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Quantitative susceptibility mapping reveals differences

between subtypes of Lewy body dementia

Rohan Bhome,!? George E. C. Thomas,' Naomi Hannaway,' Ivelina Dobreva,' Angeliki

Zarkali,! Karin Shmueli,? James H. Cole!-? and Rimona S. Weil':#:3

Abstract

Dementia with Lewy bodies (DLB) and Parkinson’s disease dementia (PDD) are subtypes of

Lewy body dementia, and are considered two ends of a disease spectrum. However, conventional
MRI neuroimaging, mainly focussed on grey matter volume and thickness, has failed to establish
whether underlying processes differ between them. Understanding these differences could enable

targeted and subtype-specific treatments to be developed.

We applied quantitative susceptibility mapping (QSM), an advanced neuroimaging technique
sensitive to tissue iron, to examine differences.in tissue composition between these Lewy body
dementia subtypes. We performed both voxel-wise and region of interest analyses to compare
QSM values in 66 people with Lewybody dementia (45 DLB; 21 PDD); 86 people with
Parkinson’s disease with normal cognition (PD-NC) and 37 healthy controls. We also assessed
relationships between QSM values and measures of both cognitive performance and overall

disease severity in people with Lewy body dementia.

We found that people'with Lewy body dementia had higher QSM values in widespread brain
regions, compared with cognitively-normal people with PD; and that people with PDD had
higher QSM values across many brain regions, compared with people with DLB. Further, we
showed a positive relationship between QSM values and overall disease severity, measured using
the Movement Disorders Society Unified Parkinson’s disease Rating Scale in people with Lewy
body dementia, in right thalamus, left pallidum, bilateral substantia nigra, bilateral middle

frontal, temporal and lateral occipital lobes, right precentral and superior frontal cortices. In a
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region of interest analysis, we showed that people with PDD had higher QSM values than

cognitively-normal people with PD and controls in the substantia nigra pars reticulata.

Our findings indicate neurobiological differences between subtypes of Lewy body dementia, that
can be detected by exploiting QSM’s sensitivity to tissue composition. Based on this, DLB and
PDD could be considered as distinct conditions in the clinic and in clinical trials, and‘may
respond to different treatments. Our finding that QSM values relate to real world measures of
overall disease severity in Lewy body dementia indicates its potential as an.imaging biomarker

for clinical trials of Lewy body dementia interventions.
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Introduction

Lewy body dementia is an umbrella term that comprises both dementia with Lewy bodies (DLB)
and Parkinson’s disease dementia (PDD). Together, these conditions are the second commonest
neurodegenerative dementia in people aged over 65, conferring significant morbidity.and
healthcare burden!. They are characterised by dementia affecting visuospatial, executive and
attentional function, and the presence of at least two symptoms of motor Parkinsonism, visual
hallucinations, cognitive fluctuations and REM sleep behaviour disorder. DLB is diagnosed
when dementia precedes or occurs within one year of onset.of motor Parkinsonian symptoms.
However, if dementia develops more than a year after the onset of motor symptoms, this would

be considered PDD?2.

As well as shared symptomatology, both DB and PDD are characterised by presence of alpha-
synuclein-containing Lewy bodies, and co-pathology with beta-amyloid and tau accumulation. A
long-standing question is whether the two conditions have different underlying neurobiological
processes® 4. This has been challenging to address until recently, as neuropathological
investigations are mostly restricted to'end-stage disease. Neuroimaging has been limited, as
conventional approaches mostly €xamined grey matter volume or thickness. Even in relatively
large studies, these'do not relate strongly to clinical symptoms® and differences between DLB
and PDD have'been inconsistent. Some studies show greater atrophy in DLB than PDD®; whilst

others showed no differences in atrophy patterns between the two conditions’.

Instead, imaging techniques sensitive to changes in tissue composition, rather than volume and
thickness, are likely to be more sensitive to any differences between DLB and PDD, and to relate

to clinical severity.

One promising approach is Quantitative Susceptibility Mapping (QSM), an MRI technique that
calculates the magnetic susceptibility of brain tissue® °. This reflects brain tissue composition,
including iron content, which is relevant in PDD and DLB, as excessive iron interacts with

alpha-synuclein and triggers pathological aggregation!® and causes direct toxicity by generating

GZ0Z JagqWaAON (L Uo Jasn (aAnoeul) uopuoT 86800 AlsieAlun Aq €79/ 128/SZEIeme/uieiq/S60L 01 /10p/a|o1e-soueApe/ulelg/woo dno-olwapeoe)/:sdiy Woll papeojumo(



N

O 00 N o U b W

10
11
12
13
14
15
16
17
18

19

20

21

22
23
24
25
26
27
28

free radicals'!. As well as brain tissue iron, differences in QSM values reflect changes in other

metal ions such as calcium and copper, and variation in myelin content!?.

We have previously shown that QSM values relate to cognitive severity in patients with
Parkinson’s disease (PD) without dementia'3, and that regional QSM values predict future
cognitive and motor severity in PD'#. There are no reports of direct DLB versus PDD
comparisons using QSM, or between the combined grouping of Lewy body dementia compared
to PD with normal cognition (PD-NC). However, in a study examining only-the substantia nigra
in DLB, higher QSM values were seen in DLB than in mild cognitive impairment with Lewy

bodies (and compared to people with REM sleep behaviour disorder)'3.

Here, we used QSM to compare brain tissue composition between people with Lewy body
dementia and those with PD-NC and between subtypes of Lewy body dementia: DLB and PDD.
We predicted higher QSM values, (which measure magnetic susceptibility), and reflecting more
altered tissue composition, in Lewy body dementia. than PD-NC, due to greater overall disease
severity and therefore expected overall moressevere tissue alterations in Lewy body dementia than
PD. We expected more pronounced alterations in.DLB than PDD, due to higher levels of beta-
amyloid pathology in DLB than PDD'¢. Based on our previous findings in PD we also
hypothesised that increased QSM level would be associated with poorer cognitive and motor

performance in all disease groups.

Materials and methods

Participants

Participants were recruited from PD and Lewy body dementia clinics at the National Hospital for
Neurology and Neurosurgery, London, and affiliated clinics, between 2017 and 2023. Controls
were recruited from patient’s spouses and University databases. 189 participants were included,
comprising 86 people with PD who were cognitively unimpaired (PD-NC), 66 people with Lewy
body dementia (45 DLB and 21 PDD), and 37 unaffected controls. Inclusion criteria were: a
diagnosis of DLB, PDD, or PD within 10 years’ of their respective diagnosis, aged 49-81 years.

DLB diagnosis was made using DLB Consortium Criteria’; PDD diagnosis according to
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Movement Disorder Society (MDS) PDD diagnostic criteria'’, and PD diagnosis using Queen
Square Brain Bank criteria Capacity to consent was a requirement for inclusion. Exclusion
criteria were confounding neurological or psychiatric conditions and any contraindications to
MRI. All participants were assessed by a neurologist (RSW) to ascertain diagnosis of DLB; PDD
or PD-NC and capacity to consent. All participants gave written, informed consent and the study

was approved by the Queen Square Research Ethics Committee.

Clinical assessments

All participants underwent detailed clinical assessments whilst on their usual' medications, and
levodopa equivalent daily dose was calculated '®. Disease-specific measures were obtained using
validated questionnaires including the MDS Unified PD Rating Scale (MDS-UPDRS) that
measures motor and non-motor domains!'®. Part I11 of this scale was used to assess motor

function, and total score was the summed score of parts I-IV.

