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ABSTRACT
Objective: Neurodegeneration with brain iron accumulation (NBIA) comprises rare genetic disorders characterized by predom-
inantly extrapyramidal symptoms and iron deposition in the basal ganglia. Conventional magnetic resonance imaging (MRI) 
detects qualitative changes but cannot accurately quantify iron accumulation. Quantitative susceptibility mapping (QSM) allows 
precise in vivo quantification of iron, providing insight into the pathophysiology of the disease.
Methods: We studied 27 genetically confirmed NBIA patients and 11 age-matched healthy controls using susceptibility-weighted 
imaging (SWI) on a 3 Tesla MRI scanner. Basal ganglia regions of interest (ROIs) were manually delineated and QSM values were 
extracted.
Results: Sixteen NBIA patients and 11 controls were analyzed. QSM showed significantly higher iron in the globus pallidus (GP) 
(p = 0.008), with PKAN patients showing a 2.5-fold increase in GP iron (p = 0.001). MPAN patients showed 2.5 times higher iron 
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in both GP and substantia nigra (SN). A GP iron level > 0.1133 ppm increased the likelihood of PKAN 18-fold. Atypical PKAN 
cases had 2.5 times higher SN iron levels compared to classic cases.
Interpretation: QSM is a sensitive and noninvasive tool for detecting and quantifying iron accumulation in NBIA. The GP con-
sistently showed the highest susceptibility values across subtypes, emphasizing its significant role in disease pathology. Distinct 
patterns of iron deposition in different NBIA subtypes may reflect subtype-specific mechanisms with diagnostic and therapeutic 
relevance. Age-related susceptibility changes were found to be significant, reinforcing the need to account for age when inter-
preting QSM data. More importantly, QSM may serve as a candidate biomarker for longitudinal disease monitoring in future 
clinical trials targeting disease-modifying therapies in NBIA.

1   |   Introduction

Neurodegeneration with brain iron accumulation (NBIA) com-
prises a heterogeneous group of genetic disorders character-
ized by progressive neurological deterioration, predominantly 
extrapyramidal symptoms, and pathological iron deposition in 
the basal ganglia [1]. Clinically, these disorders manifest with 
dystonia, parkinsonism, spasticity, and cognitive decline, often 
leading to severe disability and premature mortality. Genetic 
mutations underlying NBIA disturb iron homeostasis in the 
brain, resulting in iron accumulation as a key neuropathological 
feature. The estimated prevalence of NBIA is approximately 1 to 
3 cases per million, with at least 15 distinct subtypes identified 
to date [2]. Given the rarity of these disorders and their broad 
phenotypic spectrum, accurate diagnosis and disease monitor-
ing remain a significant clinical challenge.

Most NBIA disorders follow an autosomal recessive inheritance 
pattern, with the exception of one autosomal dominant and one 
X-linked dominant subtype. Certain NBIA subtypes also exhibit 
mitochondrial dysfunction, either directly or through metabolic 
pathways such as CoA synthesis, fatty acid hydroxylation, my-
elin synthesis, and autophagy, resulting in a broad spectrum 
of age at onset and clinical presentations [3]. This genetic and 
biochemical heterogeneity underlies a wide range of clinical 
manifestations, including variability in age at onset, symptom 
severity, and radiological findings. Since the identification of 
PANK2, the gene responsible for pantothenate kinase-associated 
neurodegeneration (PKAN), research has led to the sequential 
discovery of additional genetic variants underlying other NBIA 
subtypes. These include PLA2G6-associated neurodegeneration 
(PLAN) in 2006, mitochondrial membrane protein-associated 
neurodegeneration (MPAN) in 2011, and beta-propeller protein-
associated neurodegeneration (BPAN) in 2012, each associated 
with distinct defective proteins and disease mechanisms [4–8]. 
More recently, Kolorova et  al. [2] proposed that additional ge-
netic mutations contributing to basal ganglia iron accumulation 
may also be classified under the NBIA spectrum. Despite ad-
vances in gene discovery, the relationship between specific gen-
otypes and the regional distribution of iron deposition remains 
incompletely understood, particularly in atypical presentations.

