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A B S T R A C T

Iron overload has been implicated in the pathology of several neurodegenerative diseases, and quantitative 
susceptibility mapping (QSM), an MRI-based technique, has identified abnormal iron overload in alpha- 
synucleinopathies. However, there is a limited understanding of the significance of changes in magnetic sus-
ceptibility, assessed by QSM, in patients with Dementia with Lewy Bodies (DLB). In this study, 39 DLB patients 
(58–88 years) and 30 cognitively unimpaired older adults (OA) (56–86 years) underwent an advanced MRI 
protocol that included T1w and QSM sequences, and a comprehensive neuropsychological evaluation. This study 
investigated (1) differences in whole-brain magnetic susceptibility and brain volumes between DLB patients and 
OA; (2) associations between regional changes in magnetic susceptibility and brain volumes, symptom duration, 
and cognitive functioning; (3) whether regional changes in magnetic susceptibility could differentiate DLB 
phenotypes based on earlier symptoms. DLB patients showed higher magnetic susceptibility values than OA in 
the bilateral substantia nigra, globus pallidus, thalamus, brainstem, and hippocampus, as well as in posterior 
cortical regions. No significant associations were observed between QSM susceptibility values and brain volumes, 
symptom duration, or cognitive functions. Using classificatory algorithms, different DLB phenotypes were 
identified based on iron accumulation values in the basal ganglia, thalamus, brainstem, and frontal cortical 
regions. Our findings suggest that QSM, assessing in vivo changes in brain iron accumulation, could serve as a 
useful noninvasive diagnostic biomarker in DLB patients. Longitudinal studies, including the prodromal phase of 
DLB, are needed to understand the interplay between brain volumetric loss, iron accumulation, and clinical 
manifestations.

1. Introduction

Dementia with Lewy bodies (DLB) is the second most common form 
of dementia (Vann Jones and O’Brien, 2014) and is characterized by the 
progressive accumulation of aggregated α-synuclein in Lewy bodies and 
Lewy neurites (McKeith et al., 2017; Outeiro et al., 2019). High inter- 

individual variability in the spatial pathological accumulation of 
α-synuclein has been reported in DLB patients, reflecting different 
neuropathological stages and related clinical symptoms (Jellinger, 
2009; Toledo et al., 2016). Disease heterogeneity in DLB is also reflected 
in different clinical presentations, patterns of cortical and subcortical 
atrophy, and the presence of concomitant Alzheimer’s disease (AD) 
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pathology (Ferreira et al., 2021; Inguanzo et al., 2023). Previous studies 
have attempted to clarify disease heterogeneity in DLB using data-driven 
clustering approaches based on MRI data, initial clinical presentation of 
core symptoms, and biological features, and have identified distinct 
subtypes characterized by different patterns of atrophy, clinical profiles, 
and progression trajectories (Abdelnour et al., 2022; Inguanzo et al., 
2023; Morenas-Rodríguez et al., 2018). Addressing this heterogeneity 
can improve personalized medicine approaches by refining patient 
stratification for clinical trials and tailoring therapeutic strategies to 
specific patient profiles and disease trajectories.

Iron dysregulation has been increasingly implicated in neurodegen-
erative processes (Ndayisaba et al., 2019) and may contribute to this 
heterogeneity by differentially affecting brain regions and circuits. Iron 
overload has been widely studied in AD, Parkinson's disease (PD), and in 
the prodromal phases of Lewy body disease (LBD), such as REM sleep 
behavior disorder (RBD), which is considered an early indicator of po-
tential future progression to PD or DLB (De Marzi et al., 2016; Galbiati 
et al., 2019). However, only a few recent studies have focused on DLB 
patients (Bhome et al., 2026; Chen et al., 2021; Diaz-Galvan et al., 2025; 
Kiersnowski et al., 2025). So far, iron dyshomeostasis is thought to be a 
main contributor or, at least, to play a co-factoring role in the progres-
sion of neurodegenerative diseases (Levi et al., 2024; Masaldan et al., 
2019; Rouault, 2013). Specifically, in a vicious cycle, iron has been 
found to interact with the hallmarks of neurodegenerative diseases, such 
as amyloid-β, tau, and α-synuclein proteins, increasing their production 
and aggregation (Kostka et al., 2008). In detail, α-synuclein proteins 
affect iron metabolism and also incorporate iron into their structures, 
and this interaction promotes protein misfolding and pathological ag-
gregation (Levin et al., 2011; Peng et al., 2010). Moreover, the shift of 
iron accumulation away from homeostatic levels may increase α-synu-
clein synthesis and increase aggregate burden (Patel et al., 2018). This 
imbalance may increase oxidizing capacity, lipid peroxidation, mito-
chondrial dysfunction, leading to neuronal apoptosis (Ndayisaba et al., 
2019). Generally, abnormal iron homeostasis may occur with increasing 
age (Daugherty and Raz, 2013; Madden and Merenstein, 2023; Ward 
et al., 2014), regardless of the presence of a specific neurodegenerative 
condition, with the same outcome: neuroinflammatory processes which 
involve microglial activation and oxidative stress (Haider et al., 2014; 
Morris et al., 2018; Wiggermann, 2023), via the production of reactive 
oxygen species (ROS), which contribute to ferroptosis, an iron-mediated 
cell death (Masaldan et al., 2019).

Magnetic Resonance Imaging (MRI) can detect changes in tissue 
magnetic susceptibility based on the paramagnetic or diamagnetic 
properties of elements and compounds within the brain (Ravanfar et al., 
2021), offering a potential non-invasive biomarker of brain iron distri-
bution and accumulation. Indeed, molecules that contain iron have 
paramagnetic properties including high magnetic susceptibility 
(Deistung et al., 2017; Duyn and Schenck, 2017). In particular, the MRI- 
based analysis technique quantitative susceptibility mapping (QSM) is 
accurate in assessing changes in iron content in gray matter structures, 
and it has been validated by post-mortem studies (Langkammer et al., 
2012; Thomas et al., 1993). Furthermore, in neurodegenerative diseases 
such as DLB, which are characterized by both abnormal iron accumu-
lation and atrophy (Bhome et al., 2026), combining QSM acquisitions 
and T1w-derived volumes might provide deeper insight into the regional 
interplay and overlap between volume reduction and iron overload, as 
well as their timing.

To date, few studies have examined magnetic susceptibility alter-
ations using the QSM technique in DLB patients and have revealed iron 
deposition in the substantia nigra (Chen et al., 2021; Diaz-Galvan et al., 
2025; Kiersnowski et al., 2025). Only one recent study has evaluated 
whole-brain iron alterations in patients with dementia due to LBD, 
including both individuals with DLB and individuals with Parkinson’s 
disease dementia (PDD) (Bhome et al., 2026), and has reported 
increased QSM values across multiple cortical regions compared with 
cognitively unimpaired participants with PD and healthy controls.