Detailed neuropsychological assessment included the Montreal Cognitive Assessment (MoCA)?°
as a global measure; and tests across each cognitive domain, as described previously?!. These test
scores (Stroop colour, Hooper Visual. Organisation, word recognition, verbal fluency category
and letter, MoCA) were also combined into a composite cognitive score, using the mean z-score

of each measure, as described previously?!- 22,

MRI Acquisition

Participants underwent MRI scanning on a Siemens Prisma-fit 3T MRI system using a 64-
channel coil (Siemens Healthcare, Germany). T1-weighted magnetisation-prepared 3D, rapid,
gradient-echo (MPRAGE) anatomical images were acquired with the following parameters: TI =
1100ims; TE1 = 3.34 ms, TR = 2530 ms, flip angle = 7°, bandwidth = 200 Hz/pixel, resolution =
Ix1x1 mm, matrix size = 256x256x176, acquisition time 6 min 3 s. Susceptibility-weighted
mmages for QSM were acquired using a 3D flow-compensated spoiled gradient-recalled-echo
sequence with the following parameters: TE = 18 ms, TR = 25 ms, flip angle = 12°, bandwidth =
110 Hz/pixel, resolution =1x1x1 mm, matrix size = 204x224x160, acquisition time 5 min 41 s.

Rate 2x1 parallel acquisition (GRAPPA) was enabled for both sequences?3.
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QSM Reconstruction

QSM reconstruction was performed as described previously'#. Briefly, QSM phase data were
unwrapped using ROMEO?* and brain masks calculated from magnitude images using the Brain
Extraction Tool (BET2). Background field removal was performed using Laplacian boundary
value extraction?’ followed by 3D polynomial residual fitting?®. Multi-scale dipoleinversion
was used to generate susceptibility maps?’. All image processing was completed using
MATLAB (The MathWorks, Inc., MA, USA). This pipeline has previously been optimised
specifically for these acquisition parameters and disease cohort!4 28, and high quality
susceptibility maps for three representative subjects with LBD can'be seen in Supplementary
figure 1. A study-wide template was created from all participants’ T1-weighted images and
QSM images were transformed into this space using advanced normalization tools

(ANTs, http://stnava.github.io/ANTSs/), as described previously'>.

Voxel-wise QSM Analyses

Voxel-wise QSM analyses were performed throughout the brain using absolute QSM values, as
has been performed previously'4 2931 This was required because the application of a smoothing
kernel, necessary in such voxel-wise analyses to account for coregistration inaccuracies and
improve statistical conditioning, may collapse adjacent negative and positive values (commonly
found in signed QSM data) to zero. The use of absolute QSM helps to avoid this issue, while
also rendering values more comparable to the positive nature of R2*. Smoothing is not required
for ROI analyses; so these were performed using the original signed QSM values. Images were
spatially'smoothed using a 3D Gaussian kernel (3 mm full-width-at-half-maximum (FWHM))
and‘then smoothing compensated3!. FSL Randomise was used to perform permutation analyses
with threshold-free cluster enhancement, whereby 10,000 permutations were performed to
identify significant clusters which were reported at FWE-corrected p<0.05 (Prwe<0.05)
thresholds. Analyses were performed to compare differences between Lewy body dementia, PD-
NC and controls, and between DLB and PDD, adjusting for age and sex. Secondary analyses
separately compared DLB and PDD with both PD-NC and controls. Analyses were re-run with
total brain volume (TBV) as an additional covariate to control for atrophy3%33. TBV was defined

as the total volume of grey- and white-matter fractions estimated by the SPM segment function.
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Further analyses were run to test associations between voxel-wise QSM smoothed absolute
values and clinical measures (composite cognitive score, MoCA, UPDRS and UPDRS-motor),
adjusting for age and sex. After analysis, the smoothed QSM template and statistical maps were
transformed into MNI152 space (Montreal Neurological Institute, McGill University, Canada)
for display purposes®?.

Region of interest QSM analyses

Region of interest (ROI) analyses were performed to compare grotip differences in QSM in
specific regions, and test associations between regional QSM and clinical measures. As the
existing research using QSM in Lewy body dementia is limited to a single study'®, we selected
regions in which QSM has been found to be related tocognitive and motor severity in PD!'3: 14,
and Alzheimer’s disease®. Our choice of ROIs was.also informed by findings from studies using
conventional measures of atrophy in Lewy body dementia’- 39-3° as atrophy is a measure of
neuronal loss*? likely to arise downstreatmof cellular iron dyshomeostasis'% 4!, Specifically, we
chose the nucleus basalis of Meynert(NBM), globus pallidus, caudate nucleus, putamen,
substantia nigra pars reticulataSNpr), substantia nigra pars compacta (SNpc), thalamus,
hippocampus, insula, medial orbitofrontal, superior parietal and lateral occipital cortices). See
supplemental Methods for details on ROI segmentation. Mean signed unsmoothed QSM values
were calculated in‘bilateral ROIs. As the whole brain voxel-wise analysis was performed using
absolute QSM, the use of signed QSM for ROI analysis provided some indication of the
contributions of diamagnetic and paramagnetic sources of susceptibility to our results.
Interhemispheric differences were examined using t-tests; and then ROI means were averaged
across hemispheres (see Supplementary Tables 1A, 1B and 1C for differences between

hemispheres).

We examined group differences in QSM values within ROIs using ANOV As, adjusting for age
and sex, and false discovery rate (FDR) was used to correct for multiple comparisons. We report
fully corrected findings, and also uncorrected findings for completeness. Where significant F-
statistics were observed, post-hoc pairwise comparisons (corrected using Tukey-HSD) were used

to probe specific group differences. Where appropriate, median and interquartile range (IQR)
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ranges of ROI mean QSM values are presented. Relationships between signed ROI mean QSM
values and motor and cognitive severity were examined using linear regression, adjusting for age
and sex, and FDR correcting across comparisons. ROI analyses were performed in R (version
4.2.2). While we chose to employ standard FWE-correction in our voxel-wise analyses due their
extremely high dimensionality, we employed less conservative FDR -correction for the' much

lower-dimensionality ROI analyses where we had prior expectation of involvement.

In order to compare our findings with those of Chen et al.*?, which is the only previous study to

report QSM values in Lewy body dementia, we additionally extracted mean QSM values from

the entire SN, combining SNpc and SNpr, and assessed between-study differences using t-tests*2.

Voxel-based morphometry

To compare the sensitivity of QSM to detect group differences with that of atrophy-based
neuroimaging measures, and to further investigate the extent to which atrophy might act as a
confound to QSM we performed voxel-based.morphometry (VBM) analyses. SPM12

(http://www.fil.ion.ucl.ac.uk/spm/séftware/spm12) was used to segment T1-weighted images. A

population template was derived for the whole study population using the DARTEL toolbox with
a Gaussian smoothing kernel'of 8mm FWHM. Voxel-wise grey-matter probability maps were
assessed using FSL Randomise with threshold-free cluster enhancement, and 10,000
permutations were performed to identify significant clusters at Prwe<0.05. Group comparisons
were made usingtwo-sample t-tests. Regression analyses were run to test the associations
between voxel-wise grey matter probabilities and clinical measures including the composite
cognitive seore which takes into account detailed neuropsychological testing in five cognitive
domains. /All analyses were adjusted for age, sex and total intra-cranial volume. Significant
clusters (extent threshold>100 voxels) were labelled using the Harvard-Oxford Cortical

Structural atlas.
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Additional statistical analyses

Demographic and clinical measures were compared between groups using 2-tailed Welch’s t-
tests or Mann-Whitney-Wilcoxon tests for non-normally-distributed data. When three groups
were compared, we used the Kruskal-Wallis test as the data were non-normally distributed,
followed by the Dunn’s test for post-hoc pairwise analysis with Bonferroni correction. We used
linear regression to examine relationships between clinical variables. P<0.05, Bonferroni-

corrected for multiple comparisons, was accepted as the threshold for statistical significance.

