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Nigrostriatal iron accumulation in the
progression of Parkinson’s disease
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Iron deposition in the nigrostriatal system plays a pivotal role in Parkinson’s disease (PD) onset and
progression. This study explored the time course of nigrostriatal iron accumulation in 54PDpatients at
early to moderately advanced stages and 20 age-matched healthy controls. Using multi-echo T2*-
MRI and R2* relaxometry, iron content was assessed in the substantia nigra pars compacta (SNpc)
and striatum. In vivo findings were contrasted with histological analyses in a progressive 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine-induced parkinsonism model involving six non-human primates
(NHPs) and two controls using Perls’ Prussian blue staining. Complementarily, dopaminergic
degeneration was quantified by 6-[18F]-fluoro-L-dopa PET in humans and TH immunohistochemistry
in NHPs. Results showed progressive iron accumulation in the SNpc correlating with striatal
dopaminergic denervation and neuronal loss. Striatal iron followed a V-shaped progression,
decreasing initially and increasing later. Iron in the SNpcmay serve as amarker of neurodegeneration
in PD, while decreased striatal iron may indicate pathological susceptibility to dopaminergic loss.

The primary hallmark of Parkinson’s disease (PD) is the progressive
loss of dopaminergic neurons within the substantia nigra (SN) pars
compacta (SNpc)1–4, a neurodegenerative process frequently related to
disruptions in ironmetabolism5,6. In this regard, iron is essential for the
correct function of numerous physiological processes, including
dopamine synthesis and metabolism6. However, iron accumulation in
its free radical form has a potential neurotoxic role due to its redox-
active behavior6, which promotes formation of reactive oxygen species
that may damage cellular DNA via oxidative stress, ultimately leading
to neuronal death7–9.

In PD, increased iron has been confirmed within the SN through a
myriad of techniques including histochemistry10, transcranial
sonography11, and MRI12–14, suggesting it is a potential biomarker for
neurodegeneration5,13–15. It is still uncertain, though, if iron accumu-
lation in the SNpc is triggered before or after the onset of PD and how it
develops during PD progression6,16. Moreover, it is still a matter of
debate if increased iron deposition is a cause or a consequence of
neurodegeneration in PD, or even an effect associated with anti-
parkinsonian drugs16–18. On the other hand, less emphasis has been

placed on striatal iron, and reports show heterogeneous results12,16,19,20.
Nevertheless, studies conducted in rodents have found correlations
between brain iron deficiency and alterations in dopaminergic
function21–23, suggesting that iron deficits might play an important role
during the initial striatal dopaminergic dysfunction24. Indeed, some
recent MRI studies have described reduced striatal iron content in de
novo PD populations16,25. Thus, elucidating the features of striatal and
SNpc iron deposition during the early stages of PD holds promise for a
better understanding of PD development and disease progression.

Here we studied iron progression patterns within the nigrostriatal
system, spanning from early to moderate stages of PD. To achieve this, we
employed R2* relaxometry MRI, a commonly used technique to identify
iron alterations within the nigrostriatal system12,13,19,25,26 due to its ability to
directly capture iron load changes27. Furthermore, to validate our in vivo
MRI findings, and to explore the relations between iron alterations and
dopaminergic degeneration, iron was assessed histologically in non-human
primates (NHP) at different stages of neurodegeneration using the
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) parkinsonian
model28,29.
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Results
R2* relaxometry MRI was acquired to assess iron content alterations in a
cohort of PD patients compared with healthy controls (HC). PD patients
were categorized into de novo (dn-PD), early (mild-PD), or moderate
(mod-PD) groups according to their clinical evaluation (MDS-UPDRS part
III) and time of disease progression (seemethods). Iron-sensitive R2*maps
were assessed in multiple regions of interest (ROIs) within the nigrostriatal
system to evaluate the topography of iron alterations on the more-affected
(MAS) and less-affected (LAS) sides. Analogously, histological analyses of
iron content were performed in the same set of regions in a single hemi-
sphere. For histology, the SNpc was segmented as a single ROI, whereas in
MRI this was divided in anteromedial and posterolateral ROIs. NHPs were
segregated according to nigrostriatal degeneration into control or MPTP
groups in stages 1-to-3.