Magnetic resonance imaging (MRI) is crucial for diagnosing 
NBIA disorders, primarily by detecting iron deposition. In most 
NBIA disorders, iron accumulation is evident on MRI at the time 
of diagnosis. For example, the “eye of the tige” sign observed on 
T2-weighted images is a characteristic MRI feature useful for diag-
nosing PKAN [9]. In conditions such as MPAN, iron accumulation 
predominantly occurs in the globus pallidus (GP) and substantia 

nigra (SN). Identification of a striatal line on T2-weighted images 
in the pallidum can prompt clinicians to consider C19orf12 mu-
tation analysis to confirm an MPAN diagnosis [10]. For BPAN, 
a hyperintense halo in the SN on T1-weighted MRI images is a 
distinctive feature. In aceruloplasminemia, iron accumulation 
extending beyond the basal ganglia, combined with markedly 
reduced ceruloplasmin levels and elevated ferritin levels, are key 
diagnostic indicators. While these NBIA subtypes present with 
distinct MRI patterns that can suggest specific genetic mutations, 
the majority lack pathognomonic features, and conventional se-
quences may not detect early or subtle iron accumulation, espe-
cially in atypical or late-onset cases. Quantitative susceptibility 
mapping (QSM), a recent MRI method, has emerged as a valuable 
tool for detecting brain iron in its early stages, even when iron is 
not yet visible with standard MRI. QSM provides critical insights 
into disease progression by quantifying iron deposition in specific 
brain regions [11, 12].

The primary aim of this study was to quantitatively assess iron 
accumulation in the basal ganglia of NBIA patients using QSM, 
and to explore specific patterns of iron distribution across NBIA 
subtypes, particularly between atypical and classic PKAN phe-
notypes. Unlike earlier studies, our research provides novel 
insights by quantitatively comparing iron levels in key basal 
ganglia regions, including the GP, SN, putamen (P), and caudate 
nucleus (NC), across clinically and genetically distinct NBIA 
subgroups. Furthermore, the study aimed to investigate whether 
QSM-derived iron metrics could serve as potential diagnostic 
markers to differentiate PKAN from other NBIA subtypes and 
from healthy controls. This included evaluating a cut-off value 
using receiver operating characteristic (ROC) analysis. By ad-
dressing both anatomical distribution and phenotypic hetero-
geneity, this study aims to bridge the gap between genotype, 
imaging, and clinical expression in NBIA.

2   |   Methods

2.1   |   Subjects

This study included 41 patients with a genetically confirmed di-
agnosis of NBIA between 1999 and 2019 at Istanbul University, 
Istanbul Faculty of Medicine, Department of Child Neurology. 
Among these, six patients had undergone deep brain stimula-
tion, and eight had deceased, leaving 27 eligible patients who 
underwent MRI scans using the relevant QSM protocol. For 
comparison, 11 healthy controls matched for age and gender 
were included. These individuals had no prior neurological dis-
orders, motor or cognitive impairments, chronic medication use, 
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traumatic brain injury, or family history of neurodegenerative 
diseases. The classification into classic and atypical PKAN was 
based on clinical presentation: Classic forms showed early onset, 
generalized dystonia with rapid progression, while atypical cases 
were marked by slower evolution, parkinsonism, and predomi-
nant speech involvement [1–5]. All patients underwent periodic 
neurological examinations, and dystonia severity was assessed 
using the Burke-Fahn-Marsden Dystonia Rating Scale (BFMRS), 
which ranges from 0 to 120. The study was approved by the Local 
Ethics Committee (2017/658), and written informed consent was 
obtained from all participants or their legal guardians.

2.2   |   MRI Data Collection

This institutional review board (IRB)–approved study included 
16 NBIA patients who successfully completed the MRI protocol, 
of whom 11 underwent imaging under anesthesia. The patient 
group consisted of 9 individuals with PKAN (7 males and 2 fe-
males), 2 with PLAN (both male), 3 with MPAN (all male), and 2 
with Kufor-Rakeb syndrome (1 male and 1 female). The mean age 
of the patient cohort was 21.37 ± 13.98 years (range: 5–35 years), 
except for one 56-year-old PKAN patient. Additionally, 11 
healthy controls (5 females, mean age: 29.54 ± 13.76 years, range: 
7–49 years) underwent MRI scans using the same protocol with-
out anesthesia. Prior to imaging, written informed consent was 
obtained from all participants or their legal representatives.