Results

189 participants were included in our study: 66 Lewy body dementia (45 DLB; 21 PDD), 86 PD-
NC, and 37 controls. People with Lewy body dementia were older, had a higher proportion of
males and were less educated than controls and PD-NC. Disease duration between Lewy body
dementia and PD-NC did not differ. People with DLB and PDD did not differ in age, sex or
education. There was no difference in dementia duration between DLB and PDD, but people
with PDD had overall longer duration.of disease due to PD prior to dementia diagnosis. As
expected, people with Lewy body dementia had poorer cognition (MoCA and composite
cognitive score) compared to.PD-NC and controls. They also had increased overall disease
severity (MDS-UPDRS total) and motor severity (MDS-UPDRS motor). We did not find
significant differences/in cognitive measures between PDD and DLB, but people with PDD had
greater motor and’overall disease severity than DLB. See Table 1 for demographic and clinical

information. Voxel-wise QSM in Lewy body dementia and between Lewy body dementia subtypes

We found mcreased absolute QSM values in several brain regions in Lewy body dementia
compared to controls and PD-NC (Prwe <0.05). For both comparisons, bilateral superior frontal,
bilateral medial temporal, left superior temporal, right precentral and left cerebellar cortex were
mvolved (Fig. 1A and 1B). There were no brain regions with increased absolute QSM values in

controls and PD-NC compared to Lewy body dementia.

For PDD compared to DLB, we found widespread increased QSM values, with differences in
bilateral cerebellar, hippocampi, right amygdala, left SNpr, left frontal, left precentral, left

paracentral and left precuneus (Prwe <0.05) (Fig. 1C). There were no brain regions in which the
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reverse relationship was observed. See Supplementary Figure 2 for comparisons between PDD

and controls; PDD and PD-NC; DLB versus controls; and DLB versus PD-NC.

We performed a secondary analysis correcting for atrophy using total brain volume (TBV), to
test whether this was driving the observed group differences. We still observed increasesin QSM
values in Lewy body dementia and in PDD, even when using TBV correction (Fig. 2;
Supplementary Figure 3). There were greater differences between LBD and controls but less for

LBD compared to PD-NC and PDD compared to DLB.

Relationships between voxel-wise QSM and clinical measures in

Lewy body dementia

We found a significant positive correlation between absolute QSM values and disease severity,
measured using total MDS-UPDRS, in several brain areas in people with Lewy body dementia.
This means that higher absolute QSM values were found in subjects with greater MDS-UPDRS
scores. These correlations were found in areas including the right thalamus, left pallidum,
bilateral SNpr and SNpc, bilateral middle frontal, temporal and lateral occipital lobes, right
precentral and superior frontal cortices(Fig. 3A, Prwe <0.05). We also found significant
positive associations between‘absolute QSM values and motor severity in bilateral superior
frontal, right insula and right middle frontal lobes (Fig. 3B, Prwe <0.05). These relationships
were also found in DLB (Fig. 3C and 3D, Prwe <0.05), but not in PDD. We did not find

significant voxel-wise associations between absolute QSM values and cognitive measures in any

group.

ROI QSM differences in PD and Lewy body dementia subtypes

In ROT analyses we found group differences in QSM values in four regions, but only the SNpr
and insular survived corrections for multiple comparisons (see Fig. 4). Specifically, for the SNpr,
we found increased QSM values when comparing PDD to controls (PDD median=0.065
(IQR=0.036); controls median=0.038 (IQR=0.025); Tukey Prsp=0.00015). We similarly found
increases comparing PDD to PD-NC (PD-NC median=0.046 (IQR=0.034), Pxsp=0.029); and
PDD compared with DLB (DLB median=0.035 (IQR=0.031); Pusp=0.0011) (Fig. 4A, and see

Table 3 for comparisons).

10
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ANOVA revealed group differences in the SNpc (Fig. 4B and Table 3) and Putamen (Fig. 4C

and Table 3) but these did not survive correction for multiple corrections.

In the insula, we found significantly higher QSM values for PD-NC compared to PDD (PD-NC
mean=-0.0041 (SD=0.0046), PDD mean=0.0041 (SD=0.0063); diff=0.0040; Tukey
Prsp=0.00070); and for PD-NC compared with DLB (DLB mean=0.0061 (SD=0.0041);
diff=0.0020; Tukey Pusp=0.048) (Fig. 4D, and Table 3).

Relationships between ROI QSM values and clinical measures

We found a significant positive association between overall disease severity (MDS-UPDRS total
score) and ROI mean signed QSM values in SNpr in Lewy.body dementia (=336.72; Prpr=0.010)
(Fig. 5A). In this group, we also found a positive association of motor severity with ROI mean
signed QSM values in SNpr but this was not significant.(f=159.45; Prpr=0.08). In people with
PDD, disease severity was also positively associated with QSM values, but only in superior
parietal cortex (B=1907.35; Prpr=0.03) (Fig. 5B). Two PDD participants had mean QSM values
that were outlying, -0.014 (whichis <median-1.5*IQR) and 0.028 (which is >
median+1.5*IQR), respectively. We re-<ran the regression analysis excluding these participants
and found an even stronger relationship between higher QSM values and greater disease severity
(B=4431.69; SE=1467.59;t=3.02; P=0.0086). We did not find any other significant associations
between clinical'measures and regional mean signed QSM values in Lewy body dementia, PDD or
DLB (see Supplementary Table 2 for ROI associations with clinical measures in Lewy body

dementia, Supplementary Table 3 for DLB and Supplementary Table 4 for PDD).

Comparison of Lewy body dementia QSM values with previously

reported values

Our results did not differ from the previously reported QSM study in Lewy body dementia*?. We
found that QSM values in the whole SN aligned with one another across studies, and found no
between-study group differences after correction for multiple comparisons (see Supplementary

Tables 5 and 6).
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Voxel based morphometry

VBM comparing Lewy body dementia with controls revealed significant volume loss in Lewy body
dementia in left parahippocampal gyrus and middle frontal gyrus, and in right inferior temporal
gyrus, precentral gyrus and precuneus (Prwe<0.05). We also found volume loss in bilateral
parahippocampal gyrus frontal, bilateral inferior temporal gyrus, and left temporal pole in DLB
compared with controls, right precentral gyrus, left middle frontal gyrus and right.intracalcarine
sulcus and in right superior frontal cortex for PDD compared to controls (Prwe<0.05). We found
volume loss in Lewy body dementia relative to PD-NC in bilateral parahippocampal gyri, left
inferior temporal gyrus and temporal pole, and right insular cortex'(Prwe<0.05). We also found
volume loss in left parahippocampal gyrus in DLB relative to PD-NC, and in bilateral
cerebellum, left parietal operculum cortex and right precentral gyrus in PDD relative to PD-NC
(Prwe<0.05). We did not find any significant VBM differences between people with DLB and
PDD. See Supplementary Table 7 for full list of regional VBM group differences.

We found widespread associations between atrophy and cognitive severity in Lewy body
dementia, we found increasing atrophy with.increasing cognitive severity in bilateral cerebellum
and cingulate gyri, left middle and-superior temporal gyri, left precentral gyrus, as well as right
angular and supramarginal gyri and right lateral occipital cortex (Prwe<0.05). We also found
atrophy increasing with increasing disease severity score (MDS-UPDRS) in bilateral cerebellum
and left occipital fusiform gyrus (Prwe<0.05). In PDD, we found no associations with MDS-
UPDRS, although we did find atrophy increasing with increasing cognitive severity in bilateral
temporal fusiform cortex and superior parietal lobules, left angular, supramarginal, precentral
and middle temporal gyri, left central opercular cortex, right frontal orbital and paracingulate
cortices and right temporal pole (Prwe<0.05). Lastly, in DLB we found increasing atrophy with
increasing cognitive severity in the right cerebellum, although no associations with disease
severity (Prwe<0.05). See Supplementary Table 8 for full list of regional VBM regression

analyses.
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Discussion

We used QSM to examine differences in brain magnetic susceptibility in Lewy body dementia
and between Lewy body dementia subtypes. We found significant differences in QSM values
between Lewy body dementia and both PD-NC and controls using voxel-wise analysis
throughout the brain. When comparing Lewy body dementia subtypes, we found widespread
increased QSM values in PDD compared to DLB. These differences remained. after correcting
for atrophy, and we did not find similar differences between these groups when using a more
conventional approach comparing brain volumes using VBM. We also showed increased QSM
values associated with greater disease severity in several cortical regions in"Lewy body
dementia, suggesting QSM may have potential as a neuroimaging marker of disease activity in

Lewy body dementia.