Iron content alterations in the nigrostriatal system
Nigral iron progressively increased along with disease stage in PD
patients in both hemispheres, MAS and LAS (Fig. 1a). This increment
did not reach significance at dn-PD stage as compared toHC, although a
trend was observed in the anteromedial SNpc in theMAS (P < 0.1;K > 0;
d = 0.59). In mild-PD, iron accumulation reached weak significant evi-
dence in the anteromedial SNpc region (P < 0.05; K > 0; d = 0.80 vs HC),
also extending to the opposite hemisphere at mod-PD stage (P < 0.05;
K > 0; d = 0.70). In the posterolateral SNpc a bilateral and strongly sig-
nificant evidence was found, but only in the most advanced stage of the
disease (P < 0.01; K > 1; d > 1.10 against HC). Quantification of histo-
logical data from processed Perls’ Prussian blue (PPB) stained sections
was conducted using relative integrated density (RID), a newmetric that
combines area percent (AP) and optical density (OD) measurements
into a single value that is normalized to controls (see methods). In the
SNpc (Fig. 1b), RID revealed a gradual increase in iron as animals dis-
played greater neuronal death (mean RID = 1.00/1.07/1.39/1.60). This
observation is mainly driven by the AP metric, as OD remains stable
across stages (Supplementary Fig. 1).

In the striatum, comparisons betweendn-PDandHCgroups exhibited
decreasedmagnitude of iron concentration in all caudate and putamen sub-
regions, while they only reachedmoderate significance in the caudate in the
MAS (P < 0.05; K > 0.5; d > 0.72) (Fig. 2a). These differences in the caudate
vanished in mild-PD and mod-PD groups. The initial reduction of iron in
dn-PD subjects was reversed on later stages on the MAS, showing a pro-
gressive increase thereafter that reached moderate-to-strong significance
between mod-PD and dn-PD patients in the caudate (P < 0.05; K > 0.5;
d = 0.97/0.85 in anterior/posterior ROIs) and the posterior putamen
(P < 0.05; K > 0.5; d = 0.76) (Fig. 2a). In the histological analysis, stage-1
animals exhibited a global iron loss compared to controls (RID = 0.62/0.53
in anterior/posterior caudate and RID = 0.71/0.56 in anterior/posterior
putamen) (Fig. 2b). Following this initial loss, stage-2 and stage-3 animals
showed higher values than the stage-1 group, reaching similar values in the
striatum to control animals (RID = [1.01,1.25] and RID = [0.66,0.95] for
stage-2 and stage-3 animals, respectively). Both effects, i.e., the initial decay

and the posterior recovery are also observed in both AP and OD metrics
(Supplementary Fig. 1).

Correlation between iron content and dopaminergic
degeneration
The relationship between iron accumulation in the SNpc and nigrostriatal
dopaminergic integrity was explored by correlation analyses in both in vivo
human and ex vivo primate cohorts (see Fig. 3). Dopaminergic status in PD
subjects was quantified by PET imaging using the 6-[18F]-fluoro-L-dopa
(FDOPA) influx rate (Ki). This metric was estimated in the SNpc and the
putamen for dn-PD and mild-PD cohorts. In the MAS, these analyses
revealed a moderately significant negative correlation between R2* in the
SNpc and FDOPAKi in the putamen (ρSp =−0.32; P < 0.05;K > 0.5), while
in the SNpc this relationshipwasmarginal (ρSp =−0.27;P < 0.10;K > 0).No
significant correlations were found in the LAS or when comparing striatal
R2* with nigrostriatal FDOPA Ki assessments. In primates, striatal TH
quantification was used as a marker of dopaminergic integrity. Analyses in
ex vivo data (Fig. 3b) revealed a moderately significant negative correlation
between nigral RID and striatal TH quantification by OD (ρSp =−0.83;
P = 0.015; K > 0.5). Homologous findings, but with lower evidence, were
seen when comparing RID values with the number of surviving cells within
the SNpc (ρSp =−0.81, P = 0.022;K > 0). These were also observed with AP
and OD metrics (Supplementary Fig. 2). No correlations were found
between striatal RID and striatal dopaminergic dysfunction or neuro-
nal count.