2.3   |   MRI Acquisition

MRI data were acquired using a Siemens Magnetom Prisma 
3T scanner, equipped with a 60 cm gantry, 80 mT/m gradients 
(200 T/m/s slew rate), and a 64-channel head/neck coil. For 
QSM analysis, a 3D FLASH sequence was utilized with the 
following parameters: echo time (TE) = 30 ms, repetition time 
(TR) = 45 ms, resolution = 0.86 × 0.86 × 2 mm per voxel, and ma-
trix size = 256 × 256. Axial images were obtained for further 
analysis. MRI data were processed using a standardized pipe-
line. First, all images were converted from DICOM to NIfTI 
format using the MIPAV (Medical Image Processing, Analysis, 
and Visualization) software. Brain surface extraction (BSE) was 
performed using the BSE algorithm in MIPAV to generate masks 
for subsequent analysis [13].

For QSM reconstruction, raw phase images were processed using 
the STI Suite v2.2 software, following a series of preprocessing 
steps: phase scaling to 2π, phase unwrapping, and background 
phase removal using the iHARPERELLA algorithm (integrated 
Harmonic Background Phase Removal using the Laplacian op-
erator) [14–16]. Final susceptibility maps were generated using 
the iLSQR (improved sparse linear equation and least-squares) 
algorithm [17].

Regions of interest (ROIs) in the basal ganglia, including the 
NC, P, GP, red nucleus (RN), and SN, were manually segmented. 
ROIs were delineated in 2D on axial slices corresponding to the 
largest cross-sectional area of each nucleus. Initial segmentation 
was performed independently on unprocessed phase images or 
frequency shift maps using the polygon drawing tool in MIPAV 
by an experienced researcher (FKA, > 5 years of experience).

To ensure anatomical precision and intersubject consistency, the 
delineation process was conducted in collaboration with a neu-
rologist specialized in movement disorders and a professor of bio-
medical engineering with expertise in neuroimaging analysis. 
Subsequently, all segmented ROIs were reviewed and verified 
for anatomical accuracy by a senior radiologist with extensive 
experience in neuroradiology. Inter-rater reliability metrics were 
not computed due to the centralized and consensus-based seg-
mentation process. Mean QSM values within each ROI were 
extracted using in-house MATLAB 2018b (MathWorks, Natick, 
MA, USA) scripts [17]. Negative susceptibility values, arising 
from diamagnetic interference or phase-processing artifacts, 
were excluded from analysis to prevent distortion of QSM-based 
iron quantification.

2.4   |   Statistical Analysis

All statistical analyses were performed using SPSS 26 (SPSS 
Inc., Chicago, IL, USA). A 95% confidence interval (CI) was ap-
plied, and statistical significance was set at p < 0.05. The distri-
bution of variables was assessed using visual (histogram) and 
analytical methods (Kolmogorov–Smirnov & Shapiro–Wilk 
tests). Group comparisons were conducted using Student's t-test 
for parametric data and the Mann–Whitney U test for nonpara-
metric data. Correlations between imaging findings and clini-
cal variables were assessed using Spearman's rank correlation 
coefficient. ROC analysis was performed to determine potential 
cut-off values for basal ganglia iron accumulation. In addition, 
logistic regression analysis was used to evaluate the predictive 
utility of QSM-derived iron measurements in distinguishing 
NBIA patients from healthy controls. To account for the poten-
tial confounding effect of age on susceptibility values, correla-
tion analyses (Spearman's rho) and multiple linear regressions 
including age, sex, and disease duration as predictors were per-
formed for each ROI.