Our finding of widespread altered cortical QSM values in Lewy body dementia is consistent with
neuropathological findings of widespread cortical Lewy-related accumulations and Alzheimer’s
pathology #4344, Although cortical atrophy has been previously detected in Lewy body
dementia using measures of volume or cortical thickness, these are generally not consistent
across studies 4>-47 The widespread QSM increases in Lewy body dementia vs other groups seen
here suggest that neuroimaging measures sensitive to changes in tissue composition and
microstructure, rather than differences in volume or thickness, are likely to be more effective

measures in distinguishing between Lewy body dementia subtypes.

We also showed clear positive relationships between QSM values and overall disease severity,
measured using the MDS-UPDRS total score, though QSM values did not relate to cognitive
performance. Conversely, while we did not find widespread atrophy associated with overall
disease severity, we did find widespread associations between atrophy and cognitive severity in
Lewy body dementia, as measured by VBM. Previous work examining QSM in PD, including
our own'3- 14 has shown a relationship between QSM values and cognition as well as motor
severity in PD. However, we previously did not find concurrent associations between atrophy

and cognition in PD!3- 1429 There are several possible reasons for the lack of association
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between QSM and cognition in Lewy body dementia. Previous work showing this relationship
was only at earlier stages, in PD without dementia, and higher QSM values may be a better
indicator of early changes relating to cognitive impairment. In Lewy body dementia, where
patients have established dementia, additional changes in cognition may be better explained by
measures other than QSM. There is also a higher likelihood of co-pathology at later disease
stages 8. It is not yet clear how the combination of tissue changes at this later disease stage
contributes to the single bulk magnetic susceptibility measurement provided per voxel by QSM.

Additional measures may help to disambiguate these tissue changes 4939,

While increased iron bound in ferritin macromolecules is the greatest contributor to
paramagnetic tissue susceptibility>!- 2, concurrent increases in the diamagnetic susceptibility
contribution in the same tissues may result in no net increase.in susceptibility measured using
QSM. For example, increases in diamagnetic metals such.as copper, magnesium, and calcium
have also been observed in Lewy body diseases’3 >4, while pathological proteins would also be
expected to have a diamagnetic susceptibility contribution as they contain a high number of
paired electrons®3- 3¢, and together, this could lower the overall QSM value, even in a voxel with
an increased ferritin level. Further, neurotoxic reactive oxygen species produced by excess tissue
iron may degrade ferritin>’ which could decrease the measured susceptibility value.
Susceptibility has also been shown to be sensitive to microstructural changes in orientation>3.
The observation that QSM values related strongly to overall disease severity, does, however,
indicate that it‘has relevance as a measure of tissue involvement. These results also suggest that,
while QSM-is more strongly associated with cognitive severity than atrophy in early-stage
Parkinson’s disease!3- 14, atrophy is a better biomarker for cognitive severity in late-stage disease

than QSM:

Previous studies have found grey matter reductions in posterior and parietal areas for patients
with PDD and DLB>°. Similarly, we found reductions in volume in the right precuneus.
Additionally, we found a correlation between atrophy changes and cognitive severity in our
VBM analysis. However, we did not find susceptibility changes in posterior and parietal areas in

our QSM analysis in LBD, or any relating to cognitive severity. It is possible that QSM detects
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different processes than those detected by grey matter atrophy, and that this reflects the
difference in the regional involvement seen between the two forms of analysis. It is also possible
that the atrophy itself affects the QSM values, in a more complex way than can be accounted for
by TBV correction?3. Future work could explicitly investigate the relationship between grey

matter atrophy and QSM values in more detail.

We found more widespread cortical QSM value increases in PDD than DLB, even after
correcting for atrophy. This was counter to our prediction that people with DLB would show
higher QSM values than PDD, based on studies showing higher levels of beta-amyloid
accumulation in DLB than PDD!®, This finding may be due to'a sampling effect, of particular
differences in either our PDD or DLB cohort, and will need to be replicated in studies with larger
patient numbers. The lower QSM values in DLB could.also reflect differences in the cortical

protein accumulations in DLB compared with PDD with.differing diamagnetic properties>3: >°.

Our ROI analysis showed an increase in QSMuvalues in SNpr in PDD compared to PD-NC, and
even higher QSM values in PDD.compared to controls, as well as a positive relationship between
QSM values and disease sevetity m,the'SNpr. This is consistent with previous work showing
increased QSM values in/SN'ifi PD%° and with disease severity!4. However, our ROI analysis,
which used signed, as.opposed to absolute QSM values, did not show the diffuse cortical
changes in Lewy body dementia compared with controls or PD that we had shown in our voxel-
wise QSM analysis. This difference is likely to arise from the contribution of both paramagnetic
and diamagnetic sources to the absolute QSM values in our voxel-wise analysis'4. Iron bound to
ferritin is theKey contributor to magnetic susceptibility and is paramagnetic®!. However, there
are several diamagnetic contributions to the overall susceptibility and QSM values. These
include metals such as calcium, magnesium and copper in some oxidation states®?. Diamagnetic
sources also include myelin®, which may be increased in some cortical regions in PD %4,
Pathological proteins such as alpha-synuclein, beta-amyloid and tau are also likely to be

diamagnetic>>: 36,
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There are some limitations to consider in this work. The QSM values reported here reflect bulk
magnetic susceptibilities with contributions from both paramagnetic and diamagnetic sources. It
is possible for these different sources to be disambiguated, if data with a sufficient number of
echoes (and a quantitative T2 map) are acquired*?-3°. This would then uncover the underlying
sources by calculation of separate paramagnetic and diamagnetic susceptibility maps. However,
this was not possible with our current dataset, and such approaches still require validation in

large cohorts.

Our control group had not been prospectively collected, resulting in differences in age and sex
between PD-NC and controls with Lewy body dementia. Although we had corrected for both of
these factors in our analyses, it would be optimal to have demographically matched groups,

especially considering that age contributes to QSM values®>.

Similarly, although people with PDD and DLB.were matched in terms of duration of dementia,
people with PDD had a longer overall disease:duration, as dementia can emerge several years
after a diagnosis of PD. Given thenature of PDD and DLB diagnostic criteria, patients can either
be matched by overall PD duration; or dementia duration. We matched for dementia duration
given that this more closely relates to the patient’s clinical condition, and was more relevant to
the comparison being conducted here between DLB and PDD. Future work could examine
patients matched for overall Lewy body disease duration but this would remain challenging
given that the association of disease duration with neuropathological®® and clinical severity®” is
complex, with some patients having shorter disease duration but a more severe clinical

phenotype.

Our PDD sample, in particular, is small due to challenges in recruitment. We were able to find
significant group-level differences in voxel-wise and regional QSM values suggesting that the
study was adequately powered in this regard. However, the PDD was too small to detect
significant correlations between QSM values (both voxel-wise and regional) and disease severity

measures.
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Regarding our QSM acquisition, the consensus recommendation is to acquire multi-echo as
opposed to single-echo data?, as this allows for a more precise calculation of the underlying
field shift, ABo°®, and therefore yields more accurate susceptibility maps. Additionally, it'Should
be noted that some structures where we report findings, notably mesial temporal structures and
insular cortex, can be particularly vulnerable to non-local susceptibility artefacts dueto adjacent
bone, air, and vasculature. Although we are confident that our optimised QSM pipeline and
quality control protocol minimise these effects (see Supplementary Figure 1), our results should

be interpreted with this in mind.

Finally, our findings are based on group-level analyses, but to be applicable in clinical practice,

we will require information based on QSM measurements-at-an individual level.