Spatial distribution of iron accumulation in the
nigrostriatal system
To dig into the spatial distribution of iron accumulation, SNpc and striatal
structures were partitioned into slices of equal thickness along their main
axis determined by spatial principal component analysis (PCA)30,31. The
SNpc exhibited a progressive and spatially homogeneous increment of iron
in bothhemispheres (Fig. 4). In theMAS, dn-PDexhibited lowerR2* values
at both ends in the caudate (anterior and posterior). In contrast, at themod-
PD stage, this pattern was reversed relative to dn-PD and mild-PD, with
values returning to levels comparable to those observed in HC. In the
putamen, the mod-PD group showed increased R2* compared to dn-PD
andmild-PDbut only at the posterior end. In the LAS, alterations in striatal
R2* were less pronounced than in the MAS. However, two clusters of
increased iron concentration were identified between mod-PD and dn-PD,
located in the posterior caudate and the anterior putamen of this
hemisphere.

Discussion
In this study, we characterized the progression of iron content in vivo in a
cohort of PD patients from de novo to moderate severity stages using R2*
relaxometryMRI. These results were further examined neuropathologically
in NHPs treated with the neurotoxin MPTP to induce nigrostriatal dopa-
minergic degeneration. Overall, we demonstrated the existence of distinct
time courses of iron alteration in the SNpc and the striatum. In the SNpc,

Fig. 1 | Evolution of iron content in the substantia
nigra pars compacta (SNpc). a Boxplots illustrating
R2* relaxometry values for healthy controls (green)
and de novo, mild and moderate PD subjects (yel-
low, orange, and red, respectively). Symbols denote
inter-group differences, and the strength of those
differences is indicated as: P > 0.05 or K < 0 (no
symbol), P < 0.05 and K ≥ 0 (~), P < 0.05 and
0.5 < K ≤ 1 (*); P ≤ 0.01 and K > 1 (**). MAS More
affected Side, LAS Less affected side. b Bar graph
displaying the histochemical quantification of iron
in the macaque MPTP model. Crosses denote the
relative integrated density quantified from Perls’
Prussian blue (PPB) staining for each animal.
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iron accumulation increasedwith disease progression. This increase directly
correlated with the loss of TH+ neurons and dopaminergic denervation of
the striatum inNHPs, andwith the loss of striatal FDOPAPETuptake inPD
patients. In contrast, striatal iron exhibited a V-shaped time course with
diseaseprogressionandMPTPstages, showing an initial decrease indenovo
PD patients and asymptomatic animals, which was reversed in more
advanced stages.

Nigral iron levels were significantly elevated in both PD patients and
MPTP-intoxicated macaques consistent with previous reports, using
MRI12–14,32–35 or histology10,36–40. The main contributor to iron increment in
the SNpc is probably neuronal death41. Our data further support this
statement, showing a strong correlation between MPTP-induced neuro-
degeneration (TH+ neuronal loss and striatal dopaminergic denervation)
and increased SNpc iron concentration. Nevertheless, in addition to neu-
rodegeneration, other mechanisms might lead to nigral iron accumulation

in PD. These include enhanced iron influx via divalentmetal transporter 142,
a marked reduction in neuronal iron storage capacity43–45, and a potential
downregulation of neuronal ability to clear iron45–47. Still, the question
remains as to whether iron accumulation precedes or is just a consequence
of neuronal death. Yet, it is quite possible that both phenomena, i.e., iron
content increasing upon neuronal death and iron overload inducing further
tissular damage, occur simultaneously6,48. Further investigations are neces-
sary to understand the neuronal susceptibility to iron and the triggers for its
accumulation.