3   |   Results

3.1   |   Subject Characteristics

Among the 41 genetically confirmed NBIA patients ini-
tially evaluated, 27 underwent QSM analysis following MRI. 
However, due to processing errors, QSM data from 11 patients 
were excluded. The final analysis included 16 NBIA patients 
and 11 age- and sex-matched healthy controls (six males, 
55%; five females, 45%). The mean age of the patients was 
22.69 ± 14.01 years (range: 5–56 years), with a mean age of dis-
ease onset of 11.5 ± 10.6 years (range: 2–24 years). The cohort 
consisted of 9 PKAN, 3 MPAN, 2 PLAN, and 2 KRS patients, 
with a mean follow-up period of 2.56 ± 2.13 years (range: 
1–9 years). Consanguineous marriage was reported in 44% of 
the patients (n = 12). Genetic and clinical characteristics are 
presented in Table 1.

Among the 9 PKAN patients, five exhibited classic PKAN, 
whereas four had atypical features. In the classic PKAN 
group, mutation analysis revealed one missense mutation, one 
splice donor mutation, one frameshift mutation, and one pa-
tient with both a stop-gain and a missense mutation. While 
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patients with splice donor and missense mutations were ho-
mozygous, the remaining three classic PKAN patients carried 
compound heterozygous mutations. Dystonia was the pre-
dominant symptom in all classic PKAN cases. Patients with 
atypical PKAN demonstrated a higher frequency of missense 
and homozygous mutations. The BFMS score for all symp-
tomatic classic PKAN patients was ≥ 76, whereas for atypical 
PKAN patients, it was ≤ 48. The clinical and genetic charac-
teristics of PKAN, MPAN, PLAN, and KRS patients are sum-
marized in Table 1.

3.2   |   Quantitative Susceptibility Mapping (QSM) 
Results

QSM analysis was performed across all ROIs (GP, NC, P, TH, 
and SN). Negative results were excluded from statistical anal-
ysis, as they were likely due to interference from other met-
als (e.g., calcium), which affect the diamagnetic properties of 
the tissue and prevent accurate algorithm convergence. Mean 
values for each nucleus were then compared between groups 
(Figure 1).

3.2.1   |   Age-Related Effects on Iron Accumulation

Correlation and regression analyses were performed to assess 
the impact of age on susceptibility values. In the overall cohort, 
age showed significant positive correlations with QSM values 
in the P (ρ = 0.55, p = 0.003), thalamus (TH) (ρ = 0.52, p = 0.005) 
and RN (ρ = 0.70, p < 0.001), though not in the NC or GP. Within 
the NBIA group (n = 16), age correlated significantly with QSM 
values in the TH (r = 0.684, p = 0.003), RN (r = 0.735, p = 0.001), 
and SN (r = 0.624, p = 0.010). No significant associations were 
found for the caudate, P, or GP. Multiple linear regression analy-
sis showed that age was an independent predictor of QSM values 
in the SN (β = 0.0078, p = 0.011), GP (β = 0.0069, p = 0.011) and 
RN (β = 0.0023, p = 0.023). Sex and disease duration had no sig-
nificant effects.

3.2.2   |   QSM-Based Differentiation of NBIA Subtypes

Analysis revealed that iron accumulation in the GP and SN, the 
two nuclei showing pronounced hypointensity on conventional 
MRI, was approximately 2.5 times higher in NBIA patients 
compared to healthy controls. Specifically, iron content in the 
GP was significantly higher in NBIA patients than in controls 
(p = 0.008) (Figure  2). Conversely, putaminal iron levels were 
significantly higher in healthy controls than in NBIA patients 
(p = 0.015) (Figure 2).

In PKAN patients, GP iron levels were 2.5 times higher than 
in healthy controls (p = 0.001) (Figure 3). ROC analysis iden-
tified a cut-off value of 0.1133 ppm in the GP, above which 
the likelihood of a PKAN diagnosis increased 18-fold. This 
threshold demonstrated 75% sensitivity and 82% specificity 
in distinguishing PKAN patients from healthy controls (95% 
confidence interval).

Iron levels in the NC were significantly higher in healthy 
controls compared to PKAN patients (p = 0.026) (Figure  3). 
However, among PKAN patients, compound heterozygous car-
riers exhibited four times higher iron accumulation in the NC 
compared to homozygous PKAN patients (p = 0.036) (Figure 4).

