
Regional brain iron and gene expression
provide insights into neurodegeneration in
Parkinson’s disease
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The mechanisms responsible for the selective vulnerability of specific neuronal populations in Parkinson’s disease are poorly

understood. Oxidative stress secondary to brain iron accumulation is one postulated mechanism.

We measured iron deposition in 180 cortical regions of 96 patients with Parkinson’s disease and 35 control subjects using quantitative

susceptibility mapping. We estimated the expression of 15 745 genes in the same regions using transcriptomic data from the Allen

Human Brain Atlas. Using partial least squares regression, we then identified the profile of gene transcription in the healthy brain that

underlies increased cortical iron in patients with Parkinson’s disease relative to controls. Applying gene ontological tools, we investi-

gated the biological processes and cell types associated with this transcriptomic profile and identified the sets of genes with spatial ex-

pression profiles in control brains that correlated significantly with the spatial pattern of cortical iron deposition in Parkinson’s disease.

Gene ontological analyses revealed that these genes were enriched for biological processes relating to heavy metal detoxification,

synaptic function and nervous system development and were predominantly expressed in astrocytes and glutamatergic neurons.

Furthermore, we demonstrated that the genes differentially expressed in Parkinson’s disease are associated with the pattern of cor-

tical expression identified in this study.

Our findings provide mechanistic insights into regional selective vulnerabilities in Parkinson’s disease, particularly the processes

involving iron accumulation.
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Introduction
In Parkinson’s disease, bradykinesia and rigidity severity

correlate approximately with the degree of nigrostriatal

dopamine denervation1 and the presence of a-synuclein-rich

cell inclusions,2 Lewy bodies, which represent the patho-

logical signature associated with the disease. However, a-

synuclein inclusions do not correlate with symptom severity3

and the pathophysiological processes that are responsible for

the associated dementia seen in many elderly patients remain

unknown. As such, there is an increasing need to understand

why some brain regions display selective vulnerability to

neurodegeneration4 and determine the mechanisms that trig-

ger the degenerative cascade.5

For over 25 years, it has been known that iron accumu-

lates in the basal ganglia and substantia nigra in Parkinson’s

disease6-8 with the resultant oxidative stress being of

interest as an important potential driver of neurodegenera-

tion.9–11 Moreover, this observation has been corroborated

by recent advances in the study of this disease.12,13 Iron

accumulates in the brain, especially within the basal ganglia,

during ageing,14 partly due to the increased permeability of

the blood–brain barrier.15 High levels of iron in the tissue

cause a build-up of toxic reactive oxygen species that inter-

fere with mitochondrial function,16 damage DNA,17 catalyse

dopamine oxidation reactions to produce toxic quinones18

and irreversibly modify proteins through highly reactive

aldehydes.19 All these causes of cell stress ultimately lead to

iron-mediated cell death.20 Intriguingly, lipofuscin forma-

tion, previously characterized in Parkinson’s disease,21 has

recently been shown to be driven by the disruption of lyso-

somal lipid metabolism in neurons.22 This in turn leads to

iron accumulation, oxidative stress and ferroptosis,22 provid-

ing a direct link between the pathological inclusions in

Parkinson’s disease and excess brain iron. Excess iron also

interacts directly and indirectly through free radical species

with key pathological proteins associated with Parkinson’s

disease by promoting the aggregation of a-synuclein,23 stim-

ulating the production of amyloid-b via the downregulation

of furin24 and increasing the toxicity of amyloid-b either dir-

ectly25 or through increased tau phosphorylation.26

Until recently, whole brain neuroimaging using conven-

tional structural MRI has maintained only a limited role in

uncovering neurodegenerative mechanisms in Parkinson’s

disease as cortical atrophy is not prominent, particularly

early in the disease process.27 However, quantitative suscep-

tibility mapping (QSM)28 has emerged as a powerful new

technique, which is sensitive to local sources of magnetic sus-

ceptibility and in particular to variation in brain iron con-

tent.29,30 We recently used QSM to show that brain iron is

associated with disease severity in Parkinson’s disease,31

with higher levels of hippocampal iron linked to poorer cog-

nition and higher putaminal iron linked with worse motor

performance. Whether brain iron deposition is a cause of

neuronal damage or a surrogate marker remains unknown,

but QSM offers a new way to explore the regional effects of

neurodegeneration.

We have used the spatial information about iron accumu-

lation provided by QSM and combined it with regional gene

expression profiles from the Allen Human Brain Atlas tran-

scriptomic data32 to identify possible mechanisms for region-

al selective vulnerability in Parkinson’s disease. The

approach of combining neuroimaging with transcriptomic

data has previously been used to investigate autism,33

schizophrenia34 and Huntington’s disease.35 Here, we used

partial least squares (PLS) regression to test whether cortical

brain iron accumulation in Parkinson’s disease measured

using QSM correlates with specific patterns of gene expres-

sion to shed light on the gene expression profiles that render

specific cortical regions vulnerable to higher levels of brain

iron accumulation and subsequent neurodegeneration.

We also performed an enrichment analysis on the identified

gene expression patterns linked to higher brain iron to

determine the biological and cell processes linked with the

degenerative process of aberrant iron accumulation and

neurodegeneration.