Contrary to what has been reported on nigral iron in PD, existing
reports on striatal iron content show heterogeneous findings. While some
studies have described an absence of alterations in the region12,13,15,34,49–52,
others have documented significant increments, or even reductions, com-
pared to HC19,25,53–58. Interestingly, our results describe a V-shaped time
course for iron concentration in the striatum, which may, at least in part,

Fig. 2 | Evolution of iron content in the caudate nucleus (Caud) and
putamen (Put). a Boxplots illustrating R2* relaxometry values for healthy controls
(green) and de novo, mild, and moderate PD subjects (yellow, orange, and red,
respectively). Symbols denote inter-group differences, and the strength of those
differences is indicated as: P > 0.05 or K < 0 (no symbol), P < 0.05 and K ≥ 0 (~),

P < 0.05 and 0.5 < K ≤ 1 (*); P ≤ 0.01 and K > 1 (**). MAS More affected Side, LAS
Less affected side. b Bar graph displaying the histochemical quantification of iron in
the macaqueMPTPmodel. Crosses denote the relative integrated density quantified
from Perls’ Prussian blue (PPB) staining for each animal (n = 2 per group).

Fig. 3 | Spearman correlation analysis showing the relation between the increase
of iron in the SNpc and dopaminergic degeneration in the putamen and
the SNpc. a R2* relaxometry MRI vs FDOPA Ki in PD patients. Yellow and orange,

respectively, denote de novo and mild PD subjects. b Perls’ Prussian blue (PPB) vs
TH in non-human primates.
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explain these heterogeneousfindings.Admittedly, an early reduction in iron
concentration in the context of a progressive neurodegenerative disease
might seem counterintuitive. Yet, this phenomenon remains consistent in
both our patient cohort and the macaque MPTP model, aligning with
findings from two prior reports in de novo PD patients16,25. The role and
relevance of this reduction is, however, unknown. Epidemiological studies
have established some causal relationships between systemic iron defi-
ciencies and increased risk of developing PD59–64. Furthermore, iron deficits
have been specifically related to severe dopaminergic dysfunction in animal
models, either by constraining systemic iron intake21–23,65 or by suppressing
neuronal iron uptake24. Moreover, it is well known that iron plays a fun-
damental role in dopamine synthesis and metabolism6, and thus, it is likely
that early dopaminergic dysfunctionmodulates nigrostriatal iron dynamics.
In line with this, our topographical analysis of iron concentration, along the
posterior-to-anterior striatal axis, revealed specific clusters of iron altera-
tions in the posterior region of the putamen, which coincides with the
characteristic topography of dopaminergic depletion in PD54,66–69. This
provides further evidence for the close relationship between these processes
along with nigrostriatal degeneration. Probably, early dopaminergic
denervation could lead to a reduced iron demand and storage capacity at
striatal terminals. These findings may explain why a recent disease-
modifying clinical trial centered on reducing nigrostriatal iron was

unsuccessful70. This randomized placebo-controlled trial reported a
reduction in the iron load in both the SNpc and the striatum, but it also
showed clinical worsening in the arm receiving the iron chelator. Therefore,
while the selected drug may preserve neuronal soma in the SN by blocking
iron-associated oxidative stress mechanisms, the unexpected clinical wor-
sening might be related to an iron deficit at the striatal terminals that could
exacerbate dopaminergic dysfunction.

The trend of decreasing striatal iron is reversed with disease progres-
sion, a result that cannot be explained by dopaminergic dysfunction. Several
hypotheses might explain this phenomenon. For example, dopaminergic
compensatory mechanisms are known to stimulate dopaminergic function
in survivingdopaminergic neurons71–73, so they could also be increasing iron
demands at striatal terminals and lead to upregulation of iron transport into
the region. Yet, these compensatory mechanisms are not fully active in
asymptomatic MPTP macaques72 and may still be partially active in the de
novoPDgroup.Therefore thiswould explain thedelayed reversal in the iron
accumulation trend. In addition to compensatory mechanisms, levodopa
intake may promote iron transport to dopaminergic terminals by stimu-
lating dopamine synthesis in surviving dopaminergic neurons74. However,
this does not explain the outcomes observed in the macaque group, as they
did not receive levodopa. Finally, imbalances in iron homeostasis con-
tributing to neurodegeneration may originate not only from neurons but