Interestingly, iron levels in the P were lower in all NBIA patients 
compared to controls, and both the NC and P demonstrated re-
duced iron accumulation in PKAN patients relative to healthy con-
trols. When comparing atypical (n = 4) and classic (n = 5) PKAN 
patients, atypical PKAN cases exhibited approximately 2.5 times 
higher iron accumulation in the SN (p = 0.024) (Figure 4). No sig-
nificant differences in iron accumulation in other basal ganglia 
nuclei were observed between atypical and classic PKAN patients.

Compared to both healthy controls and PKAN patients, MPAN 
patients exhibited approximately 2.5 times greater iron accu-
mulation in the GP (p = 0.005) and SN (p = 0.036) (Figure  5). 
However, no significant difference in basal ganglia iron levels 
was detected between PKAN and MPAN patients.

FIGURE 1    |    Comparison of QSM of the basal ganglia of healthy control and PKAN patient.
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In our cohort, only two patients each were enrolled in the PLAN 
and KRS groups. Although QSM demonstrated elevated iron 
levels in these patients compared to healthy controls, the small 
sample size precluded statistical analysis.

4   |   Discussion

Iron is a crucial element for neuronal metabolism, particularly 
within mitochondrial pathways [18–24]. However, excessive 

accumulation of free iron can lead to oxidative stress, lipid per-
oxidation, and ultimately neuronal damage. Iron accumulation 
in deep gray matter has been associated with motor and cog-
nitive dysfunction, particularly in aging populations [25]. With 
the growing recognition of the role of iron metabolism in neu-
rodegenerative processes, recent advances in MRI now allow for 
the precise visualization and quantification of iron deposition in 
progressive neurological disorders [26]. Iron exhibits paramag-
netic properties, leading to hyperintense signals in T1-weighted 
MRI and hypointense signals in T2-weighted sequences [25, 27]. 

FIGURE 2    |    Quantitative comparison of iron levels in (A) globus pallidus and (B) putamen nuclei between NBIA patients and healthy controls. 
Susceptibility values are expressed in parts per million (ppm). Statistical significance, GP (p = 0.008), Putamen (p = 0.015).

FIGURE 3    |    Quantitative comparison of iron levels in (A) globus pallidus and (B) nucleus caudatus between PKAN patients and healthy controls. 
Susceptibility values are expressed in parts per million (ppm). Statistical significance, GP (p = 0.001), NC (p = 0.026).
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Susceptibility-weighted imaging (SWI) leverages the paramag-
netic properties of deoxyhemoglobin, methemoglobin, hemo-
siderin, and iron, providing enhanced contrast compared to 
conventional MRI sequences  [28, 29]. SWI has proven useful 
in diagnosing hemorrhagic disorders, vascular malformations, 
hypoxic/anoxic injuries, and neurodegenerative diseases [30]. 
However, QSM has emerged as the most sensitive technique 
for iron quantification in neural tissues [31–34]. Unlike SWI, 

which provides qualitative contrast, QSM quantitatively maps 
tissue magnetic susceptibility, making it a superior tool for dif-
ferentiating myelin and iron content in the brain [35]. Given that 
iron dysregulation is not only a hallmark of NBIA disorders but 
also implicated in multiple sclerosis, Alzheimer's disease, and 
Parkinson's disease, the ability to accurately assess iron distri-
bution with QSM becomes critical for understanding neurode-
generation and disease progression [36–40].

FIGURE 4    |    Quantitative comparison of iron levels in (A) nucleus caudatus between patients with homozygous and heterozygous mutations and 
(B) substantia nigra between typical and atypical PKAN patients. Susceptibility values are expressed in parts per million (ppm). Statistical signifi-
cance, NC (p = 0.036), SN (p = 0.024).