Materials and methods

Participants

Ninety-six patients with Parkinson’s disease with a disease dur-
ation of <10 years [age 49–80 years, mean¼ 66.4, standard de-
viation (SD)¼ 7.7, 48 females] volunteered to participate from
October 2017 to December 2018. The inclusion criteria were a
clinical diagnosis of early to mid-stage Parkinson’s disease
(Queen Square Brain Bank Criteria36) in the age range of 49–
80 years. Exclusion criteria were confounding neurological or
psychiatric disorders, dementia and metallic implants considered
unsafe for MRI. Participants continued their usual therapy
(including L-DOPA) for all assessments. No patients were taking
cholinesterase inhibitors. In addition, we recruited a group of 35
age-matched controls (50–80 years, mean¼ 66.1, SD¼ 9.4, 21
females) that included some unaffected patient spouses. All par-
ticipants gave written informed consent, and the study was
approved by the Queen Square Research Ethics Committee. All
participants underwent clinical assessments of motor function,
cognition, vision, mood and sleep, as previously described.31

Motor assessments were performed using the Movement
Disorder Society-Unified Parkinson’s Disease Rating Scale,37

general cognition was assessed using the Mini-Mental State
Examination38 and the Montreal Cognitive Assessment39 (see
Table 1 for clinical and demographic information).

MRI acquisition

MRI acquisition was as previously described.31 In brief, MRI
measurements consisting of susceptibility- and T1-weighted MRI
scans were performed on a Siemens Prisma-fit 3-T MRI system
using a 64-channel receive array coil (Siemens Healthcare).
Susceptibility-weighted MRI signals were obtained from a 2� 1-
accelerated, 3-D flow-compensated spoiled-gradient-recalled
echo sequence with flip angle, 12�; echo time, 18 ms; repetition
time, 25 ms; receiver bandwidth, 110 Hz/pixel; matrix dimen-
sions 204� 224� 160 with 1� 1�1 mm voxel resolution (scan
time, 5 min 41 s). T1-weighted magnetization-prepared 3-D
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rapid gradient-echo (MPRAGE) anatomical images were
acquired using a 2� 1-accelerated sequence with inversion time,
1100 ms; flip angle, 7�; first echo time, 3.34 ms; echo spacing,
7.4 ms; repetition time, 2530 ms; receiver bandwidth, 200 Hz/
pixel; matrix dimensions 256�256�176 with 1� 1 � 1 mm
voxel size (scan time, 6 min 3 s).

QSM preprocessing and spatial
standardization

QSM preprocessing was as previously described.31 3-D phase
images were unwrapped with a discrete Laplacian method.40

Brain masks were calculated using the BET2 algorithm41 in the
FMRIB software library (FSL version 5.0, https://fsl.fmrib.ox.ac.
uk/fsl/fslwiki; accessed Jan 2019). Background field removal
was completed using Laplacian boundary value extraction42

and variable spherical mean-value filtering,43 and susceptibility
maps were estimated using Multi-Scale Dipole Inversion44 in
MATLAB R2014b (The MathWorks, Inc., Natick, MA, USA).
A study-wise template was created using advanced normaliza-
tion tools45 via the normalization of participant MPRAGE vol-
umes.31,46 QSM images were co-registered to normalized space
using a warp composition of the above transformation and an
affine gradient echo-magnitude-to-MPRAGE transformation
using advanced normalization tools.

Regional QSM analysis

In our previous whole-brain analysis, absolute QSM was used
to improve statistical conditioning in the cortex.14 However, as
the current study involved multiple individual regions of inter-
est, we used signed QSM, as it enables discrimination between
paramagnetic and diamagnetic susceptibility sources. To gener-
ate regions of interest, we used a version of the Glasser atlas
surface parcellation47 transformed into a set of volumetric labels
in MNI space (https://neurovault.org/collections/1549/; accessed
February 2020). The 180 cortical regions of interest from the
left hemisphere were brought into the study-wise template space
using an advanced normalization tool-based deformable b-spline
co-registration routine and nearest-neighbour interpolation. To

reduce partial-volume contamination, each cortical region of

interest was intersected with a study-wise average grey matter

mask binarized at a grey matter density cut-off of 0.25 using

FSL. Mean, signed QSM values in each region of interest were

extracted from all participants and age- and sex-adjusted using

MATLAB. A linear model was fitted to each region of interest

in all the control subjects such that:

Ŷ i ¼ ai þ biA (1)

where Ŷ i is the estimated mean susceptibility value in region

i, A is the subject’s age and ai and bi are the fitted model

parameters. The QSM susceptibility values in the controls

and patients with Parkinson’s disease were then age-adjusted

according to:

vij ¼ Yij þ biðl� AjÞ (2)

where, for region i in subject j, Yij is the unadjusted suscepti-

bility value, m, is the mean age of the control subjects, Aj is

subject’s age and vij is the age-adjusted susceptibility value.