Overall, within the alpha-synucleinopathies (in this context referring 
to DLB, PD and RBD), abnormal brain iron accumulation has been 
extensively assessed only in PD and in RBD. An increase in paramagnetic 
iron concentration has been reported in regions implicated in the 
neuropathology of the alpha-synucleinopathies, particularly the sub-
stantia nigra (including its subregions) and the red nucleus, followed by 
the basal ganglia, especially the putamen, and globus pallidus nuclei 
(Mohammadi and Ghaderi, 2024; Ravanfar et al., 2021; Zeng et al., 
2024) compared with healthy controls (HC). Indeed, dopaminergic 
neurons of the substantia nigra contain neuromelanin, which is rich in 
iron. Moreover, in cognitively unimpaired participants with PD 
compared with HC, QSM studies showed higher paramagnetic iron 
concentrations in the hippocampus and thalamus, associated with lower 
cognitive functioning (Thomas et al., 2020), and in widespread regions 
of the cortex (Acosta-Cabronero et al., 2017) that were also related to 
higher dementia risk scores (Thomas et al., 2020). Conversely, RBD 
patients showed higher concentrations of iron than HC in the substantia 
nigra, though lower than those observed in patients with PD without 
dementia (Sun et al., 2020). However, this finding has not been 
consistently replicated in QSM studies (Lancione et al., 2022). Addi-
tionally, higher magnetic susceptibility has been reported in bilateral 
frontoparietal cortex in RBD compared with HC and PD without de-
mentia (Varga et al., 2024).

Evaluating the presence of an association between cognitive or 
clinical measures of disease severity and QSM changes helps clarifying 
the temporal relationship between brain iron accumulation and disease 
progression. As for global cognitive measures, such as the Mini-Mental 
State Examination (MMSE) and Montreal Cognitive Assessment 
(MoCA) scores, several studies have reported no significant correlations 
with magnetic susceptibility alterations in the substantia nigra (Bhome 
et al., 2026; Chen et al., 2021; Kiersnowski et al., 2025; Varga et al., 
2024). However, no studies have investigated associations between 
QSM indices and scores on tests assessing specific cognitive domains. As 
for symptom duration, a positive association between QSM-based iron 
concentration in the substantia nigra and symptom duration has been 
reported in some studies (He et al., 2015; Lancione et al., 2022), espe-
cially in earlier phases of the disease, although this association has not 
been consistently replicated (Ghassaban et al., 2019; Varga et al., 2024). 
No correlation has been reported for other subcortical structures 
(Ravanfar et al., 2021). It is, therefore, crucial to understand the rela-
tionship between brain iron accumulation measured by QSM and 
different cognitive functions, especially in neurodegenerative conditions 
in which progressive cognitive decline is observed.

The aim of this study was to assess iron accumulation changes using 
QSM with a multiple region of interest (ROI) approach that included 
cortical and subcortical regions in DLB patients compared with cogni-
tively unimpaired older adults (OA). Additionally, we tested whether 
regional changes in magnetic susceptibility were associated with brain 
volumes, symptom duration, and cognitive functioning. Lastly, consid-
ering the heterogeneity within DLB, we aimed to investigate whether 
specific QSM-brain features could distinguish DLB phenotypes at the 
onset of the initial clinical manifestations. We hypothesized that DLB 
patients would show higher magnetic susceptibility in cortical and 
subcortical regions, in key structures involved in alpha- 
synucleinopathies. We further expected that higher susceptibility 
would be associated with longer symptom duration and lower cognitive 
scores.

2. Material and methods

2.1. Participants

A total of 69 participants were included in this study: 39 patients 
with probable DLB (28 males, mean age = 75.64 years, standard devi-
ation [SD] = 6.53) and 30 cognitively unimpaired older adults (OA) (13 
males, mean age = 70.64 years, SD = 7.53). DLB patients were enrolled 
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at the IRCSS Istituto delle Scienze Neurologiche di Bologna, Italy. In-
clusion criteria for DLB patients were based on the revised diagnostic 
criteria from the DLB Consortium for DLB (McKeith et al., 2017), 
whereas the OA group had no history of neurological disorders and was 
established to be cognitively healthy following completion of an 
extensive battery of neuropsychological tests. Additionally, participants 
were required to have no contra-indications for MR imaging, no history 
of psychiatric disorders or substance abuse, no excessive daytime 
sleepiness as assessed by the Epworth Sleepiness Scale (ESS score > 10) 
(Johns, 1991), no use of medications known to affect nervous system 
functioning and pupillary light reflex, no moderate or severe cerebral 
small vessel disease or focal brain lesions. Specific inclusion criteria for 
the OA group and biomarkers for the characterization of DLB patients 
are listed in the Supplementary Info (SI). A subsample of DLB patients (n 
= 20) were also tested for core cerebrospinal fluid (CSF) AD biomarkers 
(data reported in the SI).

All participants underwent the same brain MRI protocol, described 
below, and a comprehensive clinical and neuropsychological 
assessment.

The neuropsychological battery included assessments of different 
cognitive domains with the following tests: memory (Digit Span for-
ward, Corsi block-tapping test, Rey Auditory Verbal Learning test im-
mediate and delayed, and Rey-Osterrieth complex figure recall) 
(Caffarra et al., 2002; Carlesimo et al., 1996; Monaco et al., 2013), ex-
ecutive functions (Digit span backward, phonemic fluency, Stroop test 
time and errors) (Caffarra et al., 2002; Carlesimo et al., 1996; Monaco 
et al., 2013), visuoperceptual/visuospatial functions (Rey-Osterrieth 
complex figure copy, Benton Judgment of Line Orientation test and 
Visual Object and Space Perception Battery-VOSP) (Caffarra et al., 2002; 
Ferracuti et al., 2000; Warrington and James, 1991), and language 
(semantic fluency) (Zarino et al., 2014). All participants gave written 
informed consent, and the study was approved by the local ethical 
committee (#CE 20225, Comitato Etico di Area Vasta Emilia Centro, 
AVEC) and conducted in accordance with the Declaration of Helsinki.

Furthermore, patients were categorized into an early cognitive/ 
psychiatric phenotype and an early RBD/motor phenotype based on 
their initial clinical presentation as recorded in their medical records. 
More specifically, DLB patients were labeled as early cognitive/psychi-
atric phenotype (n = 16, mean age = 76.24 years, SD = 7.34) if at onset 
manifested cognitive dysfunction or psychiatric symptoms, such as 
depression, apathy, anxiety, hallucinations, and delusions. Twenty-three 
out of 39 DLB patients were classified as early RBD/motor phenotype 
given that their earliest symptoms at onset were extrapyramidal motor 
symptoms or RBD (mean age = 75.13 years, SD = 6.37). See Supple-
mentary Table 1 for a clinical characterization of the DLB early 
phenotypes.