FIGURE 5    |    Quantitative comparison of iron levels in (A) globus pallidus and (B) substantia nigra between MPAN patients and healthy controls. 
Susceptibility values are expressed in parts per million (ppm). Statistical significance, GP (p = 0.005), SN (p = 0.036).
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Dusek et al. [41] previously reported that QSM measurements 
in two PKAN patients and one heterozygous PANK2 muta-
tion carrier revealed no significant iron accumulation in the 
heterozygous carrier, while PKAN patients exhibited approx-
imately three times higher iron levels in the GP, SN, and in-
ternal capsule compared to controls. Our study demonstrated 
that iron accumulation in the GP was significantly higher in 
NBIA patients than in healthy controls, with an overall two-
fold increase (Figure 2). This underscores the clinical relevance 
of GP iron load across NBIA subtypes, particularly in PKAN, 
where GP involvement is most pronounced. Among the nine 
PKAN patients included in our study, the mean iron levels were 
0.2154 ppm in GP and 0.1514 ppm in SN, compared to 0.096 ppm 
and 0.050 ppm, respectively, in healthy controls. These values 
indicate that GP iron accumulation is approximately 2.5 times 
higher in PKAN patients than in controls (Figure 3). ROC anal-
ysis indicated that an iron level above 0.1133 ppm in the GP 
predicts PKAN with high specificity and sensitivity (95% CI). 
However, this diagnostic threshold should be interpreted with 
caution, given the small size of the control sample and the ex-
ploratory nature of the analysis. Similarly, the multivariate re-
gression results should be viewed as preliminary as the current 
sample size may not provide sufficient statistical power for ro-
bust modeling (see Section 4.1).

Dystonia and parkinsonism are key clinical features in NBIA 
disorders, though their severity and distribution vary. In our 
PKAN cohort, classic PKAN was associated with severe dys-
tonia, while atypical PKAN presented with milder dystonia, 
more pronounced parkinsonism, and slower disease progres-
sion. QSM data revealed that atypical PKAN patients exhibited 
significantly higher iron accumulation in the SN than classical 
PKAN patients (2.5-fold increase, p = 0.024, Figure  4). These 
findings suggest that while GP involvement is predominant in 
classical PKAN, SN pathology may play a more critical role in 
atypical PKAN. Although our data do not establish a direct link 
between pallidal iron and dystonia or SN iron and parkinsonism, 
future studies should explore whether QSM-based iron quantifi-
cation in these ROIs correlates with specific motor phenotypes. 
Additionally, the finding that higher SN iron accumulation is 
associated with atypical PKAN raises the possibility that these 
patients may have a milder disease course compared to classical 
PKAN cases. This may suggest a differing pathophysiological 
mechanism underlying parkinsonism-predominant forms of 
PKAN, potentially reflecting selective nigral vulnerability. This 
hypothesis warrants further investigation in larger follow-up 
studies, particularly in assessing treatment responses.

Cognitive impairment is a well-recognized feature in NBIA dis-
orders, either in early or late disease stages. Several studies have 
highlighted the significance of iron dysregulation in cognitive 
decline, particularly in Alzheimer's disease and mild cogni-
tive impairment (MCI) [37]. In one study, QSM analysis of the 
amygdala, hippocampus, precuneus, pulvinar nucleus, and TH 
provided valuable insights into iron-related neurodegeneration 
in MCI and Alzheimer's disease [37]. Specifically, iron accumu-
lation in the precuneus and allocortex was found to be a distin-
guishing factor between MCI and normal aging. In our study, 
iron levels were significantly lower in the P across all NBIA 
patients and were also lower in both the P and NC in PKAN 
patients compared to healthy controls (p = 0.026, Figure  3). 

The NC plays a crucial role in cognitive function, and prior re-
search has suggested that iron accumulation in the striatum 
is associated with working memory deficits in aging [42, 43]. 
Interestingly, contrary to aging studies, a positive correlation 
between caudate iron levels and working memory performance 
has been found in younger populations [42]. Given that striatal 
iron accumulation typically plateaus around age 40 [44], further 
research should investigate whether early iron dysregulation in 
the NC contributes to cognitive impairment in NBIA patients. 
While our study did not directly assess cognitive function, the 
observed reduction in caudate and putaminal iron levels, con-
trary to age-related accumulation patterns, raises questions 
about the relationship between regional iron depletion and 
NBIA-related cognitive symptoms. However, it is important to 
note that in PKAN, the most prevalent NBIA subtype, cognitive 
function is typically preserved, at least in the early stages of the 
disease. This clinical observation should be taken into account 
when interpreting the potential link between altered iron distri-
bution and cognitive involvement.