We used the fitted parameters from the control group to age-

correct the susceptibility values measured in the patients

with Parkinson’s disease to avoid removing effects of disease

progression with age. For the sex adjustment, as sex may

affect magnetic susceptibility values differently in controls

and Parkinson’s disease patients, a linear model was fitted

to each region of interest for each participant group

separately:

v̂ik ¼ aik þ bikSk (3)

where, for region i in participant group k, v̂ ik is the estimated

age-adjusted susceptibility, Sk is the sex of the subject and

aik and bik are the fitted parameters. We then adjusted for the

effect of sex in each group using:

v0ijk ¼ vijk þ bikðlk � SjkÞ (4)

where, for region i in subject j in participant group k, vijk is age-

adjusted susceptibility, mk is the group’s ‘mean’ sex, Sjk is the

subject’s sex and v0ijk is the age- and sex-adjusted susceptibility.

Table 1 Participant demographics

Measure Control Parkinson’s disease P-value

(n 5 35) (n 5 96)

Gender, male: female 15:20 51:45 0.329

Age, years 66.26 (9.16) 64.52 (7.79) 0.284

Years of education 17.71 (2.38) 17.02 (2.83) 0.196

MoCA (out of 30) 28.71 (1.34) 27.97 (2.06) 0.049*

UPDRS-III 5.20 (4.21) 22.25 (11.46) 2.66� 10�14***

Binocular LogMAR visual acuity �0.08 (0.23) �0.09 (0.13) 0.802

HADS depression score 1.66 (1.89) 3.81 (2.83) 5.37� 10�5***

HADS anxiety score 3.91 (3.43) 5.92 (4.07) 0.011**

RBDSQ score 1.94 (1.39) 4.13 (2.46) 2.17� 10�6***

Smell test (Sniffin’ Sticks) 12.49 (2.43) 7.63 (3.13) 1.08� 10�13***

Disease duration, years N/A 4.20 (2.52) N/A

Levodopa equivalent dose, mg N/A 459 (256) N/A

Motor deficit dominance, left:right:both N/A 37:54:5 N/A

Means (SD) are reported. Binocular LogMAR: lower score represents better visual acuity. HADS ¼ Hospital Anxiety and Depression Scale; MoCA ¼ Montreal Cognitive

Assessment; RBDSQ ¼ REM Sleep Behaviour Disorder Screening Questionnaire; UPDRS ¼ Unified Parkinson’s Disease Rating Scale. ***P< 0.001; **P< 0.01; *P< 0.05; ns ¼ not

significant.
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To generate a continuous measure of magnetic susceptibility

difference in patients with Parkinson’s disease relative to the

controls, Parkinson’s age- and sex-adjusted regional means were

normalized to the control mean for that region by a z-score

transformation using MATLAB,48 giving a 180 � 1 age-

adjusted QSM score vector, Y (see Fig. 1 for an overview of

QSM and gene expression processing). Statistically significant

differences between the regions of interest were probed using

t-tests and are reported at P< 0.05 and Q< 0.05.49

Estimation of regional gene

expression

We used the Allen Human Brain Atlas microarray transcrip-

tomic data for five male and one female donors with no history

of neurological or psychiatric disease (mean age 42.5 years),

available from the Allen Institute for Brain Science.32 As data

were available from six donors for the left hemisphere but only

two donors for the right hemisphere, we assessed the left hemi-

sphere samples only, as these were considered more robust.35,50

Using MATLAB, each tissue sample was assigned to one of the

180 left cortical regions of the Glasser atlas,47 using the Allen

Human Brain Atlas MRI data for each donor, in a process that

has previously been described in detail.48 Genes with expression

levels above a background threshold of 50% were selected and

gene expression data were normalized across the left cortex, as

previously described.48 Regional expression levels for each gene

were compiled to form a 180�15 745 regional transcription

matrix, X (Fig. 1).

Partial least squares regression

We used PLS regression to examine the association between the
healthy brain transcriptome and cortical QSM in Parkinson’s
disease, as this technique is well suited to the high collinearity of
gene expression data.51 PLS regression is a multivariate analysis
technique, similar to principal component analysis, which com-
bines dimension reduction and linear regression, producing com-
ponents from X (the 180� 15 475 predictor matrix of 180
regional mRNA measurements for 15 475 genes) that have max-
imum covariance with Y (the 180 � 1 regional QSM score vec-
tor). The second PLS component (PLS2) was used to weigh and
rank gene predictor variables. In total, 10 000 permutations
based on sphere-projection-rotations52 of the QSM-score cortical
map were examined to test the null hypothesis that PLS2
explained no more variance in Y than chance. Bootstrapping
was used to estimate the variability of each gene’s positive or
negative weight on PLS2 and the ratio of the weight of each
gene to its bootstrapped standard error was used to rank its con-
tribution to the PLS2. All PLS and bootstrapping analyses were
conducted in MATLAB. We tested the null hypothesis of zero
weight for each gene using a false discovery rate inverse quantile
transformation correction to account for winner’s curse bias
using R version 3.6.1.53 Only genes that survived this correction
at Q<0.05 were included in the enrichment analyses, and
upweighted and downweighted genes were assessed separately.