2.2. MRI acquisition

Imaging data were collected using a Siemens Head/Neck 64 Coil on a 
3 T clinical MRI scanner (Magnetom Skyra, Siemens Healthineers, 
Erlangen, Germany) at the IRCSS Institute of Neurological Sciences, 
Bologna, Italy. The MRI acquisition protocol included Magnetization 
Prepared Rapid Acquisition Gradient Echo (MPRAGE) (3D T1w, sagittal, 
TE/TR = 53/2300 ms, TI = 900 ms, FA = 9◦, 1 × 1 × 1 mm3, duration ~ 
5′) and QSM (3D GRE T2*w, axial, TE1/ΔTE/TR = 9.42/9.42/53 ms, FA 
= 15◦, 0.5 × 0.5 × 1.5 mm3, duration ~ 9′) sequences. Moreover, for 
clinical purposes, the following sequences were also acquired: Fluid- 
Attenuated Inversion Recovery (FLAIR) (3D T2w, sagittal, TE/TR =
428/5000 ms, FA = 120◦, 1 × 1 × 1 mm3, duration ~ 6′) and a multishell 
Diffusion Tensor Imaging sequence: b = 0 (n = 8 AP/PA), 300 (n = 8 AP/ 
PA), 1000 (n = 30 AP/PA), 2000 s/mm2 (n = 64 AP), duration ~ 13′).

2.3. QSM and MRI processing

Phase maps acquired at five different echo times using a T2*w 

sequence were individually processed through Laplacian phase 
unwrapping (Schweser et al., 2011), followed by background field 
removal using the Variable-kernel Sophisticated Harmonic Artifact 
Reduction for Phase data (V-SHARP) method (Li et al., 2011). A brain 
mask was obtained by applying the FSL Brain Extraction Tool (Biondetti 
et al., 2022) (BET) to the magnitude image of the first echo. The pro-
cessed phase maps were then combined into a single-phase image using 
a weighted averaging approach (Biondetti et al., 2022), where the 
weights were defined as: 

w(TEi) =
TEie−TEi/T*

2
∑5

j=1TEje−TEj/T*
2 

Dipole inversion was performed using the iterative Least Squares QR 
(iLSQR) method (Li et al., 2015). The entire QSM pipeline was imple-
mented using the STI Suite toolbox (https://people.eecs.berkeley.ed 
u/~chunlei.liu/software.html). The resulting susceptibility maps were 
linearly registered to the corresponding T1-weighted structural images 
using FLIRT (FSL).

CSF was used as the reference tissue by applying the zero-referencing 
method (Straub et al., 2017). Since QSM signal in the ventricles is often 
non-uniform due to the presence of blood vessels and partial volume 
effects, we selected three small and anatomically distinct CSF volumes: 
the anterior horns, the body, and the atrium of the lateral ventricles 
(Wang and Liu, 2015). These regions are considered stable across sub-
jects and less affected by susceptibility orientation dependence or age- 
related changes (Committee et al., 2024). An atlas-based approach 
was implemented to identify automatically these CSF regions across 
subjects. This atlas was constructed using data from 60 individuals 
(Fiscone et al., 2024), combining linear registration between QSM and 
MPRAGE images within each subject with a non-linear registration 
(FNIRT, FSL) of individual MPRAGE scans to a common template space. 
The CSF reference ROIs were manually defined in the atlas space and 
then back-registered to each subject’s native QSM map to extract the 
mean susceptibility values. The final susceptibility maps (Fiscone et al., 
2024, 2023) were expressed in parts per million (ppm), with a typical 
dynamic range between approximately –0.2 and 0.2 ppm.

T1-weighted MPRAGE images were segmented using FreeSurfer 
(version 6.0) (Fischl et al., 2002), which performs automated surface 
reconstruction and anatomical labeling. Cortical segmentation was 
based on the Desikan-Killiany atlas (Desikan et al., 2006), resulting in 34 
labeled cortical gyri per hemisphere. Subcortical segmentation was also 
performed using FreeSurfer, identifying the following regions of inter-
est: thalamus, caudate, putamen, globus pallidus, brainstem, hippo-
campus, amygdala, and accumbens area. For each cortical and 
subcortical structure, left and right segmentations were merged into a 
single bilateral ROI to increase measurement robustness. Brainstem 
structures were further segmented using the FreeSurfer dedicated 
brainstem module (Iglesias et al., 2015) that provides finer delineation 
of the midbrain, pons, and medulla. Moreover, our aim was to focus on 
targeted brain structures implied in alpha-synucleinopathies. Hence, to 
improve anatomical accuracy within deep gray matter nuclei, especially 
the basal ganglia, a high-resolution probabilistic atlas based on ultra- 
high field 7 T MRI data (Keuken and Forstmann, 2015) was used. The 
atlas includes the striatum, internal and external segments of the globus 
pallidus, subthalamic nucleus, substantia nigra, periaqueductal gray, 
and red nucleus, and was non-linearly registered to each subject’s 
anatomical space using the FSL FNIRT tool. In regions where segmen-
tations at the substructure level were included, such as the brainstem 
and globus pallidus, a unified ROI was obtained by summing their 
respective subcomponents.

After segmentation, QSM images were linearly registered to the 
corresponding T1-weighted MPRAGE images using the FSL FLIRT tool 
(Jenkinson and Smith, 2001) to map anatomical ROIs onto the suscep-
tibility maps. From each ROI, both volume and median magnetic sus-
ceptibility values (Yao et al., 2023) were extracted.
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2.4. Statistical analysis

All variables were tested for normality using the Shapiro-Wilk test. 
Sociodemographic and neuropsychological data were compared across 
groups, using ANOVA and Mann-Whitney U tests, according to data 
distribution. For the neuropsychological variables, sex, age, and edu-
cation were included as covariates of no interest. Differences in sex were 
assessed using a chi-square test.

Parametric (ANOVA) or non-parametric (Mann–Whitney U) tests 
were applied to investigate differences between patients and OA in QSM 
and T1w-derived volumetric values in each cortical and subcortical ROI. 
The QSM values in all ROIs used in these tests were corrected for age, 
while brain volumes were adjusted for sex, age, and estimated total 
intracranial volume (eTIV) using a residual approach. Specifically, 
within the OA group, linear regression models were fitted for each re-
gion of interest, and the resulting coefficients were used to compute 
adjusted values for all subjects (Kiersnowski et al., 2025). The results 
were corrected for multiple comparisons using the Benjamini–Hochberg 
false discovery rate (FDR) (Benjamini and Hochberg, 1995), at the level 
of the single modality. Next, to understand whether iron deposition was 
related to neuronal loss, we assessed the association between regional 
QSM and T1w-derived volume values across groups using a partial 
Spearman correlation, correcting for age, sex, and eTIV.