Conclusion

In summary, we show that QSM values are higher in Lewy body dementia than PD with normal
cognition and higher in PDD compared with DLB. We found that QSM values increased with
worse overall disease severity. These findings were seen in cortical areas, and also in the
substantia nigra pars reticulata;” Our observations suggest distinct underlying neurobiology in
PDD compared with DLB, and demonstrate that QSM can detect brain changes relating to real-
world clinical measures of disease severity in Lewy body dementia. Future work, applying
susceptibility source separation methods to multi-echo gradient echo MRI data may show even

greater sensitivity.to clinical severity in Lewy body dementia.

Data availability

Imaging and clinical data used in this study will be shared upon reasonable request to the
corresponding author. All data and statistics generated from this study are presented in the

manuscript and supplementary data.

17

GZ0Z JagqWaAON (L Uo Jasn (aAnoeul) uopuoT 86800 AlsieAlun Aq €79/ 128/SZEIeme/uieiq/S60L 01 /10p/a|o1e-soueApe/ulelg/woo dno-olwapeoe)/:sdiy Woll papeojumo(



v A W N

10

11

12

13

14

15

16

17

18
19
20

21
22

23
24

Funding

This research was supported by a fellowship from Wellcome to RSW (2252637/22/7) and a PhD
fellowship from Wolfson Foundation and Eisai for RB. It was also supported by funding from
Rosetrees and Stoneygate Trusts, the Association of British Neurologists, and from the/ UCLH
Biomedical Research Centre. AZ is supported by a fellowship from Alzheimer’s Research UK.

Competing interests

RSW has received speaking and writing honoraria from GE Healtheare, Bial, Omnix Pharma,
and Britannia; and consultancy fees from Therakind and Accenture. JHC is a scientific advisor to

and shareholder in Brain Key and Claritas HealthTech.

Supplementary material

Supplementary material is available at Brain online.

References
1. Mueller C, Ballard C, Corbett A, Aarsland D. The prognosis of dementia with Lewy
bodies. Lancet Neurol..2017;16(5):390-8.

2. McKeith IG, Boeve BF, Dickson DW, Halliday G, Taylor JP, Weintraub D, et al.
Diagnosis and management of dementia with Lewy bodies: Fourth consensus report of the DLB

Conseortium. Neurology. 2017;89(1):88-100.

3. Weintraub D. What's in a Name? The Time Has Come to Unify Parkinson's Disease and
Dementia with Lewy Bodies. Mov Disord. 2023;38(11):1977-81.

4. Jellinger KA, Korczyn AD. Are dementia with Lewy bodies and Parkinson's disease
dementia the same disease? BMC Med. 2018;16(1):34.

18

GZ0zZ 19qwianoN O uo Jasn (aAnoeul) uopuo abajj0) Ausianiun Aq €/9/128/GzEieme/uielq/ce0 L 0L/10p/a]01e-aoueApe/ulelq/wod dno-olwapese//:sdyy wolj papeojumoq



10

11
12

13
14
15

16
17

18
19
20

21
22
23

24
25

26
27
28

5. Oppedal K, Ferreira D, Cavallin L, Lemstra AW, Ten Kate M, Padovani A, et al. A
signature pattern of cortical atrophy in dementia with Lewy bodies: A study on 333 patients from

the European DLB consortium. Alzheimers Dement. 2019;15(3):400-9.

6. Beyer MK, Larsen JP, Aarsland D. Gray matter atrophy in Parkinson disease with
dementia and dementia with Lewy bodies. Neurology. 2007;69(8):747-54.

7. Ye R, Touroutoglou A, Brickhouse M, Katz S, Growdon JH, Johnson KA, et al.
Topography of cortical thinning in the Lewy body diseases. Neuroimage Clin. 2020;26:102196.

8. Langkammer C, Schweser F, Krebs N, Deistung A, Goessler W, Scheurer E, et al.
Quantitative susceptibility mapping (QSM) as a means to measure brain iron? A post mortem

validation study. Neuroimage. 2012;62(3):1593-9.

9. Wang Y, Liu T. Quantitative susceptibility mapping (QSM): Decoding MRI data for a
tissue magnetic biomarker. Magn Reson Med. 2015;73(1):82-101.

10. Ostrerova-Golts N, Petrucelli L, Hardy J, Lee JM, Farer M, Wolozin B. The A53T alpha-
synuclein mutation increases iron-dependent aggregation and toxicity. J Neurosci.
2000;20(16):6048-54.

11. Horowitz MP, Greenamyte JT. Mitochondrial iron metabolism and its role in

neurodegeneration. J Alzheimers Dis. 2010;20 Suppl 2(Suppl 2):S551-68.

12. Stuber C, Morawski M, Schafer A, Labadie C, Wahnert M, Leuze C, et al. Myelin and
iron concentration in the human brain: a quantitative study of MRI contrast. Neuroimage.
2014;93 Pt 1:95-106.

13. Thomas' GEC, Leyland LA, Schrag AE, Lees AJ, Acosta-Cabronero J, Weil RS. Brain
iron deposition is linked with cognitive severity in Parkinson's disease. J Neurol Neurosurg

Psychiatry. 2020;91(4):418-25.

14. Thomas GEC, Hannaway N, Zarkali A, Shmueli K, Weil RS. Longitudinal Associations
of Magnetic Susceptibility with Clinical Severity in Parkinson's Disease. Mov Disord. 2024.

15. Chen Q, Boeve BF, Forghanian-Arani A, Senjem ML, Jack CR, Jr., Przybelski SA, et al.
MRI quantitative susceptibility mapping of the substantia nigra as an early biomarker for Lewy

body disease. J Neuroimaging. 2021;31(5):1020-7.

19

GZ0Z JagqWaAON (L Uo Jasn (aAnoeul) uopuoT 86800 AlsieAlun Aq €79/ 128/SZEIeme/uieiq/S60L 01 /10p/a|o1e-soueApe/ulelg/woo dno-olwapeoe)/:sdiy Woll papeojumo(



10
11
12

13
14
15

16
17
18

19
20
21

22
23
24

25
26
27

28
29

16. van Steenoven I, Aarsland D, Weintraub D, Londos E, Blanc F, van der Flier WM, et al.

Cerebrospinal Fluid Alzheimer's Disease Biomarkers Across the Spectrum of Lewy Body

Diseases: Results from a Large Multicenter Cohort. J Alzheimers Dis. 2016;54(1):287-95.

17. Emre M, Aarsland D, Brown R, Burn DJ, Duyckaerts C, Mizuno Y, et al. Clinical
diagnostic criteria for dementia associated with Parkinson's disease. Mov Disord.

2007;22(12):1689-707; quiz 837.

18. Tomlinson CL, Stowe R, Patel S, Rick C, Gray R, Clarke CE. Systematic review of
levodopa dose equivalency reporting in Parkinson's disease. Mov Disord. 2010;25(15):2649-53.

19. Goetz CG, Tilley BC, Shaftman SR, Stebbins GT, Fahn S, Martinez-Martin P, et al.
Movement Disorder Society-sponsored revision of the Unified Parkinson's Disease Rating Scale
(MDS-UPDRS): scale presentation and clinimetric testing results. Mov Disord.
2008;23(15):2129-70.

20. Nasreddine ZS, Phillips NA, Bedirian V, Charbonneau S, Whitehead V, Collin I, et al.
The Montreal Cognitive Assessment, MoCA: a brief screening tool for mild cognitive

impairment. J Am Geriatr Soc. 2005;53(4):695-9.

21. Hannaway N, Zarkali A,Leyland LA, Bremner F, Nicholas JM, Wagner SK, et al. Visual
dysfunction is a better predictor than retinal thickness for dementia in Parkinson's disease. J

Neurol Neurosurg Psychiatry. 2023;94(9):742-50.

22. Zarkali A, McColgan P, Leyland LA, Lees AJ, Weil RS. Visual Dysfunction Predicts
Cognitive Impairment. and White Matter Degeneration in Parkinson's Disease. Mov Disord.

