizures together with 
developmental delay emerged as an early-onset manifestation 
at the age of 7 months. At the time of genetic diagnosis, all pa-
tients exhibited clear clinical manifestations, at a minimum 
presenting with delayed language development, although two 
patients (P5 and P8) had normal neurological examinations. 
Among pediatric patients, three (P3, P5, and P8) were able to 
walk independently.

Longitudinal clinical histories of the four adult BPAN patients 
are outlined below (also see Table 1): Currently, four adult pa-
tients (three males: P2, P6, P10; one female: P9) are diagnosed 
with BPAN, ranging in age from 35 to 42 years. According to 
family reports, all patients exhibited delayed speech develop-
ment in early childhood, either never achieving speech or losing 
all expressive language abilities by the age of five, despite ini-
tial progress. Three patients had a history of 2 to 7 febrile sei-
zures between the ages of 1 and 6. Additionally, two patients 

demonstrated mild motor developmental delay, achieving inde-
pendent walking around the age of 2 to 3 years. None of the pa-
tients experienced drug-resistant epilepsy during childhood or 
adulthood. Only one male patient (P10) had a single generalized 
tonic–clonic seizure at the age of 38. Levetiracetam was started 
afterward, and he has been seizure-free for the past 3 years.

All patients had previously been followed during childhood or 
early adulthood with presumptive diagnoses of cognitive im-
pairment. Extrapyramidal symptoms developed between the 
ages of 26 and 35 in all four patients, progressing to moderate-
to-severe parkinsonism within 1 to 2 years. Two male patients 
(P2 and P10) showed rapid disease progression after symp-
tom onset at ages 28 and 30, respectively, becoming bedrid-
den within 2 years. In contrast, one male patient (P6), whose 
symptoms began at age 26, remains ambulatory with minimal 
assistance at age 40, after 14 years of follow-up. The female 
patient (P9), who developed symptoms at age 35, has been fol-
lowed for 6 years and remains fully mobile and independent in 
daily activities at age 41.

3.2   |   Epilepsy and EEG Findings

When assessed for lifetime occurrence of epileptic seizures, 8 
out of 10 patients were found to have experienced either pro-
voked or unprovoked seizures (see Table 1). Five patients (P2, 
P3, P5, P9, and P10) experienced recurrent febrile seizures, two 
of whom subsequently developed epilepsy. A confirmed epilepsy 
diagnosis was present in five patients, including three chil-
dren (P1, P3, and P4), one adolescent (P7), and one adult (P10). 
Seizure onset typically occurred in infancy or early childhood, 
except for P10, who developed epilepsy at 38 years of age. Seizure 
types varied significantly across patients, with some exhibiting 
a single seizure type, while others experienced multiple types. 
Levetiracetam provided limited and temporary seizure control 
in two patients, whereas two patients had drug-resistant ep-
ilepsy. Seizure control was obtained, albeit transiently, in one 
patient treated with clobazam (P3), whereas valproate, clonaz-
epam, rufinamide, and phenobarbital were discontinued due 
to insufficient efficacy (P4, P7). Notably, ACTH (adrenocorti-
cotropic hormone) therapy achieved seizure control in two pa-
tients with epileptic encephalopathy: one with infantile spasms 
and the other with spike–wave activation during sleep (SWAS).

EEG findings were analyzed in nine patients; P6 could not 
undergo a standardized EEG examination. All EEGs revealed 
diffuse slowing of background activity, even after adjusting for 
age-related background rhythm frequencies. Additionally, five 
patients exhibited diffuse fast background activity. In one pa-
tient (P1), this appeared as rhythmic discharges at 20–24 Hz, 
consistent with an epileptiform abnormality (Figure  S1). Two 
patients (P2, P3) receiving benzodiazepine treatment displayed 
fast background rhythms. Among adult patients, EEG findings 
consisted of background slowing and fast activity, whereas pe-
diatric patients exhibited more variable electrophysiological 
abnormalities. In addition to background slowing, focal epilep-
tiform discharges, including spikes, polyspikes, and spike–wave 
patterns, were observed in the frontal, central, and temporal re-
gions. Rhythmic delta activity was detected in the occipital and 
frontal regions of two patients (P1, P3).
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Video-EEG monitoring captured atypical absence, myoc-
lonic, tonic, and atonic seizures in two patients (P4, P7). One 
of these patients (P4) exhibited a hypsarrhythmia pattern along 
with a burst-suppression pattern during sleep (Figures S2 and 
S3). Additionally, one patient (P3) had a history of SWAS. She 
began crawling at 9 months, spoke her first words at 15 months, 
and started walking at 2 years of age. She experienced a febrile 
seizure at the age of 3 years, followed by the onset of epileptic 
seizures at the age of 4 years. Levetiracetam and valproic acid 
treatments were initiated. At the age of 5 years, EEG revealed 
a SWAS pattern. Following the initiation of ACTH therapy and 
the addition of clobazam, she has remained seizure-free for the 
past 2 years. She is currently able to speak in two-word phrases 
and can walk and run independently.