Moreover, in the DLB group, we also tested the correlation between 
regional QSM values and symptom duration (i.e., the time between 
symptom onset and study enrollment), controlling for age. Due to 
inconsistent findings regarding the relationship between magnetic sus-
ceptibility values and symptom duration in neurodegenerative condi-
tions (Ravanfar et al., 2021), we also tested whether the effect of 
symptom duration should be included as a covariate in our QSM ana-
lyses. Finally, the relationship between regional magnetic susceptibility 
indices and cognitive scores where significant group differences had 
been identified by comparisons with OA was analyzed using a partial 
Spearman correlation, adjusting for sex, age, and education. The results 
were corrected for multiple comparisons using the Benjamini–Hochberg 
FDR.

All statistical analyses were performed using custom Python 3.11 
scripts and R environment version 4.5.0. Results were categorized as 
significant (p < 0.05), highly significant (p < 0.01), or extremely sig-
nificant (p < 0.001).

2.5. DLB early predominant phenotype classification: subgroup 
comparison of regional changes in magnetic susceptibility and cognitive 
functioning, and QSM-based prediction

We assessed whether the early cognitive/psychiatric phenotype and 
early RBD/motor phenotypes differed in sociodemographic variables 
(sex, age, and education), symptom duration, cognitive functioning and 
brain QSM patterns using ANOVA and Mann-Whitney U tests. The QSM 
values in all ROIs were corrected for age. Cognitive tests were adjusted 
for age, sex, and education. FDR correction was applied to the models.

A supervised machine learning approach (specifically, a logistic 
regression model) was used to classify patients into one of two previ-
ously identified early phenotypes based on regional magnetic suscepti-
bility values. The input features for the model were QSM values from 
individual ROIs, which had been adjusted for age using a residual-based 
approach. The training pipeline included z-score normalization and 
univariate feature selection (Costanzo and Orphanou, 2022). The top 10 
most discriminative features were selected using an ANOVA F-test cri-
terion. Model performance was evaluated using stratified 5-fold cross- 
validation to preserve class balance across training and test sets. At 
each fold, classification metrics including accuracy, precision, recall, 
and F1-score were computed using macro-averaging. Normalized 
confusion matrices were also generated to assess classification reliability 
across subtypes. This framework enabled the identification of QSM- 
derived features most relevant for distinguishing DLB early phenotypes.

3. Results

3.1. Cohort characteristics

The baseline characteristics of the cohorts are presented in Table 1. 
No significant group differences were observed for sex and education 
(pFDR > 0.05), whereas the groups differed significantly in age. Age was 
included as a covariate in all analyses (Dukart et al., 2011; Falahati 
et al., 2016). As expected, DLB patients scored lower than the OA par-
ticipants on the MMSE and on most of the neuropsychological tests.

3.2. Cortical and subcortical magnetic susceptibility and volume 
differences between DLB and OA

A widespread pattern of abnormal cortical magnetic susceptibility 
was found in DLB patients compared with OA. These patients showed 
higher magnetic susceptibility values in the occipito-temporal regions 
and in the posterior and anterior parietal regions, including the supra-
marginal gyrus (F = 5.43, pFDR = 0.04), precuneus (F = 5.40, pFDR =
0.04), and postcentral gyrus (F = 5.81, pFDR = 0.04). Additionally, DLB 
patients exhibited higher susceptibility in orbitofrontal regions 
compared with OA (lateral orbitofrontal region [F = 7.27, pFDR =
0.04], and medial orbitofrontal [F = 8.53, pFDR = 0.03] respectively). 
When assessing brain volume differences, DLB presented more cortical 
atrophy compared with OA, particularly in occipitoparietal regions 
(lingual [F = 5.28, pFDR < 0.05], lateral occipital [F = 4.85, pFDR <
0.05], precuneus [F = 5.21, pFDR < 0.05], inferior parietal [F = 4.76, 
pFDR < 0.05],) and in the superior and inferior frontal regions. Fig. 1
presents the cortical regions in which significant differences were found, 
while Supplementary Table 2 gives an overview of all the models.

In subcortical regions, DLB patients exhibited higher magnetic sus-
ceptibility in the substantia nigra (F = 11.16, pFDR < 0.01), and across 
the entire brainstem (F = 11.04, pFDR < 0.01) and its substructures, 
such as the midbrain (F = 15.86, pFDR < 0.01), the pons (F = 11.57, 
pFDR < 0.01), and the medulla (F = 12.51, pFDR < 0.01), when 
compared with OA. Furthermore, higher magnetic susceptibility was 
observed in the globus pallidus (F = 7.55, pFDR = 0.02) and its sub-
divisions (external [F = 6.20, pFDR = 0.03], and internal [F = 8.72, 
pFDR = 0.01]), as well as in the thalamus (F = 5.30, pFDR = 0.05), and 
hippocampus (F = 6.24, pFDR = 0.03).

When comparing DLB and OA in terms of brain volumes, we found 
that DLB patients showed greater volumetric loss, resulting in smaller 
volumes in the amygdala (F = 15.99, pFDR < 0.01) and in the hippo-
campus (F = 10.27, pFDR = 0.02). The hippocampus was the sole region 
in which both volume reduction and higher magnetic susceptibility 
values were observed, whereas other regions, particularly in the basal 
ganglia, such as the globus pallidus and the substantia nigra (midbrain), 
presented higher magnetic susceptibility values, likely reflecting iron 
accumulation. Results for the subcortical regions are presented in Fig. 2, 
while Supplementary Table 3 gives an overview of all the models.

3.3. Correlations between regional magnetic susceptibility, brain volume, 
and symptom duration

Considering the potential link between iron deposition and atrophy 
in both cortical and subcortical regions, we tested the relationship be-
tween regional magnetic susceptibility and brain volumes across groups. 
After pFDR correction, we found no significant associations between 
regional magnetic susceptibility and brain volumes except for the nu-
cleus accumbens (ρ = 0.61, pFDR = 0.01). Consequently, we decided not 
to include brain volumes as a covariate of interest in our QSM analyses. 
The same approach was applied to assess the effect of symptom dura-
tion. Indeed, no significant correlation was found between susceptibility 
values and symptom duration in any of the cortical and subcortical 
structures of DLB patients, after correction for multiple comparisons 
(pFDR > 0.05). The results of all the correlation analyses are reported in 

E. Capogna et al.                                                                                                                                                                                                                                NeuroImage: Clinical 50 (2026) 104000 

4 



[Zenodo] at https://doi.org/10.5281/zenodo.18324266 and in Sup-
plementary Table 4.