Gene ontological analysis

We used the g:Profiler54 toolset, implemented in R, to perform a
gene ontological (GO) enrichment analysis of the significant

Figure 1 An overview of the methodology used for regional QSM extraction, estimation of regional gene expression, PLS re-

gression, gene ontological and cell type analyses. (A) Mean, signed QSM values were extracted from 180 left-cortical regions for 96

patients with Parkinson’s disease and 35 controls. (B) A QSM score, YPD, was calculated for each region by a z-score transformation. (C and D)

Allen Human Brain Atlas samples of gene expression data were mapped to the 180 left-cortical regions according to the anatomical parcellation

and were used to create a matrix containing the average expression of 15 745 genes in those regions. (E) A bootstrapped PLS regression was per-

formed using gene expression (X) as the predictor variable and the QSM score (Y) as the response variable. The second component of X

explained maximum variance in Y and bootstrapped z-scores were used to rank each gene’s contribution to this component. (F) Genes that were

significant at Q (corrected P) < 0.05 underwent gene ontological analyses for biological processes and expression-weighted cell-type enrichment

analyses.
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positively and negatively weighted genes defined by PLS2. We

filtered the resulting list of GO terms by retaining only those

that were significantly enriched at P<0.05 (corrected for mul-

tiple comparisons using the g:SCS algorithm54) and discarded
the terms associated with >2500 genes as being too general. To

reduce and visualize the GO terms, we used the REViGO web

page tool, which is based on semantic similarity.55

We performed additional GO enrichment analyses using R to

mitigate against the possibility of false-positive bias for GO

terms in the enrichment analyses of brain-wide transcriptomic

data due to null models not accounting for gene-gene co-expres-

sion and spatial autocorrelation present within such data.56

Specifically, we ran GO enrichment analyses for both a random

and spatial-spin permutation of our QSM score data (generated

in MATLAB) and compared the associated GO terms to those
arising from our main analysis.

Cell-type analysis

As gene expression is often driven by the underlying cell-type

distribution, we used expression-weighted cell-type enrichment
analysis, implemented in R, to investigate whether the most

strongly weighted genes were more significantly expressed in

particular cell types.57 We took the top 20% of the most signifi-

cantly upweighted and downweighted genes identified by PLS2

and assessed their relative expression in the cell types defined in

the Allen Institute for Brain Science single-cell transcription

dataset (https://portal.brain-map.org/atlases-and-data/rnaseq)58

against a background set of all 15 745 genes included in our ini-
tial analysis. We replicated our analysis using a separate human

derived dataset59 and performed replication analyses with the

top 10, 30, 40 and 50% of PLS2 genes to ensure that the results

were not driven by the threshold selection.

Comparison with external
Parkinson’s disease post-mortem-
derived gene expression data

To test whether differentially expressed genes in Parkinson’s dis-
ease and associated disease states help to explain the pattern

of PLS2 expression, we matched the sets of genes identified in

cortical60–62 and subcortical61,63,64 brain regions in Parkinson’s

disease, as well as cortical regions in Parkinson’s disease demen-

tia62 and dementia with Lewy bodies61, to our weighted PLS2

gene list. This included the reanalysis of one dataset60 using the

available clinical data to differentiate between Parkinson’s dis-

ease and Parkinson’s disease dementia, with the RNA-sequenc-
ing data in each group analysed using the R package DESeq2

version 1.30.0. We used age at death and the RNA integrity

number as covariates and generated lists of genes that were dif-

ferentially expressed in: Parkinson’s disease relative to controls;

Parkinson’s disease dementia relative to controls; and

Parkinson’s disease dementia relative to Parkinson’s disease (sig-

nificant at P< 0.05). We tested whether genes in each dataset

were significantly more positively or negatively weighted than
was due to chance by using 10 000 random permutations of the

same sample size. To maintain consistency across datasets, we

only included genes with an absolute fold-change of >1.5. The

significant results are reported at Bonferroni corrected

P<0.0023 (22 comparisons across five studies).

Data availability

The regional QSM scores and gene expression matrices, along
with the code to carry out the PLS regression, gene ontological,
and weighting of differentially expressed genes analyses can be
found at (https://github.com/gecthomas/QSM_and_AHBA_tran
scription_in_PD; last updated 26 March 2021). Code for
cortical parcellation of Allen Human Brain Atlas data into
Glasser regions48: (https://github.com/BMHLab/AHBAprocessing;
accessed February 2020). Code for creating spatial spin permu-
tations of MRI data was adapted from Váa et al.52 (https://
github.com/frantisekvasa/rotate_parcellation; accessed March
2020). Code for PLS analyses and bootstrapping was adapted
from99: (https://github.com/KirstieJane/NSPN_WhitakerVertes_
PNAS2016/tree/master/SCRIPTS; accessed March 2020).
GO analyses were conducted using the g:Profiler2 R
package (https://CRAN.R-project.org/package¼gprofiler2;
accessed October 2020). Cell-type analyses were conducted
using the expression-weighted cell-type enrichment analysis R
package57 (https://github.com/NathanSkene/EWCE; accessed
July 2020). BrainNet Viewer was used to visualize data on cor-
tical surfaces: (https://www.nitrc.org/projects/bnv/; accessed
December 2019).100

Results

Brain iron content is increased in
Parkinson’s disease compared with
control subjects