On the contrary, our findings demonstrate that brain iron ac-
cumulation, as reflected by QSM values, is significantly influ-
enced by age in specific deep gray matter regions. In particular, 
we observed robust positive correlations between age and QSM 
values in the RN, TH, and SN in both the entire cohort and the 
NBIA patient group. These results are consistent with previous 
studies showing age-related increases in magnetic susceptibility 
in subcortical nuclei involved in motor control and basal ganglia 
circuits [1, 5]. Furthermore, multiple linear regression analyses 
confirmed that age was an independent predictor of suscepti-
bility values in the SN, GP, and RN, whereas sex and disease 
duration were not significant contributors. These findings sug-
gest that age may confound QSM measurements in neurodegen-
eration studies and emphasize the importance of accounting for 
age-related effects in future analyses. Notably, the absence of 
a significant age effect in certain regions (e.g., the caudate nu-
cleus) could indicate region-specific iron dynamics or varying 
disease susceptibility. Overall, our data support the inclusion 
of age as a covariate in QSM dataset analyses and emphasize 
the importance of interpreting susceptibility changes within the 
broader context of neurodevelopmental and neurodegenerative 
trajectories. While our findings demonstrate significantly ele-
vated iron levels in NBIA patients compared to healthy controls, 
it is important to note that age was also positively correlated 
with QSM values in multiple deep brain regions. Therefore, age 
may act as a confounding factor influencing the observed group 
differences. While regression analyses suggested that age was 
an independent predictor of susceptibility in certain regions, 
the possibility remains that the higher QSM values in the NBIA 
group may be partially attributed to age-related susceptibility 
changes rather than disease-specific iron accumulation. This 
alternative explanation should be considered when interpret-
ing the results, and future studies should employ age-matched 
control groups or longitudinal designs to better isolate disease-
related QSM changes.

In MPAN, pathological iron accumulation is most prominent 
in the GP and SN, and these regions have been the primary 
focus in therapeutic studies evaluating individual response to 
iron chelation therapy. For example, Löbel et al. [45] reported 
a marked reduction in SN iron levels on QSM in a 13-year-old 
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MPAN patient treated with deferiprone, although this radiolog-
ical improvement was not accompanied by measurable clinical 
benefit. In our cohort (n = 3), mean iron levels were 0.2265 ppm 
in the GP and 0.115 ppm in the SN, corresponding to a 2.5-fold 
increase compared to healthy controls. Although such findings 
reinforce the utility of QSM in detecting iron overload, the clin-
ical relevance of regional iron reduction remains uncertain. It 
is still unclear whether decreasing iron levels in specific nuclei 
translate into meaningful symptomatic relief. Therefore, future 
research should not only aim to quantify radiological changes 
but also establish clinically validated thresholds of response. 
Serial QSM monitoring, when integrated with functional and 
clinical outcomes, may ultimately serve as a more reliable bio-
marker for evaluating treatment efficacy in NBIA patients. In 
other NBIA subtypes such as PLAN, BPAN, and KRS, conven-
tional MRI often fails to detect iron accumulation in the early 
stages of the disease. This limitation is particularly evident in 
pediatric patients, where disease progression may outpace ra-
diological findings. QSM, however, provides a more sensitive 
means of detecting iron deposition, potentially identifying 
changes even when conventional MRI findings remain unre-
markable [46–48].

Although based on a small cohort, our observations raise im-
portant considerations regarding iron homeostasis and patho-
logical features in NBIA disorders. By integrating detailed 
genotype–phenotype correlations, our findings aim to offer pre-
liminary insights into how specific genetic mutations, clinical 
severity, and atypical presentations may relate to regional pat-
terns of iron accumulation. This approach may allow for a more 
nuanced interpretation of iron deposition beyond simple group-
level comparisons and may help uncover intra-subtype variabil-
ity and the diagnostic complexity of NBIA syndromes. Although 
our findings do not conclusively establish this, they underscore 
the importance of generating preliminary data in this relatively 
unexplored area.