3.4. Associations between regional magnetic susceptibility and cognitive 
functioning

No significant relationship was observed between the magnetic 
susceptibility of significant subcortical or cortical regions and cognitive 
scores on those tests for which a significant difference from OA’s scores 
had been identified, following correction for multiple comparisons.

At the trend level for the visuoperceptual/visuospatial domain, we 
observed negative associations between the VOSP silhouettes subtest 
and several frontal regions (uncorrected p < 0.005), occipital regions 
including the cuneus (ρ = -0.39) and lateral occipital cortex (ρ = -0.36), 

Table 1 
Cohort characteristics.

DLB OA Cohort 
differences 
(pFDR)

Effect 
size

Characteristics ​ ​ ​ ​
N (F:M) 39 

(11:28)
30 
(17:13)

3.4 (0.06) 0.22

Age (years) 
Age range

75.64 
(6.53) 
58–88

70.64 
(7.53) 
56–86

8.9 (0.01)* 0.71

Education (years) 11.50 
(3.26)

10.95 
(3.75)

543.5 (0.40) 0.10

Symptom duration 
(years)

7.37 
(4.30)

− − −

MMSE 23.80 
(5.32)

29.36 
(0.87)

30.43 (<0.001)* −1.32

Memory domain ​ ​ ​ ​
Digit Span forward 4.98 

(1.06)
5.60 
(1.04)

2.0 (0.16) −0.34

Corsi block-tapping test 3.80 
(1.25)

5.03 
(0.81)

15.9 (<0.001)* −0.96

RAVLT immediate 25.10 
(12.54)

45.07 
(9.48)

27.76 (<0.001)* −1.27

RAVLT delayed 4.28 
(3.41)

9.80 
(3.02)

201 (<0.001)*† 0.56

ROCF recall 8.05 
(6.11)

19.66 
(5.11)

123 (<0.001)*† 0.68

Executive functions 
domain

​ ​ ​ ​

Digit span backward 3.34 
(0.99)

4.03 
(0.72)

7.56 (<0.01)* −0.66

Phonemic fluency 24.20 
(15.82)

39.83 
(14.21)

12.1 (0.001)* −0.83

Stroop test time 40.53 
(31.44)

19.80 
(8.58)

9.49 (<0.01)* 0.76

Stroop test errors 6.80 
(8.89)

0.23 
(0.77)

16.18 (<0.001)* 0.99

Language domain ​ ​ ​ ​
Semantic fluency 25.37 

(9.33)
45.40 
(10.25)

56.77 (<0.001)* −1.81

Visuoperceptual/ 
visuospatial functions 
domain

​ ​ ​ ​

ROCF copy 22.77 
(11.40)

34.73 
(1.93)

29.99 (<0.001)* −1.31

BJLOT 17.74 
(8.30)

24.80 
(3.18)

258 (<0.001)*† 0.48

VOSP shape detection 
screening test

18.85 
(1.31)

19.53 
(0.68)

3.51 (0.07) −0.45

VOSP incomplete letters 15.43 
(5.40)

19.53 
(0.68)

168 (<0.001)*† 0.61

VOSP silhouettes 13.75 
(4.28)

20.57 
(3.35)

42.95 (<0.001)* −1.58

VOSP object decision 13.28 
(3.19)

17.17 
(1.55)

37.86 (<0.001)* −1.49

VOSP progressive 
silhouettes

12.70 
(2.46)

9.87 
(2.61)

9.81 (<0.01)* 0.76

VOSP dot counting 9.15 
(1.73)

9.90 
(0.31)

262 (<0.001)*† 0.48

VOSP position 
discrimination

18.20 
(2.71)

19.90 
(0.40)

10.42 (<0.01)* −0.78

VOSP number location 7.38 
(2.71)

9.53 
(0.82)

16.23 (<0.001)* −0.97

VOSP cube analysis 6.83 
(2.41)

9.83 
(0.38)

44.21 (<0.001)* −1.60

Descriptive statistics represent mean (SD). N = number of subjects. DLB = De-
mentia with Lewy Bodies, OA = cognitively unimpaired older adults, MMSE =
Mini Mental State Examination, RAVLT = Rey Auditory Verbal Learning test, 
ROCF = Rey-Osterrieth complex figure, BJLOT = Benton Judgment of Line 
Orientation test, VOSP = Visual Object and Space Perception Battery. Cohort 
differences are assessed using chi-squared test for dichotomous variables. Based 
on the data distribution, parametric (ANOVA) or non-parametric (Man-
n–Whitney U) tests were used. Effect size for cohort differences is assessed using 
Cohen’s D for continuous variables and Cramer’s V for dichotomous. For non- 
parametric Mann–Whitney U tests (marked with †), the effect size r was 

calculated using the formula r = |Z|
̅̅̅̅N√ , where Z is the standardized U statistic and 

N is the total sample size. False discovery rate (pFDR) correction was applied to 
the models.

Fig. 1. Significant brain cortical susceptibility and volume differences between 
DLB and OA. ANOVA output of cortical differences. Color-coded F-values are 
shown for regions surviving FDR correction (pFDR < 0.05); non-significant 
regions are shown in white. Yellow represents higher magnetic susceptibility 
(higher volumetric loss) and blue lower magnetic susceptibility (lower volu-
metric loss) values. ROIs were based on the Desikan-Killiany atlas (Desikan 
et al., 2006). DLB = Dementia with Lewy Bodies, OA = cognitively unimpaired 
older adults. A) Cortical magnetic susceptibility differences (DLB > OA), con-
trolling for age. B) Cortical volume differences (DLB < OA), controlling for sex, 
age, and total intracranial volume. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.)
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Fig. 2. Significant subcortical magnetic susceptibility and volume differences between DLB and OA. A) Median magnetic susceptibility values in subcortical regions 
across groups. Adjusted χ refers to the magnetic susceptibility values, corrected for age by residualization based on a linear fit of susceptibility against age in the OA 
group. B) Mean volume values in subcortical regions across groups. All brain volumes were adjusted for sex, age, and estimated total intracranial volume (eTIV) using 
a residual approach. STR = striatum, TH = thalamus, CAU = caudate, PUT = putamen, GP = globus pallidus, BS = brainstem, HIP = hippocampus, AMY = amygdala, 
ACC = nucleus accumbens, SCP = superior cerebellar peduncle, GPe = globus pallidus external, GPi = globus pallidus internal, PAG = periaqueductal gray, RN = red 
nucleus, SN = substantia nigra, STN = subthalamic nucleus. DLB = Dementia with Lewy Bodies, OA = cognitively unimpaired older adults. * indicates pFDR < 0.05, 
** indicates pFDR < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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as well as middle temporal regions (ρ = -0.35) (uncorrected p < 0.05). 
Hence, higher magnetic susceptibility in these regions was associated 
with poorer performance on the VOSP subtest. We report all the corre-
lations between the cognitive scores and regional QSM values in [Zen-
odo] at https://doi.org/10.5281/zenodo.18324266.