The regional cortical signed QSM scores showed increases in

magnetic susceptibility in patients with Parkinson’s disease

relative to controls in the frontal, posterior parietal and insu-

lar cortices, and slightly decreased susceptibility values in

patients with Parkinson’s disease relative to controls in the oc-

cipital cortex (Figs 2A and 3B), indicating differences in brain

iron content in these brain regions. These differences were

statistically significant (P< 0.05) in 17 Glasser regions of

interest, with increased magnetic susceptibility in Parkinson’s

disease in 16 regions of interest and increased magnetic sus-

ceptibility in controls compared with Parkinson’s disease in

one regions of interest (Fig. 2B and Table 2). The anterior

agranular insular complex survived correction for multiple

comparisons (FDR-adjusted Q< 0.05).49 These results were

qualitatively similar to the whole-brain results we obtained

using absolute QSM in our previous study, where we found

increased absolute QSM susceptibility values in Parkinson’s

disease in the frontal and posterior parietal cortices.31

Relating cortical brain iron in
Parkinson’s disease to variation in
gene expression patterns

We used PLS regression to identify the pattern of gene expres-

sion that correlated with the anatomical distribution of brain

iron content, as measured using QSM. The PLS2 explained

the most (20%) variance in the QSM score (P< 0.01) and
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the PLS2 gene expression weights showed a strong positive

correlation with the QSM score (r¼ 0.44, P¼ 4.46 � 10�10,

Fig. 3), meaning that genes that were positively weighted on

PLS2 were also more highly expressed in cortical brain

regions with higher magnetic susceptibilities. Similarly, genes

that were negatively weighted on PLS2 showed relatively low

expression in cortical brain regions with high QSM scores.

The spatial profile of PLS2 weightings matched that of the

QSM scores, particularly in the frontal, posterior cingulate

and insular cortices. We therefore used PLS2 to rank and se-

lect significantly weighted genes, giving a set of 1622 signifi-

cantly upweighted and 1068 significantly downweighted

genes (Q< 0.05). We assessed these lists separately (Fig. 3).

The complete set of PLS2 gene weights and associated statis-

tics are provided in Supplementary Table 1.

Using GO analyses, we found sets of biological processes

associated with upweighted genes (Fig. 4A). Genes more

highly expressed in regions with higher QSM values in

Parkinson’s disease were enriched for GO terms relating to

nervous system development, synaptic transmission and sig-

nalling and the detoxification of and stress response to metal

ions (Table 3). We also found these genes to be enriched for

the REACTOME pathways ‘Metallothioneins bind metals’

and ‘Response to metal ions’. In contrast, we did not find

any GO biological processes to be enriched in the

downweighted gene set. Full tables of the GO terms associ-

ated with up- and downweighted genes are provided in

Supplementary Tables 2 and 3.

Our additional control analyses confirmed that these find-

ings were specific to the QSM data, rather than spuriously

arising from gene-gene co-expression. Specifically, the con-

trol analysis using a spatial spin of the cortical data revealed

upweighted genes that were not enriched for any GO bio-

logical processes, and downweighted genes enriched for bio-

logical processes relating to immune cell proliferation and

viral transcription. See Supplementary Tables 4 and 5 for

the full list of the GO terms associated with the up- and

downweighted genes from the control spatial-spin null anal-

yses. The second control analysis was performed using a

random-null model and generated an upweighted gene list

that was not significantly enriched for any GO biological

processes and a downweighted list that was enriched only

for the term ‘response to lipopolysaccharide’. These control

analyses provide additional support that the gene lists arising

from our experimental analysis relating spatial variation in

QSM with gene expression are specific to this relationship

and have not arisen spuriously due to gene-gene co-expres-

sion or spatial autocorrelation.

Cell types linked with variation in
brain cortical iron content

We assessed whether the most significantly upweighted and

downweighted genes associated with brain iron, as measured

using QSM, were more strongly expressed in specific cell

types. Cell-type expression was defined using the human-

derived single-nucleus data from the Allen Institute for Brain

Science58 and increased expression assessed using expression-

weighted cell-type enrichment analysis.57 We found that the

top 20% of upweighted genes (324 genes) were significantly

enriched in astrocytes, glutamatergic and GABAergic neurons

and oligodendrocyte precursor cells, implying a relatively

higher proportion of these cell types in healthy brains in

regions with a higher iron contents in Parkinson’s disease

(Fig. 4B). We found that the top 20% of downweighted genes

(214 genes) showed significantly greater expression in

GABAergic and glutamatergic neurons, implying a higher pro-

portion of these cells in healthy brains in regions with lower

iron contents in Parkinson’s disease. Adjusting the expression-

weighted cell-type enrichment analysis threshold to include the

top 10, 30, 40 or 50% of upweighted or downweighted genes

did not alter the cell transcription profile seen in either case,

nor did defining cell-type expression using a different human-

derived single-cell nucleus dataset59 (Supplementary Fig. 1).