3.3   |   Neuroimaging Findings

Metabolic and functional brain alterations were investigated 
using FDG-PET in 6 out of 10 patients. PET imaging revealed 
metabolic abnormalities extending beyond cerebral structures, 
with hypometabolism detected in the cerebellum and pons. 
Infratentorial involvement was more pronounced in pediatric 
patients, while frontoparietal hypometabolism was more prom-
inent in adults (see Table 1).

MRI findings are summarized in Table  2. Characteristic MRI 
findings, such as the bilateral hyperintense halo sign in the SN, 
were present in eight patients. However, in P1 and P5, these 
typical MRI features were absent, while in P3, P4, and P8 the 
halo sign was only mildly noticeable. SN involvement appeared 
more prominent than GP, unlike the pattern typically observed 
in PKAN.

3.4   |   Genetic Analyses

Nine different WDR45 variants were identified in 10 patients 
(Table  3). Among these, (i) six variants result in a premature 
stop codon at least 55 bp upstream of the last exon-exon junc-
tion, (ii) one variant led to the loss of the initiation codon, and 
(iii) two variants affect splice sites. None of these variants are 
reported in public databases such as gnomAD (v4.1.0) and 
1000 Genomes. Eight variants are classified as high-impact 
and pathogenic, while one variant (c.235+5G>A) is considered 
a variant of uncertain significance (VUS) with low-impact, ac-
cording to both Ensembl Variant Effect Predictor (VEP) tool and 
GeneBe Variant Interpretation tool [19, 20]. The variants were 
hemizygous in males and heterozygous in females, as expected. 
Dual parental data was available only for P10, allowing the as-
sumption of its de novo status. P6 and P10 were suggestive of 
mosaicism for the variant [21, 22].

For the splicing variants, SpliceAI analysis predicts that the 
c.516+1_516+3del results in significant donor loss (score: 0.94), 
whereas c.235+5G>A has a minor predicted effect on splicing 
(acceptor gain score: 0.07) (via Ensembl VEP, last accession 
date: 02/11/2025). Consistently, Human Splicing Finder (HSF) 
indicates that c.516+1_516+3del disrupts the wild-type donor 
site, leading to impaired splicing, while c.235+5G>A shows 
no significant effect (HSF Pro Mutations Analysis Version 2.05 

(2022-09-12), last accession date: 02/11/2025). However, the 
MaxEntScan suggests that the c.235+5G>A may alter splicing 
by creating a cryptic splice site or causing exon skipping (score: 
8.76, difference: 2.10) (via Ensembl VEP, last accession date: 
02/11/2025). Thus, the pathogenicity of the c.235+5G>A re-
quires further confirmation through additional functional stud-
ies. Yet, based on clinical findings consistent with the disease, 
the patient (P3) received a clinical diagnosis of BPAN; therefore, 
we considered including the patient in this cohort.

4   |   Discussion

Among the NBIA spectrum, BPAN is considered one of the more 
commonly observed subtypes; however, significant gaps persist 
in our understanding of its phenotypic spectrum and underly-
ing pathophysiology. Despite increasing recognition, its rarity 
in the general population and complexity of its clinical course 
frequently leads to diagnostic delays.

In particular, early recognition of BPAN remains challenging, 
particularly in female infants presenting with infantile spasms, 
where the diagnosis is often overlooked. Several diagnostic clues 
have been identified, including language and developmental 
delay, epilepsy, characteristic EEG biomarkers, and MRI fea-
tures such as corpus callosum thinning and generalized atro-
phy. These clinical and radiological findings collectively suggest 
a widespread impact of WDR45-related autophagy dysfunc-
tion, potentially contributing to both epileptogenesis and neu-
rodegeneration in BPAN. To provide a more detailed clinical 
understanding, we conducted a comprehensive clinical, electro-
physiological, neuroimaging, and genetic analysis of 10 BPAN 
patients, highlighting the age-dependent phenotypic spectrum, 
epileptic manifestations, and the impact of WDR45 variants on 
disease progression.