3.5. DLB early predominant phenotype classification based on QSM-brain 
features

We assessed whether the early cognitive/psychiatric phenotype vs 
early RBD/motor phenotype categorical subgroups differed in socio-
demographic variables, symptom duration, cognitive functioning and 
brain QSM patterns. No models survived correction for multiple com-
parisons. Comprehensive statistics of the univariate comparisons can be 
found in Supplementary Table 5.

The logistic regression model, trained with the top 10 features 
selected through ANOVA F-test, yielded an average classification accu-
racy of 0.73 ± 0.04 across stratified 5-fold cross-validation. Macro- 
averaged precision was 0.73 ± 0.09, F1-score was 0.69 ± 0.07, recall 
was 0.71 ± 0.05, indicating consistent performance across classes. The 
average normalized confusion matrix (Fig. 3a) showed that 79.2% of 
early RBD/motor phenotype cases were correctly classified, whereas 
62.6% of early cognitive/psychiatric phenotype cases were accurately 
identified. The most predictive features (Fig. 3b) for cortical regions, in 
descending order, were: paracentral, medial orbitofrontal, post central, 
pericalcarine, and insula. For subcortical regions, the most significant 
features were medulla, pons, nucleus accumbens, substantia nigra, and 
thalamus. These features demonstrated the highest F-scores in the uni-
variate selection, highlighting their relevance in distinguishing an early 
cognitive/psychiatric phenotype from an early RBD/motor phenotype 
based on QSM measurements.

Overall, although univariate comparisons did not reveal statistically 
significant group differences, the multivariate logistic regression model 
(trained on the top 10 features) differentiated between the early 
cognitive/psychiatric and early RBD/motor phenotypes. These findings 
suggest that the distinction between subtypes is not driven by isolated 
regional abnormalities, but rather by a spatial pattern of QSM alter-
ations involving both cortical and subcortical structures. Such patterns 
may reflect differences in regional brain vulnerability, consistent with 
the heterogeneous nature of DLB.

4. Discussion

Higher magnetic susceptibility detected using the QSM technique in 
key subcortical and cortical regions associated with DLB, which allowed 
differentiation of DLB early predominant phenotypes, is the main and 
novel findings of this study. Specifically, DLB patients displayed higher 
magnetic susceptibility values, likely reflecting iron accumulation in the 
substantia nigra, globus pallidus, brainstem, thalamus, and hippocam-
pus, as well as in posterior cortical regions (occipitotemporal and occi-
pitoparietal) and in orbitofrontal regions. A widespread pattern of 
cortical atrophy was also observed in DLB patients, especially in frontal 
and occipito-parietal regions, and, to a lesser degree in subcortical 
structures, with only the amygdala and hippocampus showing signifi-
cant volume loss. This might suggest different neurobiological mecha-
nisms underlying volume loss and abnormal iron concentration at both 
subcortical and cortical levels in this clinical population. Moreover, it 
was possible to distinguish the two DLB early predominant phenotypes 
(early cognitive/psychiatric and early RBD/motor phenotypes) based on 
the magnetic susceptibility values detected in the brainstem, substantia 
nigra, basal ganglia, insula, and frontal regions.

At the subcortical level, our findings of higher magnetic suscepti-
bility in the substantia nigra among DLB patients align with previous 
studies in this population (Chen et al., 2021; Diaz-Galvan et al., 2025) 
and with observations in PD and PDD patients (Bhome et al., 2026; Fu 
et al., 2021; Lancione et al., 2022). The temporal relationship between 
α-synucleinopathy and iron accumulation remains challenging. A recent 
study (Diaz-Galvan et al., 2025) found that increased abnormal iron 
accumulation in the substantia nigra was observed in individuals with 
Lewy body pathology at autopsy, suggesting that QSM might be useful as 
an in vivo biomarker in the context of Lewy body-related pathology.

Among other basal ganglia structures, we found higher magnetic 
susceptibility in the globus pallidus, both in the external and internal 
region, as well as in the thalamus. This finding is consistent with other 
studies in PD patients (Chen et al., 2019; Langkammer et al., 2016; 
Shahmaei et al., 2019) in which iron accumulation in the globus pallidus 
has been related to longer symptom duration. Based on a circuit-level 
framework, we hypothesize that higher iron deposition within key 
output nodes of the basal ganglia, such as the globus pallidus and the 
substantia nigra, may contribute to altered basal ganglia- 
thalamocortical signaling (McGregor and Nelson, 2019). These struc-
tures exert a strong inhibitory influence on thalamic activity and their 
dysfunction may therefore impact the regulation of thalamocortical 

Fig. 3. DLB phenotype classification. (a) Confusion matrix (average values in %) for the logistic regression model using the top 10 features. Rows indicate true classes 
and columns indicate predicted classes. The model shows higher accuracy in classifying body-first than brain-first DLB cases. (b) Bar plot of the top 10 most 
discriminant features ranked by F-score, based on univariate feature selection (ANOVA F-test). Features include cortical and subcortical brain regions derived from 
QSM data, adjusted for age and symptom duration.
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integration within motor networks, potentially contributing to some of 
the extrapyramidal symptoms observed in our sample, as reported in the 
patients’ medical records. However, we were unable to test this asso-
ciation empirically using a structured assessment of motor symptoms. 
Given this limitation, the need for further investigations remains.

We also found higher magnetic susceptibility in the brainstem, 
including the midbrain, pons, and medulla. It has been suggested that 
RBD, commonly experienced by DLB patients (McKeith et al., 2017), 
involves changes in brainstem structures, especially due to the initial 
pathological accumulation of α-synuclein in the pons (Joza et al., 2023; 
Miglis et al., 2021) and in the nigrostriatal dopaminergic system 
(Nepozitek et al., 2023; Zoetmulder et al., 2016). In our study within the 
early RBD/motor phenotype, 57% of patients also showed presynaptic 
dopaminergic dysfunction in the nigrostriatal pathway, when assessed 
by DAT-SPECT (data reported in SI). We can speculate that increased 
iron accumulation in the brainstem (particularly in the pons and the 
substantia nigra) and basal ganglia might be associated with the pres-
ence of extrapyramidal motor symptoms or RBD, which were observed 
as early clinical manifestations in approximately 59% of our DLB pa-
tients (early RBD/motor phenotype). Moreover, most participants in our 
overall sample experienced these symptoms at the time of QSM acqui-
sition, even if their earlier presentation was not consistent with an RBD/ 
motor onset phenotype.