Association with Parkinson’s disease
post-mortem-derived gene
expression data

We found that genes upregulated in Parkinson’s disease cor-

tex relative to controls, as well as genes upregulated in

Figure 2 Regional cortical differences in magnetic suscepti-

bility between Parkinson’s disease and controls. (A) The cor-

tical plot of the QSM scores, calculated by z-score transformation

of the Parkinson’s disease mean to the control mean for each of the

180 Glasser regions of interest. (B) Glasser regions of interest

where a significant difference was observed [blue, controls greater

than Parkinson’s disease at P < 0.05; red, Parkinson’s disease

greater than controls at P < 0.05; orange, Parkinson’s disease

greater than controls at Q (FDR-adjusted P) < 0.05].
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cortex in Parkinson’s disease dementia relative to control

subjects,60 were more negatively weighted than expected by

chance in our analysis (P¼ 0.0002, P< 0.0001, respective-

ly). Similarly, genes identified as being upregulated in cortex

amongst individuals with dementia with Lewy bodies rela-

tive to controls61 were significantly more downweighted

than expected by chance in our analysis (P< 0.0001),

whereas genes found to be downregulated were significantly

more upweighted (P< 0.0001). Additionally, we found that

downregulated genes identified in Parkinson’s disease

substantia nigra61 were more positively weighted than was

due to chance in our analysis (P< 0.0001). Full results from

the above weighting analysis can be found in Supplementary

Table 8. Together, these results suggest that the gene expres-

sion profiles we identified based on susceptibility to cortical

iron deposition and using baseline gene expression (as deter-

mined by the Allen Atlas dataset) are more perturbed in

Parkinson’s disease than expected by chance, and this find-

ing is replicable across independent sample cohorts and ex-

perimental approaches. Furthermore, these findings hold at

later disease stages linked with Parkinson’s disease dementia

and dementia with Lewy bodies.

Discussion
We demonstrated that the regional increases in magnetic sus-

ceptibility that are most likely due to brain iron accumula-

tion are associated with the expression of genes involved in

metal detoxification and synaptic function. Regional

Figure 3 Spatial profiles of gene expression and significantly weighted genes associated with cortical iron deposition in

Parkinson’s disease. (A) The cortical map of QSM scores had a similar spatial pattern to the regional linearly weighted sum of gene expression

scores defined by the PLS2. (B) A scatterplot of regional PLS2 scores versus QSM scores demonstrating a positive correlation; each data point

represents one of 180 cortical regions. (C) The distribution of bootstrapped gene weights on PLS2. An FDR inverse quantile transform was used

to correct for multiple comparisons, giving a set of 1622 upweighted (red) and 1068 downweighted (blue) genes significant at Q (FDR inverse

quantile transform-corrected P) < 0.05 that were used in gene ontological and cell-type analyses.
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differences in the probable proportion of astrocytes, gluta-

matergic and GABAergic neurons and oligodendrocyte pre-

cursor cells were also present.

Increased QSM susceptibility values were found in prefront-

al and posterior parietal cortices, consistent with our previous

findings,31 and were also present in insular and cingulate cor-

tices. The use of signed rather than absolute QSM values

allowed us to separate the effects of paramagnetic from dia-

magnetic substances, allowing for a more detailed analysis of

the gene expression profiles. The cortical pattern of increased

QSM values implicates similar cortical regions to those where

Lewy pathology predominates in advanced Parkinson’s dis-

ease, namely the insular, cingulate and prefrontal cortices.65

High levels of intracellular iron promote a-synuclein fibril ag-

gregation23,66 and produce free radical species causing cellular

damage.16–19 We believe therefore that high QSM susceptibil-

ity in these regions is likely to reflect early tissue changes lead-

ing to neurodegeneration in Parkinson’s disease.

To connect the regional pattern of iron accumulation to

underlying biological vulnerabilities, we used PLS regression

to identify the pattern of gene expression that best mapped

to the spatial distribution of the quantitative susceptibility

mapping signal. Those genes with higher expression in

regions with more brain iron deposition in Parkinson’s dis-

ease as measured by QSM (upweighted on PLS2) were sig-

nificantly enriched for GO processes relating to heavy metal

detoxification and synaptic signalling. The specific link be-

tween brain iron and cellular vulnerability in Parkinson’s

disease was recently shown using a clustered regularly inter-

spaced short palindromic repeats (CRISPR) interference plat-

form. Mutations in genes related to lysosomal pathways,

which are highly implicated in Parkinson’s disease, strongly

sensitized neurons to oxidative stress and ferroptosis.22

Our finding of gene expression related to the detoxifica-

tion of other heavy metals is intriguing. This is likely to be

explained by the fact that iron-copper homeostasis is con-

trolled by proteins involved in both the metabolism of iron

and copper.67,68 As well as iron, altered levels of copper

occur in Parkinson’s disease. Reduced copper is seen along-

side increased iron in the substantia nigra in Parkinson’s dis-

ease,8 whereas increased copper has been reported in the

CSF.69 Free copper can catalyse reactions generating reactive

oxygen species in a manner similar to iron70 and has similar

potential to cause cell damage. However, some copper bind-

ing and transport proteins, notably metallothioneins, may

have a neuroprotective role.71 The altered binding of copper

by cuproproteins in Parkinson’s disease could contribute to

the inability of cells to deal with an increased oxidative

load,72 which is in turn aggravated by a large pool of labile

iron.73 Copper has a high binding affinity with a-synuclein

and is more potent than iron in aggregating a-synuclein,74

as well as being implicated in the formation of amyloid-b
plaques and neurofibrillary tangles.75 When bound to a-syn-

uclein it also has the capacity to reduce ferric to ferrous

iron, facilitating further reactive oxygen species.76

Disturbances in synaptic function are known to play a

role in vulnerability and progression in Parkinson’s disease.