4.1   |   Epilepsy, Electrophysiological 
and Neuroimaging Findings

Epilepsy is a well-recognized comorbidity in BPAN, with a re-
ported prevalence of 67.7%, according to a recent review [23]. 
This highlights the significant burden of seizures in BPAN and 
underscores the need for a deeper understanding of its epileptic 
manifestations. Seizure severity in BPAN spans a broad spec-
trum, ranging from mild febrile seizures requiring no treatment 
to drug-resistant epilepsy with multiple seizure types, including 
generalized, focal, and syndromic presentations such as infan-
tile epileptic spasms syndrome and Lennox–Gastaut syndrome 
[14, 24–26]. As anticipated, half of our patients had febrile sei-
zures in childhood; while some remained seizure-free thereafter, 
others developed a range of seizure types with varying treatment 
responses and heterogeneous EEG findings. Although there is 
no consensus in the literature regarding a standard anti-seizure 
treatment [8, 27], ACTH and prednisolone have been reported 
to be effective in controlling seizures in cases consistent with 
epileptic spasms [28, 29]. In the seven-patient cohort reported by 
Carvill et  al., valproate was ineffective or seizure-aggravating 
in most cases, with only one patient showing partial benefit 
[12]. ACTH and prednisolone provided some improvement in 
infantile spasms and hypsarrhythmia, while clobazam was 
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effective in two patients but worsened seizures in two others. 
Lamotrigine and topiramate showed no efficacy. Stige et al. de-
scribed a single case with sustained seizure control on valproate, 
whereas Chen et al. reported partial or absent response [23, 30]. 
In our adult patients, epilepsy was not a predominant clinical 
manifestation, and children with only fever-provoked seizures 
remained seizure-free with or without medication. Consistent 
with the heterogeneous responses reported in the literature, our 
experience with BPAN patients with intractable epilepsy also 
indicates that none of these treatments achieved complete re-
mission; their effects were limited to partial and often transient 
benefit, as seen with clobazam, ACTH, valproate, the valproate–
lamotrigine combination, or ketogenic diet. In these patients 
with intractable epilepsy, antiseizure medications appeared ini-
tially effective but rapidly lost efficacy within weeks or months, 
and they consistently required polytherapy, without achieving 
sustained seizure freedom. Overall, current evidence, including 
our data, does not support any specific drug as consistently ef-
fective in BPAN.

Background slowing and low-voltage activity are hallmark EEG 
findings in BPAN [12, 30]. In our cohort, all patients consistently 
exhibited diffuse background slowing. Notably, diffuse super-
imposed beta activity, previously suggested as a potential early 
biomarker, was also observed [13, 27]. Although this pattern is 
typically seen during drowsiness in children under 3 years of 
age, we identified it in two adult patients as well, suggesting that 
it may not be confined to the pediatric population. Importantly, 
this beta activity was present in both benzodiazepine-treated 
and untreated individuals, implying that it may represent an 
intrinsic neurophysiological feature of BPAN rather than a 
pharmacological effect. This observation could therefore aid in 
earlier recognition and diagnosis, particularly when considered 
alongside other clinical and electrophysiological findings.

Epileptiform discharges, both focal and generalized, are fre-
quently reported in BPAN [24]. Documented patterns include 
bilateral frontal spikes, occipital spikes, multifocal spikes, 
and 3 Hz spike–wave complexes, along with sleep-related ep-
ileptiform spikes and SWAS and hypsarrhythmia in some 
cases [12, 14, 26, 28–32]. Prominent epileptiform abnormalities 
were observed in four pediatric patients; in one adolescent pa-
tient, the EEG findings were consistent with Lennox–Gastaut 
syndrome. In contrast, the absence of epileptiform discharges in 
our three adult patients supports prior observations of reduced 
seizure burden in adulthood; however, this electrophysiological 
finding does not conclusively indicate clinical seizure freedom 
[8, 23]. Nonetheless, since we lack previous EEG recordings of 
these adult patients, it is almost impossible to draw robust con-
clusions regarding the long-term evolution of each individual 
patient's electrophysiological findings.