We also found abnormal magnetic susceptibility values in the hip-
pocampus, as previously reported in PD and PDD patients (Acosta- 
Cabronero et al., 2017; Bhome et al., 2026). Moreover, the hippocampus 
was the only subcortical region where volume reduction was also found. 
Abnormal iron accumulation and brain atrophy, both markers of 
neuronal damage (Dixon and Stockwell, 2014), have also been reported 
in the medial temporal lobe (MTL) in α-synucleinopathies (Weintraub 
et al., 2012). Although relative preservation of the MTL is considered a 
supportive biomarker for a diagnosis of DLB (McKeith et al., 2017), 
recent reviews (Barba et al., 2024; Chin et al., 2020) have reported that 
up to 25–40% of patients with DLB may also present with AD neuro-
pathological changes, which may impact hippocampal volume, espe-
cially due to tau pathology. This result is further corroborated by 
neuropathological studies (Irwin et al., 2017) in dementia due to LBD 
that confirmed a strong association between AD neuropathological 
changes and α-synuclein, noting that they increase together, especially 
with increasing age, and in the later stages of the disease there is greater 
probability of co-pathology (Ferreira et al., 2020). Atrophy of the hip-
pocampus and amygdala has also been reported in DLB patients 
(Khadhraoui et al., 2022), and it has been found associated with the 
severity of cognitive symptoms (Elder et al., 2017). Presence of co- 
pathology could suggest a more advanced stage of disease and explain 
the pattern of cognitive decline of our sample that involved several 
domains, including long-term memory. In this context, memory decline 
may emerge at later stages of disease progression, in addition to earlier 
detectable impairments in attention, executive functions, and visuo-
perceptual/visuospatial processing that normally characterize the 
earliest stages of disease.

At the cortical level, we observed higher magnetic susceptibility in 
occipitotemporal and occipitoparietal regions. This observation is 
consistent with the findings of studies of DLB patients that have used 
other neuroimaging techniques (e.g., FDG-PET and functional MRI) and 
have reported posterior hypometabolism, associated with impairment of 
visuoperceptual and visuospatial functions (Beretta et al., 2022, 2019), 
and increased activity related to visual hallucinations (Ffytche et al., 
1998; Zorzi et al., 2021). We can speculate that higher magnetic sus-
ceptibility in these regions might explain psychiatric and cognitive 
symptoms that were observed as early clinical features in approximately 
41% of our DLB patients (early cognitive/psychiatric phenotype). 
Notably, multidomain cognitive symptoms were present in all our DLB 
participants at the time of QSM acquisition. Our QSM results partially 
aligns with another study that compared DLB and PDD patients with 
cognitively unimpaired PD and HC, revealing higher iron accumulation 

in temporal regions (Bhome et al., 2026).
Although to a lesser extent than in patients with AD, overall cortical 

atrophy in posterior and frontal regions is also observed in DLB patients 
(Oppedal et al., 2019), a finding also detected in our study.

Parietal regions such as the precuneus and inferior parietal cortex 
exhibited both higher magnetic susceptibility values, likely reflecting 
iron accumulation and volumetric loss, in our sample.

Overall, in our cross-sectional sample, subcortical regions exhibited 
abnormal iron accumulation and relative sparing of volume, whereas 
cortical regions showed more atrophy. Cuneus, supramarginal and pri-
mary somatosensorial areas were the only cortical regions spared from 
volumetric loss although showing higher magnetic susceptibility values, 
likely reflecting iron accumulation.

Higher susceptibility in cortical and subcortical regions was not 
significantly correlated with volumetric loss, nor with symptom dura-
tion. This pattern of findings in our sample makes the understanding of 
the interplay between brain atrophy and iron accumulation challenging. 
In our sample, there were areas solely impacted by volume reduction, 
regions influenced only by iron accumulation, and others where both 
pathological processes were detected. This pattern aligns with the 
findings of a recent study in patients with dementia due to LBD (Bhome 
et al., 2026) in which no overlap between these pathological processes 
was found in posterior parietal regions, where only gray matter reduc-
tion without iron accumulation was observed, indicating potentially 
distinct neurobiological processes. Notably, significant abnormal mag-
netic susceptibility values were independent of atrophy (when analyses 
were corrected for it), consistent with our findings.

The lack of a longitudinal assessment, tracking patients from the 
prodromal to late phases of disease prevents clarification of QSM and 
volume change trajectories, making it impossible to determine whether 
iron changes precede volume changes or vice versa. Moreover, we 
cannot determine whether iron levels continue to increase before or 
after atrophy reaches a plateau. The exact mechanisms underlying QSM 
changes remain unclear: alterations in magnetic susceptibility values 
can result from either an absolute iron accumulation or a relative in-
crease in iron concentration due to atrophy (Duyn and Schenck, 2017).

As for cognition, we found no significant relationship between 
magnetic susceptibility values and cognitive scores. We only found a 
trend between higher magnetic susceptibility in occipito-temporal and 
frontal regions and poorer performance on the VOSP silhouettes subtest. 
A few studies have examined the relationship between QSM changes and 
cognitive impairment in pathological conditions, and the results are not 
univocal. Most studies have reported no significant associations in pa-
tients with DLB, PDD, RBD, PD, and prodromal DLB patients (Bhome 
et al., 2026; Chen et al., 2021; Kiersnowski et al., 2025; Varga et al., 
2024), or in AD patients (Moon et al., 2016). There is, however, a small 
number of studies in PD patients that have reported a negative rela-
tionship between QSM values in the caudate nucleus and hippocampus, 
and MoCA scores (Thomas et al., 2020; Uchida et al., 2020), as well as 
between QSM values in other basal ganglia structures and the MDS- 
UPDRS-I for non-motor symptoms (Langkammer et al., 2016). Lack of 
a significant association between iron accumulation and cognitive 
decline in our study might be due to the fact that iron accumulation 
might represent one of the earliest changes in disease progression and 
may not have a linear relationship with cognitive decline in the symp-
tomatic phase of neurodegenerative disorders (Moon et al., 2016). Evi-
dence from other neurodegenerative conditions indicates that iron 
deposition may increase during prodromal or early symptomatic phases 
and subsequently slow or reach a plateau at later stages of the disease 
(Du et al., 2022), where more severe cognitive deficits are observed. In 
patients with established DLB, iron levels may therefore already be 
relatively stable, limiting the possibility of detecting cross-sectional as-
sociations with symptom duration or cognitive scores.