2021;36(5):1191-202.

23. Griswold MA, Jakob PM, Heidemann RM, Nittka M, Jellus V, Wang J, et al. Generalized
autocalibrating partially parallel acquisitions (GRAPPA). Magn Reson Med. 2002;47(6):1202-
10.

24. Dymerska B, Eckstein K, Bachrata B, Siow B, Trattnig S, Shmueli K, et al. Phase
unwrapping with a rapid opensource minimum spanning tree algorithm (ROMEO). Magn Reson

Med. 2021;85(4):2294-308.

25.  Zhou D, Liu T, Spincemaille P, Wang Y. Background field removal by solving the
Laplacian boundary value problem. NMR Biomed. 2014;27(3):312-9.

20

GZ0Z JagqWaAON (L Uo Jasn (aAnoeul) uopuoT 86800 AlsieAlun Aq €79/ 128/SZEIeme/uieiq/S60L 01 /10p/a|o1e-soueApe/ulelg/woo dno-olwapeoe)/:sdiy Woll papeojumo(



A W N

wm

10
11

12
13
14

15
16
17

18
19
20

21
22
23

24
25
26

27
28
29

26. Committee QSMCO, Bilgic B, Costagli M, Chan KS, Duyn J, Langkammer C, et al.
Recommended implementation of quantitative susceptibility mapping for clinical research in the
brain: A consensus of the ISMRM electro-magnetic tissue properties study group. Magn Reson

Med. 2024;91(5):1834-62.

27. Acosta-Cabronero J, Milovic C, Mattern H, Tejos C, Speck O, Callaghan ME:"A . robust

multi-scale approach to quantitative susceptibility mapping. Neuroimage. 2018;183:7-24.

28. Thomas GEC. Using neuroimaging to track symptom severity and dysfunctional brain

networks in Parkinson’s disease progression.: Univesity College London; 2023.

29. Thomas GEC, Leyland LA, Schrag AE, Lees AJ, Acosta-Cabronero J, Weil RS. Brain
iron deposition is linked with cognitive severity in Parkinson's disease.”Journal of Neurology,

Neurosurgery and Psychiatry. 2020;91(4):418-25.

30. Acosta-Cabronero J, Cardenas-Blanco A, Betts MJ, Butryn M, Valdes-Herrera JP,
Galazky I, et al. The whole-brain pattern of magnetic susceptibility perturbations in Parkinson's

disease. Brain. 2017;140:118-31.

31. Betts MJ, Acosta-Cabronero J, Cardenas-Blanco A, Nestor PJ, Duzel E. High-resolution
characterisation of the aging brain using simultaneous quantitative susceptibility mapping (QSM)

and R2* measurements at 7T. Neuroimage. 2016;138:43-63.

32. Chen H, Yang A, Huang'W, Du L, Liu B, Lv K, et al. Associations of quantitative
susceptibility mapping with cortical atrophy and brain connectome in Alzheimer's disease: A

multi-parametric study. Neuroimage. 2024;290:120555.

33. Schweser F, Hagemeier J, Dwyer MG, Bergsland N, Hametner S, Weinstock-Guttman B,
et al. Decreasing brain iron in multiple sclerosis: The difference between concentration and

content in iron MRI. Hum Brain Mapp. 2021;42(5):1463-74.

34, Acosta-Cabronero J, Cardenas-Blanco A, Betts MJ, Butryn M, Valdes-Herrera JP,
Galazky I, et al. The whole-brain pattern of magnetic susceptibility perturbations in Parkinson's

disease. Brain. 2017;140(1):118-31.

35. Yang A, Du L, Gao W, Liu B, Chen Y, Wang Y, et al. Associations of cortical iron
accumulation with cognition and cerebral atrophy in Alzheimer's disease. Quant Imaging Med

Surg. 2022;12(9):4570-86.

21

GZ0Z JagqWaAON (L Uo Jasn (aAnoeul) uopuoT 86800 AlsieAlun Aq €79/ 128/SZEIeme/uieiq/S60L 01 /10p/a|o1e-soueApe/ulelg/woo dno-olwapeoe)/:sdiy Woll papeojumo(



10
11

12
13

14
15

16
17
18

19
20

21
22
23

24
25

26
27

36. Burton EJ, McKeith IG, Burn DJ, Williams ED, O'Brien JT. Cerebral atrophy in
Parkinson's disease with and without dementia: a comparison with Alzheimer's disease, dementia

with Lewy bodies and controls. Brain. 2004;127(Pt 4):791-800.

37.  Colloby SJ, Watson R, Blamire AM, O'Brien JT, Taylor JP. Cortical thinning in dementia
with Lewy bodies and Parkinson disease dementia. Aust N Z J Psychiatry. 2020;54(6):633-43.

38.  Blanc F, Colloby SJ, Philippi N, de Petigny X, Jung B, Demuynck C, et'al. Cortical
Thickness in Dementia with Lewy Bodies and Alzheimer's Disease: A Comparison of Prodromal

and Dementia Stages. PLoS One. 2015;10(6):e0127396.

39, Owens-Walton C, Jakabek D, Power BD, Walterfang M, Hall S, van Westen D, et al.
Structural and functional neuroimaging changes associated with cognitive impairment and

dementia in Parkinson's disease. Psychiatry Res Neuroimaging. 2021;312:111273.

40.  Rossor MN, Fox NC, Freeborough PA, Roques PK. Slowing the progression of
Alzheimer disease: monitoring progression. Alzheimer-Dis Assoc Disord. 1997;11 Suppl 5:S6-9.

41. Ndayisaba A, Kaindlstorfer C, Wenning GK. Iron in Neurodegeneration - Cause or
Consequence? Front Neurosci. 2019;13:180.

42, Chen Q, Boeve BF, Forghanian-Arani A, Senjem ML, Jack CR, Przybelski SA, et al.
MRI quantitative susceptibility mapping of the substantia nigra as an early biomarker for Lewy

body disease. Journal of Neuroimaging. 2021;31(5):1020-7.

43. Tsuboi Y, Dickson DW. Dementia with Lewy bodies and Parkinson's disease with
dementia: are they different? Parkinsonism Relat Disord. 2005;11 Suppl 1:S47-51.

44. Lippa CF, Duda JE, Grossman M, Hurtig HI, Aarsland D, Boeve BF, et al. DLB and
PDD boundary issues: diagnosis, treatment, molecular pathology, and biomarkers. Neurology.

2007;68(11):812-9.

45. Yousaf T, Dervenoulas G, Valkimadi PE, Politis M. Neuroimaging in Lewy body
dementia. J Neurol. 2019;266(1):1-26.

46. Watson R, Colloby SJ. Imaging in Dementia With Lewy Bodies: An Overview. J Geriatr
Psychiatry Neurol. 2016;29(5):254-60.

22

GZ0Z JagqWaAON (L Uo Jasn (aAnoeul) uopuoT 86800 AlsieAlun Aq €79/ 128/SZEIeme/uieiq/S60L 01 /10p/a|o1e-soueApe/ulelg/woo dno-olwapeoe)/:sdiy Woll papeojumo(



10
11

12
13

14
15

16
17
18

19
20
21

22
23
24

25
26
27

47. Milan-Tomas A, Fernandez-Matarrubia M, Rodriguez-Oroz MC. Lewy Body Dementias:
A Coin with Two Sides? Behav Sci (Basel). 2021;11(7).

48. Irwin DJ, Grossman M, Weintraub D, Hurtig HI, Duda JE, Xie SX, et al.
Neuropathological and genetic correlates of survival and dementia onset in synucleinopathies: a

retrospective analysis. Lancet Neurol. 2017;16(1):55-65.

49, LiZ, Feng R, Liu Q, Feng J, Lao G, Zhang M, et al. APART-QSM: An improved sub-
voxel quantitative susceptibility mapping for susceptibility source separation using an iterative

data fitting method. Neuroimage. 2023;274:120148.