PET studies in BPAN remain limited in the NBIA literature, 
with only one case report describing frontal and left parietal 
hypometabolism in an adult patient [10]. Another study in-
volving pediatric NBIA cases reported cerebellar and occipital 
hypometabolism [11]. Consistent with these two reports, PET 
scans in our cohort revealed widespread metabolic abnormali-
ties. Infratentorial involvement, particularly of the cerebellum, 
appeared more pronounced in children, whereas frontoparietal 
hypometabolism was more consistently observed in adults. This 

distribution may reflect age-related disease evolution and ap-
pears to be in line with the later presentation of extrapyramidal 
symptoms and cognitive decline. Additionally, mesial temporal 
involvement in three out of four pediatric patients may suggest 
a possible association between these structures and the greater 
seizure burden observed during childhood. Due to the scarce 
number of patients and the cross-sectional nature of PET im-
aging, findings lack the ability to reflect the ontogenetic pro-
cess precisely. However, even in the face of these limitations, 
we believe these PET findings are coherent with what we al-
ready know about the biphasic nature of disease manifestation. 
Therefore, we believe a longitudinal PET study in such patients 
could provide valuable information regarding the ontogenesis.

In pediatric cohorts, our findings contrast with those of 
Papandreou et al., whose large BPAN series (ages 0.8–14 years) 
did not demonstrate the T1 halo sign [7]. In our pediatric sub-
group, however, the halo sign was present in several cases 
(Table  2), suggesting that this feature can occasionally be ob-
served earlier in childhood than previously appreciated. Such 
differences may partly reflect methodological factors, as all 
MRIs in our series were acquired with a standardized 3T pro-
tocol; contributions from individual patient characteristics and 
genetic variant heterogeneity cannot be excluded. While earlier 
reports indicated that iron deposition becomes more readily de-
tectable on SWI after 5 years of age [7], our results demonstrate 
that, with optimized protocols, the T1 halo and SWI hypointen-
sities may already be evident from as early as 3 years. These find-
ings also included cortical–subcortical atrophy (9/10 patients), 
corpus callosum thinning (8/10 patients), and dentate nucleus 
hyperintensity on T2-weighted sequences in younger cases, fea-
tures that have also been reported in some cases by other groups 
[7, 33]. When interpreted alongside clinical, EEG, and epilepsy-
related data, these imaging features may serve as critical bio-
markers for early BPAN recognition, particularly in  situations 
where hallmark signs such as the halo are inconspicuous.

4.2   |   Genetic Findings: What Matters 
for the Clinician?

We investigated whether specific clinical patterns could be as-
sociated with variant type, patient sex, or age. Among female 
patients with LoF variants in childhood (P4, P5, and P8), only 
P4 had epilepsy, whereas P3 (childhood) and P7 (adolescence), 
both carrying splicing variants, exhibited epilepsy. In males, P1 
(childhood), with a start-lost variant, had epilepsy, while among 
adult males with LoF variants (P2, P6, and P10), only P10 had 
late-onset epilepsy. Phenotypic variability was evident even 
among patients carrying the same variant. P7 and a previously 
reported case  [34] both carried the c.516+1_516+3del variant; 
however, while P7 experienced almost daily seizures, the re-
ported case exhibited non-progressive psychomotor retardation 
and cognitive dysfunction in childhood, later developing severe 
dystonia and gait disturbance after the age of 30. Similarly, 
P8 and a previously described patient [35] both harbored the 
p.Arg233Ter variant. Unlike P8, who displayed only mild cog-
nitive and language impairments, the reported case presented 
with severe developmental delay, seizures, and atelencephaly. 
Interestingly, even in patients with identical variants, sex, and 
age parameters, phenotypic differences were observed. P4 and 
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P5, both carrying the p.Arg133Ter variant, differed signifi-
cantly: P4 exhibited epilepsy and a severe neurological pheno-
type, whereas P5 did not develop epilepsy or major neurological 
deficits. Although our cohort size limits definitive genotype–
phenotype correlations, both our findings and prior reports 
suggest that such associations in BPAN are difficult to establish. 
This complexity may reflect the influence of additional genetic 
or epigenetic modifiers, consistent with emerging evidence im-
plicating WDR45 in epilepsy-related pathways.