While QSM offers robust anatomical and quantitative insight 
into iron deposition, it does not directly elucidate the underly-
ing biological mechanisms contributing to iron dysregulation. 
The consistent finding of the GP as the nucleus with the high-
est iron accumulation across all NBIA subtypes suggests that 
GP iron levels may serve as a primary clinical marker. Future 
studies should explore longitudinal QSM measurements to de-
termine the temporal relationship of iron accumulation between 
the GP and SN, and its impact on disease progression. To ad-
dress the current limitations, future research should aim to in-
tegrate QSM imaging data with transcriptome-wide analyses of 
the brain. Combining advanced neuroimaging with molecular 
profiling approaches may help identify gene expression patterns 
and pathways involved in abnormal brain iron metabolism in 
NBIA. Such integrative translational studies could not only en-
hance our understanding of disease pathophysiology and geno-
type–phenotype associations but also support the development 
of novel therapeutic targets.

4.1   |   Limitations

This study has several limitations that warrant consider-
ation. The small sample size may limit the statistical power of 

multivariate and diagnostic analyses. In particular, while the 
ROC curve analysis yielded a potentially useful threshold in 
the GP to distinguish NBIA patients from controls, this cutoff 
should be considered preliminary due to the limited number of 
control subjects. Therefore, findings from regression and ROC 
analyses should be interpreted with caution. Future studies with 
larger and more diverse control populations are needed to vali-
date these findings, assess inter-rater reproducibility, and refine 
diagnostic thresholds.

Another limitation is the absence of formal inter-rater reliability 
testing for ROI delineation, despite the fact that all ROIs were 
carefully reviewed and cross-validated by experts in neurology, 
neuroimaging, and neuroradiology.

The relatively small number of healthy control subjects may 
reduce the generalizability of the findings. However, our pri-
mary aim was not to establish normative reference values, but 
to assess the clinical utility of QSM in a genetically confirmed 
NBIA cohort. This group, drawn from a population with high 
consanguinity and phenotypic variability, provides a unique 
opportunity for exploring genotype–phenotype correlations and 
regional iron patterns. Given the rarity of NBIA and the techni-
cal complexity of QSM acquisition and analysis, inclusion of a 
larger control group was not feasible. Nevertheless, we acknowl-
edge this as a limitation.

Additionally, susceptibility artifacts and the exclusion of neg-
ative QSM values, while methodologically justified, may have 
introduced minor biases in iron quantification. Future studies 
could benefit from advanced artifact correction algorithms or 
incorporate negative QSM values through calibrated modeling 
to mitigate this potential bias.

5   |   Conclusion

Our study highlights the value of QSM in the early diagnosis 
and monitoring of NBIA disorders, as it enables the detection of 
iron accumulation in regions that may be overlooked by conven-
tional MRI. QSM proved to be a reliable and noninvasive bio-
marker for both detecting and quantifying iron burden. Among 
the brain regions evaluated, the GP consistently exhibited the 
highest susceptibility values across NBIA subtypes, reaffirm-
ing its significance in disease pathophysiology. Notably, the 
observed differences in iron deposition patterns, particularly 
the prominent GP involvement in classical PKAN and SN in-
volvement in atypical PKAN, suggest potential subtype-specific 
mechanisms of iron dysregulation, which may have diagnostic 
and therapeutic implications.

Additionally, our findings highlight the importance of con-
sidering age-related susceptibility changes, as age emerged 
as a significant predictor of QSM values across multiple deep 
brain regions. The observation of reduced iron accumulation 
in the caudate and P, particularly among PKAN patients, may 
be relevant to the cognitive dysfunction frequently reported in 
NBIA syndromes, and warrants further investigation. Future 
research should aim to include larger cohorts, employ smaller 
voxel sizes, and incorporate comprehensive cognitive and 
motor assessments to refine our understanding of iron-related 
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neurodegeneration in NBIA. Longitudinal QSM studies, in par-
ticular, may offer critical insights into disease progression and 
aid in identifying potential therapeutic targets.
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