A number genes mutated in familial forms of Parkinson’s

disease are involved in synaptic function and autophagy,77

and genes implicated in sporadic Parkinson’s disease also re-

late to mechanisms of synaptic homeostasis.78 Aberrant syn-

aptic autophagy and excess synaptic pruning may lead to

downstream synaptic loss, which is expected to precede neu-

rodegeneration.78–80

The distribution of gene expression could be explained

partly by variation in the distribution of particular cell types,

Table 2 Cortical regions with significant differences in QSM signal between patients with Parkinson’s disease and

controls

ROI number ROI name HC, ppm PD, ppm P-value Q-value

18 Fusiform face complex 9.44� 10�4 3.02� 10�3 0.025* 0.366

27 Precuneus visual area �4.41� 10�3 �1.43� 10�3 0.016* 0.290

34 Area dorsal 23aþb �5.90� 10�3 �1.27� 10�3 8.76� 10�4*** 0.079

37 Area 5 mm ventral 2.14� 10�3 4.42� 10�3 0.042* 0.447

38 Area 23c �5.25� 10�3 �3.01� 10�3 0.028* 0.366

57 Area posterior 24 prime �1.12� 10�2 �8.39� 10�3 0.014* 0.290

59 Anterior 24 prime �9.01� 10�3 �6.37� 10�3 0.037* 0.443

73 Area 8 C 2.79� 10�3 4.46� 10�3 3.81� 10�3** 0.229

83 Area posterior 9-46v �2.01� 10�3 �9.25� 10�4 0.041* 0.447

85 Area anterior 9-46v �6.73� 10�4 6.27� 10�4 9.71� 10�3** 0.265

86 Area 9-46d �3.48� 10�4 7.59� 10�4 0.028* 0.366

91 Area 11I �4.68� 10�4 1.21� 10�3 7.63� 10�3** 0.265

112 Anterior agranular insula complex �6.48� 10�3 �2.32� 10�3 3.80� 10�5*** 6.85� 10�3**

130 Area STSv posterior �3.40� 10�3 �1.23� 10�3 0.015* 0.290

153 Ventromedial visual area 1 2.76� 10�3 1.00� 10�4 9.58� 10�3** 0.265

167 Area posterior insular 1 �1.13� 10�2 �8.34� 10�3 0.018* 0.298

176 Area STSv anterior 5.67� 10�4 2.83� 10�3 0.010* 0.265

Region of interest numbers and names are given according to the Glasser atlas denomination. Age adjusted mean signed QSM values are reported. HC ¼ healthy controls; PD ¼
Parkinson’s disease; ROI ¼ region of interest. Q represents the FDR-adjusted P. ***(P or Q) < 0.001; **(P or Q) < 0.01; *(P or Q) < 0.05; ns ¼ not significant.
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leading us to perform an expression-weighted cell-type en-

richment analysis. We found that upweighted genes showed

significantly greater expression in astrocytes and glutamater-

gic and GABAergic neurons and oligodendrocyte precursor

cells. The finding of relative enrichment of astrocytes in

regions with high levels of brain iron is intriguing, as astro-

cytes play an important role in brain iron uptake and metab-

olism81,82 and in distributing iron to other neuronal

cells.13,83

Enrichment in glutamatergic neurons is also of note.

Higher levels of brain iron have been reported to correlate

with higher N-methyl-D-aspartate receptor overactivity84 and

the increased activity of these receptors may also stimulate

the release of iron from the lysosome.85 Glutamate-mediated

excitotoxicity has been linked with neurodegeneration in

Parkinson’s disease.86 Glutamate induces Parkin accumula-

tion in mitochondria in a calcium and N-methyl-D-aspartate-

receptor dependent manner,87 and a-synuclein may perturb

intracellular calcium levels via a-amino-3-hydroxy-5-methyl-

4-isoxazolepropionic acid (AMPA) receptors.88

We compared the pattern of cortical gene expression from

our analyses against differentially expressed gene lists identi-

fied in a number of external post-mortem datasets in

Parkinson’s disease, Parkinson’s disease dementia and de-

mentia with Lewy bodies.60–64 We found that genes altered

in these conditions were linked with the profile of healthy

brain gene expression underlying higher magnetic suscepti-

bility in Parkinson’s disease.60,61 This provides further evi-

dence for processes involving brain iron in the selective

vulnerabilities driving degeneration in Parkinson’s disease

and Lewy body dementia.

Our findings demonstrate that regions showing increased

iron deposition in Parkinson’s disease have a functional

abundance of cells and proteins involved in the homeostasis

and detoxification of metals in the healthy brain as well as

in synaptic function. Any disturbance of such pathways, as

has been reported in Parkinson’s disease and models of

Parkinson’s disease, could potentially render these regions

vulnerable to excess iron accumulation, aberrant iron proc-

essing and subsequent downstream oxidative stress, protein-

opathy and cell death.