Given the growing recognition of WDR45 in epilepsy genetics, 
elucidating its functional roles at the cellular level has become 
essential. A recent study involving the largest whole-exome 
sequencing cohort in epilepsy identified ultra-rare protein-
truncating variants in WDR45 as one of five genes significantly 
associated with distinct epilepsy subtypes and comorbidities 
[17]. Notably, the odds ratio for WDR45 approached that of 
SCN1A, a well-established epilepsy gene, highlighting its emerg-
ing importance in epilepsy research in addition to its known role 
in neurodevelopmental disorders [17].

The pathogenic relevance of WDR45 is reinforced by its role 
in autophagy and ER stress regulation, processes essential for 
neuronal homeostasis. Loss-of-function variants, as seen in 
BPAN, likely impair these pathways, disrupting neurodevelop-
ment from early embryogenesis. This disruption extends beyond 
basal ganglia involvement, as structural and metabolic imag-
ing reveals cortical and subcortical abnormalities, including 
FDG-PET hypometabolism and atypical MRI findings. These 
observations suggest that WDR45-related pathology affects 
widespread neural networks, potentially underlining the broad 
clinical spectrum encompassing epilepsy, cognitive impairment, 
and motor dysfunction.

These pathogenic mechanisms are further shaped by the 
gene's X-linked inheritance pattern and variant-specific mo-
lecular consequences. As an X-linked disorder, BPAN pre-
dominantly affects females, with male cases being relatively 
rare and occasionally associated with mosaic WDR45 variants 
[15, 21, 22, 36, 37]. Most WDR45 variants (~88.5%) lead to LoF 
consequences, supporting a disease mechanism driven by ab-
sent and/or reduced protein function [16]. In our cohort, 80% of 
the variants can be reliably considered as LoF, including seven 
premature stop codons and one initiation loss variant. The re-
maining two patients carried splice site variants, one of which 
(c.516+1_516+3del) likely disrupts splicing, while the effect of 
c.235+5G>A remains uncertain. Functional studies suggest 
that +5 substitutions can impair splicing through U1 and U6 
snRNAs [38], a mechanism also observed in patient fibroblasts 
[39, 40]. Accordingly, these two splice site variants may also lead 
to LoF by altering mRNA architecture. Such variant-specific ef-
fects, combined with the gene's X-linked nature, may partially 
explain the broad clinical spectrum observed in BPAN. As is 
known, X-linked disorders generally manifest more severely 
in males, while females exhibit variable expression due to X-
chromosome inactivation (XCI) [41]. Stochastic events in XX 
females, including skewed XCI, somatic selection, and the tim-
ing and distribution of post-zygotic mutations, may contribute to 
phenotypic variability [42]. Additionally, modifying genes and 
genetic background may further influence BPAN expressivity. A 
similar repertoire of stochastic events, except for XCI, may also 

apply to XY males. Furthermore, it should also be kept in mind 
that some patients may have unidentified X-chromosome aneu-
ploidies, which could further complicate phenotypic variability 
among BPAN patients.

5   |   Conclusion

In this study, we provide a comprehensive characterization of 
clinical, electrophysiological, neuroimaging, and genetic fea-
tures of 10 patients with BPAN, thereby expanding the under-
standing of its phenotypic spectrum. Our findings highlight the 
wide range of epileptic manifestations and indicate that EEG 
alterations may precede MRI changes, whereas characteristic 
MRI features such as the T1 halo sign and SWI hypointensities 
can occasionally be detected earlier in childhood than previously 
appreciated. PET imaging revealed age-dependent metabolic 
patterns, with infratentorial involvement in children and fronto-
parietal predominance in adults, suggesting a maturational shift 
and widespread network involvement. The variability observed 
even among patients carrying the same WDR45 variant points to 
additional genetic, epigenetic, and stochastic influences, which 
may be particularly relevant in females. Taken together, these 
observations emphasize the importance of early recognition 
through integrated clinical, electrophysiological, and imaging 
assessments, and underline the need for longitudinal multi-
center studies to better delineate disease trajectories and inform 
therapeutic strategies.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Figure S1: Diffuse 20–24 Hz high 
amplitude fast activity. Longitudinal bipolar montage, paper speed 
15 mm/s, sensitivity 100 μV/cm (P1). Figure S2: Tonic pattern. 
Longitudinal bipolar montage, paper speed 15 mm/s, sensitivity 

100 μV/cm (P4). Figure S3: Burst-suppression pattern during sleep. 
Longitudinal bipolar montage, paper speed 15 mm/s, sensitivity 
100 μV/cm (P4). 
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