We applied a supervised machine learning approach to identify the 
most informative brain regions (in terms of changes in magnetic sus-
ceptibility) that could successfully differentiate DLB phenotypes (based 
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on the earliest experienced symptoms). Our algorithm demonstrated 
moderate accuracy, particularly with a higher classification rate for DLB 
patients with RBD or extrapyramidal symptoms as earlier clinical pre-
sentations (early RBD/motor phenotype). Regional changes in magnetic 
susceptibility that best explained our classification were located in pri-
mary sensorimotor and visual cortices (paracentral, postcentral, peri-
calcarine), frontolimbic areas and components of the olfactory 
processing network (medial orbitofrontal cortex, insula), subcortical 
and brainstem structures (substantia nigra, thalamus, nucleus accum-
bens, pons, and medulla). Given the non-directional nature of this 
analysis, abnormal iron accumulation in these regions can be interpreted 
as not specifically associated with a single symptom domain. These areas 
likely highlight widespread neuroanatomical patterns that together are 
differentially informative in capturing early clinical presentation of DLB. 
For instance, using a clustering approach on brain volumes, Iguanzo 
et al. (2023) pinpointed the regions that contributed most significantly 
to the identification of DLB subtypes, which included the pons and the 
olfactory cortex, similar to the findings in our study. Importantly, these 
neuroimaging-defined subtypes did not differ substantially in symptom 
duration or core clinical features, suggesting that they primarily reflect 
differences in neuroanatomical vulnerability rather than distinct clinical 
entities. Another study (Morenas-Rodríguez et al., 2018) identified three 
clinical phenotypes in DLB patients based on the initial clinical mani-
festations: cognitive predominant, neuropsychiatric with more psy-
chotic symptoms and parkinsonism predominant. Differences in the 
initial clinical presentation might stem from variability in regional 
pathological α-synuclein accumulation (Ferman et al., 2020). For 
instance, greater disruption of brainstem integrity might lead to more 
pronounced motor features or RBD, whereas a primarily cortical dis-
tribution might result in psychiatric and cognitive disturbances (Colom- 
Cadena et al., 2017; Morenas-Rodríguez et al., 2018). So far, multiple 
classification frameworks for DLB have been proposed including clin-
ical, neuropsychological, neuroanatomical, pathogenic (body-first vs 
brain-first), molecular, network-based, genetic models (Abdelnour et al., 
2022; Borghammer et al., 2021; Horsager and Borghammer, 2024; 
Inguanzo et al., 2023; Morenas-Rodríguez et al., 2018). These frame-
works are largely complementary rather than mutually exclusive and 
likely capture different dimensions of disease heterogeneity.

In our case, higher magnetic susceptibility values, likely reflecting 
iron accumulation in the brainstem, basal ganglia, thalamus, insula, and 
frontal regions contributed to the differentiation of early RBD/motor 
and early cognitive/psychiatric phenotypes in our DLB sample. The 
pathological involvement of these regions might explain the heteroge-
neity in early clinical presentation of the disease. However, although 
suggestive, based on our results, we cannot determine the temporal 
relationship between abnormal iron and α-synuclein accumulation, and 
clinical symptoms, nor can we confirm the presence of Lewy body pa-
thology in these regions in our sample. Moreover, in our study, patients 
were not characterized in the prodromal stages of the disease, suggesting 
they were likely at a more advanced stage at the time of QSM acquisi-
tion. By this stage, neurodegeneration and alpha-synuclein pathology 
had plausibly already spread to key regions, making it difficult to 
differentiate patients based on presenting symptoms. Although these 
results should be interpreted with caution given the relatively limited 
sample size, they provide proof of concept that regional susceptibility 
patterns may capture biologically meaningful aspects of early clinical 
heterogeneity in DLB. From this perspective, QSM-derived patterns may 
represent a promising tool for imaging-based phenotyping, potentially 
improving the characterization of disease heterogeneity and patient 
stratification in future studies and in clinical therapeutic trials.

This study is not exempt from limitations. First, our sample was 
relatively small and this might have affected statistical power limiting 
the emergence of subtle or subthreshold findings. This may also limit 
generalization of our findings. We acknowledge that there was a sig-
nificant group effect for age, and this might have biased the results. To 
limit this bias, we included age as a covariate in all of our statistical 

models to limit the influence of confounding effects and improve accu-
racy, following an analytical strategy adopted in previous studies 
(Bhome et al., 2026; Dukart et al., 2011; Falahati et al., 2016). Another 
limitation is that we did not use a Real-Time Quaking Induced Con-
version (RT-QuIC) assay for the detection of the level of alpha-synuclein 
aggregates in the cerebrospinal fluid of our participants. It should also 
be noted that, although QSM-derived magnetic susceptibility is widely 
used as a proxy for iron content, it reflects the combined contribution of 
multiple tissue components (e.g., iron, myelin, calcium, and micro-
structural properties). Therefore, while increased susceptibility is plau-
sibly related to altered iron homeostasis − especially in deep gray matter 
− its interpretation in cortical regions should be approached with 
caution, also considering regional differences across brain lobes. 
Furthermore, we need to take into account the significant pathological 
heterogeneity among DLB patients and, in this study, some of our DLB 
patients also exhibited AD neuropathological changes, which could 
result in medial temporal atrophy (Oppedal et al., 2019). Our cross- 
sectional design does not allow us to determine spatiotemporal 
changes in iron and atrophy in dementia with Lewy Bodies. Longitudinal 
studies of other α-synucleinopathies and of patients in prodromal stages 
are needed to clarify the temporal and spatial trajectories of iron accu-
mulation and their association with volume loss and cognitive decline. 
Future studies using larger and longitudinal samples, as well as studies 
with neuropathological validation, are needed to extend and increase 
the significance of the current findings. Finally, we acknowledge a 
methodological limitation. In this study a ROI approach was used to 
assess changes in magnetic susceptibility. This might have averaged 
across ROIs subtle changes in small areas that might have gone unde-
tected in this sample. A voxel-based analytical approach, similar to that 
used in the study by Uchida et al (2019), would overcome this meth-
odological limitation and would be desirable in future studies with a 
larger sample size. It is encouraging, however, that there are parallel 
findings (i.e. increased susceptibility in one subcortical area – namely 
the globus pallidus – and three cortical areas – precuneus, cuneus and 
insula) between our study and Uchida and colleagues’ results, although 
these latter obtained in a sample of patients with PD. These converging 
findings suggest that our methodological approach had sufficient 
sensitivity to detect meaningful susceptibility changes in this DLB 
sample, although it cannot be ruled out that subtle regional changes 
might have been missed.

5. Conclusions

In conclusion, this study using a QSM technique provides novel in-
sights into cortical and subcortical iron accumulation in patients with 
DLB. Increased iron overload was found especially in key subcortical 
structures involved in alpha-synucleinopathies, and these same regions 
were relevant to differentiate DLB early predominant phenotypes in our 
sample. Our findings suggest that QSM might represent a useful diag-
nostic biomarker to assess in vivo early changes reflective of neuro-
degeneration in DLB patients. Longitudinal studies with larger sample 
sizes are needed to understand the interplay between brain volumetric 
loss, iron accumulation, and clinical symptoms.
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