Limitations

Our main analysis used gene expression data derived from

donors unaffected by neurological or psychiatric disease.

Spatial expression profiles are therefore based on unaffected

individuals and conclusions only apply to this intrinsic vari-

ability, not to changes in gene expression that occur in

Parkinson’s disease.

Because of the availability of data in the Allen Human

Brain Atlas, we used only left hemisphere data, as data from

the right hemisphere was only available from two

brains.32,48 There is a lateralization effect for the distribution

of QSM susceptibility, with higher magnetic susceptibilities

in the right compared with the left hemisphere. Differences

between hemispheres could be examined in future work

when gene expression data are available for both hemi-

spheres from a larger number of donors. When Parkinson’s

disease gene expression data with widespread cortical cover-

age become available, it will be of interest to relate gene ex-

pression in Parkinson’s disease directly to brain iron levels.

We were unable to validate our PLS analysis with any add-

itional healthy gene expression databases as those currently

available89,90 are derived from only a small number of cor-

tical regions.

We used QSM to measure increased iron deposition in

Parkinson’s disease and investigated the genetic makeup of

implicated regions, as there is strong evidence implicating

neurodegeneration as a process downstream of iron-induced

oxidative stress.9–13 However, QSM is unable to capture all

drivers of neurodegeneration, especially those that occur

Figure 4 Enrichment analyses for genes associated with

cortical iron deposition in Parkinson’s disease. (A) The gene

ontological terms for biological processes that were significantly

enriched in significantly upweighted genes defined by PLS2. The

terms are plotted in semantic space with more similar terms clus-

tered together. Non-redundant GO terms significant at g:SCS cor-

rected P < 1 � 10�5 have been labelled in each case. Larger, darker

circles indicate greater significance (see colour bar). (B)

Expression-weighted cell-type enrichment analyses using the Allen

Institute for Brain Science single-cell transcription dataset. Data are

presented as standard deviations of the mean expression of

upweighted target gene lists from the mean expression of the boot-

strap replicates. Cell types in which the target gene lists are signifi-

cantly enriched are marked with an asterisk (FDR corrected

results). ASC ¼ astrocytes; GABA ¼ GABAergic neurons; GLU ¼
glutamatergic neurons; MG ¼ microglia; ODC ¼ oligodendrocytes;

OPC ¼ oligodendrocyte precursor cells.
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independently of iron accumulation or do not exhibit posi-

tive correlations with it. This may explain, for example, why

we did not see any significant GO terms relating to autoph-

agy or mitochondrial function in our analysis, despite

reported associations between these two processes and

Parkinson’s disease neurodegeneration.91,92 There may also

be other drivers of QSM changes in magnetic susceptibility

apart from iron. For example, it is possible that demyelin-

ation could lead to increases in cortical paramagnetic suscep-

tibility,93 and diamagnetic metals such as calcium and

magnesium have been reported at comparable levels to iron

in several brain regions post-mortem.94

Iron deposits have been shown to co-localize with amyl-

oid95 and tau pathology.96 How these contribute to one an-

other and lead to neurodegeneration is not known. Future

studies of this kind could incorporate contemporaneous data

on brain amyloid and tau, e.g. using amyloid or tau PET,

with QSM and transcriptomic data to shed light on the bio-

logical processes which may contribute to this.

Our cell-type analysis was performed using the Allen

Institute for Brain Science single nucleus RNA-sequencing

dataset, which is based on the profiling of cortical brain

samples. Future analyses could specifically examine the role

of cells in other brain regions, for example midbrain dopa-

minergic neurons.

Participants in our study were scanned whilst taking their

usual dopaminergic medications. There is no evidence that L-

DOPA causally affects brain tissue iron content or magnetic

susceptibility, and L-DOPA does not alter cortical iron levels

in a mouse model of Parkinson’s disease.97 In humans, mag-

netic susceptibility in subcortical regions of interest analyses

do correlate with L-DOPA dose,98 but whether this relates

specifically to the effects of L-DOPA or is a function of dis-

ease severity is not yet known. The effects of being ON ver-

sus OFF L-DOPA on cortical QSM magnetic susceptibility

could specifically be examined in future work. Finally, our

study was cross sectional. Longitudinal studies of brain iron

accumulation in patients with Parkinson’s disease progress-

ing to dementia will provide further insights into the tem-

poral order of brain iron accumulation in specific brain

regions and the associated biological processes.

Conclusions
Regional increases in magnetic susceptibility in Parkinson’s

disease, most likely due to brain iron accumulation in frontal,

cingulate and insular cortices, are associated with a distinct

gene expression profile. In these regions, we found higher

intrinsic levels of gene expression relating to heavy metal

detoxification and synaptic function as well as a probable

relative abundance of astrocytes and glutamatergic neurons.

These findings shed light on the processes driving neurode-

generation in Parkinson’s disease and the selective vulnerabil-

ities of brain regions that are most affected, providing

potential insights into future therapeutic targets to slow the

progression of neurodegeneration in Parkinson’s disease.
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