50. Chen J, Gong NJ, Chaim KT, Otaduy MCG, Liu C. Decompose quantitative
susceptibility mapping (QSM) to sub-voxel diamagnetic and paramagnetic components based on

gradient-echo MRI data. Neuroimage. 2021;242:118477:

51. Duyn JH, Schenck J. Contributions to magnetic:susceptibility of brain tissue. NMR in
Biomedicine. 2017;30(4):1-37.

52. Schenck JF. The role of magnetic susceptibility in magnetic resonance imaging: MRI

magnetic compatibility of the first and second kinds. Medical Physics. 1996;23(6):815-50.

53. Boll MC, Alcaraz-Zubeldia M, Montes S, Rios C. Free copper, ferroxidase and SOD1
activities, lipid peroxidation and NO(x) content in the CSF. A different marker profile in four

neurodegenerative diseases. Neurochem Res. 2008;33(9):1717-23.

54. Bostrom F, Hansson O, Gerhardsson L, Lundh T, Minthon L, Stomrud E, et al. CSF Mg
and Ca as diagnostic markers for dementia with Lewy bodies. Neurobiol Aging.

2009;30(8):1265-71.

55/ GongNJ, Dibb R, Bulk M, van der Weerd L, Liu C. Imaging beta amyloid aggregation
and iren-accumulation in Alzheimer's disease using quantitative susceptibility mapping MRI.

Neuroimage. 2019;191:176-85.

56.  Babaei M, Jones IC, Dayal K, Mauter MS. Computing the Diamagnetic Susceptibility
and Diamagnetic Anisotropy of Membrane Proteins from Structural Subunits. ] Chem Theory

Comput. 2017;13(6):2945-53.

23

GZ0Z JagqWaAON (L Uo Jasn (aAnoeul) uopuoT 86800 AlsieAlun Aq €79/ 128/SZEIeme/uieiq/S60L 01 /10p/a|o1e-soueApe/ulelg/woo dno-olwapeoe)/:sdiy Woll papeojumo(



10

11
12

13
14

15
16
17

18
19

20
21
22
23

24
25

26
27

57. Park E, Chung SW. ROS-mediated autophagy increases intracellular iron levels and
ferroptosis by ferritin and transferrin receptor regulation. Cell Death Dis. 2019;10(11):822.

58. Lee J, van Gelderen P, Kuo LW, Merkle H, Silva AC, Duyn JH. T2*-based fiber
orientation mapping. Neurolmage. 2011;57(1):225-34.

59. Watson R, Colloby SJ, Blamire AM, O'Brien JT. Assessment of regional gray matter loss
in dementia with Lewy bodies: a surface-based MRI analysis. Am J Geriatr Psychiatry.
2015;23(1):38-46.

60. An H, Zeng X, Niu T, Li G, Yang J, Zheng L, et al. Quantifying iron deposition within

the substantia nigra of Parkinson's disease by quantitative susceptibility mapping. J Neurol Sci.

2018;386:46-52.

61.  Duyn JH, Schenck J. Contributions to magnetic susceptibility of brain tissue. NMR
Biomed. 2017;30(4).

62. Schenck JF. The role of magnetic susceptibility in magnetic resonance imaging: MRI

magnetic compatibility of the first and second kinds. Med Phys. 1996;23(6):815-50.

63. Hametner S, Endmayr V, Deistung A, Palmrich P, Prihoda M, Haimburger E, et al. The
influence of brain iron and myelin on magnetic susceptibility and effective transverse relaxation

- A biochemical and histological validation study. Neuroimage. 2018;179:117-33.

64. FuY, Zhou L; L1 H, Hsiao JT, Li B, Tanglay O, et al. Adaptive structural changes in the
motor cortex and white matter in Parkinson's disease. Acta Neuropathol. 2022;144(5):861-79.

65. Burgetova R, Dusek P, Burgetova A, Pudlac A, Vaneckova M, Horakova D, et al. Age-
related magnetic susceptibility changes in deep grey matter and cerebral cortex of normal young

and middle-aged adults depicted by whole brain analysis. Quant Imaging Med Surg.
2021;11(9):3906-19.

66. Graff-Radford J, Aakre J, Savica R, Boeve B, Kremers WK, Ferman TJ, et al. Duration
and Pathologic Correlates of Lewy Body Disease. JAMA Neurol. 2017;74(3):310-5.

67.  Matar E, Halliday GM. Biological effects of pathologies in Lewy body diseases: why
timing matters. Lancet Neurol. 2025;24(5):441-55.

24

GZ0Z JagqWaAON (L Uo Jasn (aAnoeul) uopuoT 86800 AlsieAlun Aq €79/ 128/SZEIeme/uieiq/S60L 01 /10p/a|o1e-soueApe/ulelg/woo dno-olwapeoe)/:sdiy Woll papeojumo(



10
11
12
13
14

15

16
17
18
19
20
21
22
23

24

25
26
27
28

68. Biondetti E, Karsa A, Grussu F, Battiston M, Yiannakas MC, Thomas DL, et al. Multi-
echo quantitative susceptibility mapping: how to combine echoes for accuracy and precision at 3

Tesla. Magnetic Resonance in Medicine. 2022;88(5):2101-16.

Figure Legends

Figure 1 Voxel-wise group comparison of absolute QSM values throughout the brain. A.
LBD compared with controls. B. LBD compared with PD-NC. C4/PDD ¢ompared with DLB.
Results are overlaid on the study-wide QSM template in MNI152 space, and numbers represent
axial slice location in MNI152 space. Left side is shown on the left. Red/yellow clusters
represent voxels where a significant relationship wasseen at FWE-corrected P <0.05, with
increased absolute QSM values. DLB, Dementiaswith Lewy bodies; LBD, Lewy body dementia;
PDD, Parkinson’s disease dementia; PD-NC; Parkinson’s disease with normal cognition; QSM,

Quantitative susceptibility mapping.

Figure 2 Group comparison of absolute QSM values in whole brain analysis, additionally
corrected for TBV. A. Increased QSM in LBD compared to controls. B. Increased QSM in
LBD compared to PD=NC..C. Increased QSM in PDD compared to DLB. Results are overlaid on
the study-wise QSM template in MNI152 space, and numbers represent axial slice location in
MNI152 space. Ileft side is shown on the left. Red/yellow clusters represent voxels where a
significant relationship was seen at FEW-corrected P <0.05 (corrected for age, sex and TBV).
DLB, Dementia with Lewy bodies; LBD, Lewy body dementia; PDD, Parkinson’s disease

dementia; PD-NC, Parkinson’s disease with normal cognition; QSM, Quantitative susceptibility.

Figure 3 Voxel-wise association of absolute QSM values with MDS-UPDRS scores in people
with Lewy body dementia. Association between absolute QSM values and: A. Overall disease
severity (MDS-UPDRS total) in LBD; B. Motor severity (MDS-UPDRS III) in LBD; C. Overall
disease severity (MDS-UPDRS total) in DLB; D. Motor severity (MDS-UPDRS III) in DLB.

25

GZ0zZ 19qwianoN O uo Jasn (aAnoeul) uopuo abajj0) Ausianiun Aq €/9/128/GzEieme/uielq/ce0 L 0L/10p/a]01e-aoueApe/ulelq/wod dno-olwapese//:sdyy wolj papeojumoq



v A W N

10
11
12
13
14
15
16

17

18
19
20
21
22
23
24

25
26

Results are overlaid on the study-wide QSM template in MNI152 space, and numbers represent
axial slice location in MNI152 space. Left side is shown on the left. Red/yellow clusters
represent voxels where a significant positive relationship was seen at Prwe<0.05. DLB,
Dementia with Lewy bodies; LBD, Lewy body dementia; MDS-UPDRS, Movement Disorders
Society Unified Parkinson’s Disease Rating Scale; QSM, Quantitative susceptibility.

Figure 4 Signed QSM values in regions of interest showing group-level differences. QSM
values for LBD subtypes and people with Parkinson’s in: A. Substantia nigra pars reticulata
(SNpr); B. QSM values in the substantia nigra pars compacta (SNpc); C. QSM values in the
putamen; D. QSM values in the insula. For each ROI, we show:the individual’s mean QSM
values, which have been averaged across both hemispheres. The horizontal bar is the group
median and the box indicates the interquartile range between the first (bottom) and third (top)
quartiles. Note that QSM values for ROI analyses.are signed, rather than absolute values (see
Methods). ANOV As were performed to identify group level differences. Post-hoc pairwise
comparisons for significant regions reported as below: *P<0.05; **P<(0.001; DLB, Dementia

with Lewy bodies; LBD, Lewy body dementia; PDD, Parkinson’s Disease Dementia.

Figure 5 Relationships between QSM values and disease severity in regions of interest. ROI
mean QSM values significantly associated with disease severity (measured using total MDS-
UPDRS score) in: A. Substantia nigra pars reticulata (SNpr) in LBD; B. Superior parietal cortex
in PDD. Signed values are used in this analysis and results are adjusted for age and sex, with
FDR-cotrected p-values presented. LBD, Lewy body dementia; PDD, Parkinson’s Disease
Dementia; SNpr, Substantia nigra pars reticulata; Total MDS-UPDRS, Movement Disorders

Society Unified Parkinson’s Disease Rating Scale total score.
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Table | Demographics and clinical variables in Lewy body dementia, PD and Controls

Group Statistical Comparisons
DLB PDD LBD(n=66) | PD-NC | Controls | DLB versus | LBD versus PD-
(n=45) (n=21) (n=286) (n=37) PDD NC versus
Controls
Demographics
Age, mean (SD) 726 (5.6) 705 719 (6.0) 63.6 658 (9.0) W =580.5 x> =39.15
(6.5) (79) p=0.14 df=2p=3.16 x
|0—9a,b
Se x,F/M 4/41 4/17 8/58 41/45 1720 X2 =0.60 X>=23.23
df =1 df=2
p =044 p=9.03 x 10—
Diagnosis years, mean 22 (19) 8.7 (5.5) 4.3 (4.6) 42 (2.5) - w =77 W .=3288
(SD) p=3.90 x p =0.092
108
Dementia years, mean 22 (19) 1.9 (1.8) 2.1 (1.8) - - W= 4165 -
(SD) p =043
Educationyears, mean 159 (3.3) 16.0 159 (3.4) 172 17.5 (2.5) W =4715 x> =6.80
(SD) (3.6) (2.8) p =0.99 df=2
p =0.03°
Clinical Features
MoCA, mean (SD) 212 (54) 223 215 (5.0) 28.1 286 (1.6) W =432 x> =99.06
39) (1.9) p=058 df=2
p <2.20 x 10-'éab
Composite cognitive -2.78 (1.77) -233 -2.65 (1.70) -0.20 0.00 (0.56) W =348 ¥ =102.13
score, mean (SD) (1.50) (0.73) p=039 df=2
p <2.20 x 10-'éab
MDS-UPDRS, mean 658 (30.4) 83.1 713 (294) 442 83 (5.1) W =296.5 X =112.92
(SD) (23.5) (213) p=0.016 df=2
p<2.20x
lo_léa,b,c
MDS-UPDRS-motor, 338 (17.6) 40.6 36.0 (16.1) 204 48 (43) W =327 X2 =94.20;
mean (SD) (111 (14.2) p =0.046 df=2,
p<2.20x
Io—léa.b,c
LEDD 263.89 77333 42598 47255 - w=113 W =2360;p =0.07
(252.63) (374:30) (378.7) (252.88) p=5.56 %
10-7
AChEIls medication, 38/7 8/13 46/20 - - x> =12.45 -
yes/no df=1
p =0.00042

DLB, Dementia with Lewy bodies; PDD, Parkinson’s disease dementia; LBD, Lewy body dementia; PD-NC, Parkinson’s disease with normal
cognition; MoCA, Montreal Cognitive Assessment; MDS-UPDRS, Movement Disorders Society Unified Parkinson’s Disease Rating Scale; LEDD,
total levodopa equivalent dose; AChEls, acetylcholinesterase inhibitor.

2Significant differences in post hoc comparisons between Controls and LBD.

bSignificant differences in’post hoc comparisons between PD-NC and LBD.

“Significant differences in post hoc comparisons between Controls and PD-NC.
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Table 2 Regional mean signed magnetic susceptibilities

ROI DLB PDD PD-NC Controls | F-statistic [ Uncorrected Peor
(n=45) (n=21) (n=86) (n=37) P

NBM 0.14(0.049) | 0.16(0.076) | 0.14(0.035) | 0.15(0.044) 2.14 0.10 0.20

Globus Pallidus 0.10(0.023) | 0.11(0.029) | 0.11(0.020) | 0.10(0.022) 1.69 0.17 0.28

Caudate 0.043 0.046 0.041 0.043 1.54 0.21 0.28
(0.022) (0.030) (0.017) (0.013)

Putamen 0.065 0.065 0.056 0.063 273 0.045 0.14
(0.030) (0.049) (0.021) (0.017)

SNPr 0.035 0.065 0.046 0.038 7.25 0.00013 0.00162°<
(0.031) (0.036) (0.034) (0.025)

SNPc 0.12(0.036) | 0.13(0.053) | 0.12(0.040) | 0.11(0.024) 296 0.034 0.14°

Thalamus —0.0070 —0.0045 —0.0044 —0.0031 042 0.74 0.74
(0.0089) (0.0043) (0.0062) (0.0049)

Hippocampus —0.0082 —0.0081 —0.0071 —0.0092 0.82 0.48 0.52
(0.0056) (0.10) (0.0074) (0.0079)

Insula —0.0061 —0.0081 —0.0041 —0.0053 6.01 0.00063 0.003854
(0.0041) (0.0063) (0.0046) (0.0034)

Medial Orbitofrontal —0.0054 —0.0081 —0.0043 —0.0068 1:02 0.39 0.47
(0.0094) (0.0060) (0.0067) (0.0084)

Superior Parietal 0.0027 0.00085 0.0017 —0.00016 2.55 0.058 0.14
(0.0050) (0.0051) (0.0046) (0.0057)

Lateral Occipital —0.0019 —0.0048 —0.0022 —0.0010 1.54 0.21 0.28
(0.0066) (0.0063) (0.0060) (0.0076)

Median (IQR) of regional mean signed magnetic susceptibility (in ppm) by group. Forthe Globus Pallidus, Insula and Lateral O ccipital ROls,

mean (SD) is presented as the mean QSM values were normally distributed in these'regions. Normality of regional mean signed magnetic

susceptibility (in ppm) were tested using the Shapiro-Wilk test. Group level comparison with ANOVAs are shown, FDR corrected for multiple
comparisons. Bold signifies group differences that survived FDR correction for multiple comparisons. DLB, Dementia with Lewy bodies; IQR,
Interquartile Range; PDD, Parkinson’s Disease Dementia; LBD, Lewy body dementia; PD-NC, Parkinson’s disease with normal cognition; NBM,

Nucleus Basalis of Meynert; ROI, Region of Interest; SNpr, Substantia Nigra Pars Reticulata; SNpc, Substantia Nigra Pars Compacta.
Post-hoc pairwise comparisons for significant regions Controls and PDD.
bPost-hoc pairwise comparisons for significant regions PD:and PDD.
‘Post-hoc pairwise comparisons for significant regions PDD andDLB.
4 Post-hoc pairwise comparisons for significant regions PD and:DLB.
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A Increased QSM in LBD compared to controls
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A QSM versus MDS-UPDRS total score in LBD B QSM versus MDS-UPDRS motor score in LBD

Figure 3
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A) SNpr QSM vs disease severity in LBD B) Superior Parietal QSM vs disease severity in PDD
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