Fig. 4 | Spatial distribution of the iron content across the main PCA axis (pos-
terior-to-anterior). From left to right are displayed the SNpc, the caudate, and the
putamen. a and c display the mean R2* values across the main PCA axis in the more
affected side (MAS) or the less affected side (LAS). Healthy controls are illustrated in
green and de novo,mild, andmoderate PD subjects are shown in yellow, orange, and

red, respectively. b and d exhibit the effect size (Cohen d) of the inter-group com-
parisons. Cohen d values are displayed only when these comparisons reached weak
(P < 0.05 and K ≥ 0, blue), moderate (P < 0.05 and 0.5 < K ≤ 1, black) or strong
(P ≤ 0.01 and K > 1, red) significance. Background color indicates the trend of these
changes, i.e., blue denotes a reduction in iron and red and increment.
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also from glial cells, which are the most iron-rich cells in the brain75,76.
Nigrostriatal presynaptic axonal pruning may promote astrocytosis, trig-
gering iron accumulation through upregulation of iron influx and efflux
mechanisms77. Moreover, it has been shown that the glial response to
nigrostriatal neurodegeneration is both region- and time-dependent78,
suggesting that delayed iron accumulation in the striatum could result from
late glial activation in this region. Consequently, while the initial loss of iron
in the striatum is likely to be associated with dopaminergic degeneration, its
subsequent progressive accumulation may be driven by a sustained glial
response79.

Some limitations should be acknowledged for the results presented
here. First, our sample size is not very large, especially for the mild-PD
group. Still, we carefully selected the recruited groups, including only young
subjects without major comorbidities who had predominantly motor signs
and a focal presentation. We believe this choice has reduced heterogeneity
and confounding factors. In our dataset, since the PD groups were age-
matched, the impact of aging on iron accumulation is not thought to be a
consideration. However, aging is a significant factor in brain iron
accumulation80–82. Therefore, longer follow-ups and longitudinal studies
with age-matchedHCarenecessary to fully characterize the effects of striatal
iron on PD progression. Since our animal sample size is limited to two per
group, our findings should also be interpreted with caution. Further studies
with larger animal cohorts could be undertaken to conclusively verify these
findings. In addition, all stages of neurodegeneration in monkeys are
reached in a short period of time, in contrast to the progression of PD,which
might take several years to reach the same stage. Thus, natural compensa-
torymechanismsmay develop to a lesser extent inMPTP-treatedmonkeys.
Finally, althoughR2* is known tomainly reflect iron concentration27,83, part
of the signal is non-iron dependent. Changes in water content, brain oxy-
genation, or surrounding diamagnetic elements, such as myelin or calcium,
might affect R2* sensitivity to iron content alterations15,84–86. Post-
processing techniques that minimize susceptibility disturbances induced
by surrounding components, like QSM, may be more accurate than R2* in
characterizing iron15,87,88, although they come with their own drawbacks. In
QSM, brain magnetic susceptibilities are typically calculated using a refer-
ence region to establish the zero-susceptibility value (e.g.: CSF of the ven-
tricles or a whole brain mask)88. This technical aspect could pose a major
limitation when studying conditions characterized by widespread changes
in brain iron content, as in PD59–61,89. In such cases, it may be challenging to
identify a consistent reference region that remains unaffected throughout
disease progression. Consequently, these techniquesmay not be suitable for
examining iron alterations in pathologies of this nature, leaving R2* as a
more suitable option.

In conclusion,wehave founddistinct ironaccumulationpatterns in the
SNpc and striatumbyusingMRIandhistology tooffer valuable insights into
the pathophysiological mechanisms underlying early PD. As consistently
reported, iron accumulation was found to be progressively increased in the

SNpc and was directly linked to nigrostriatal neurodegeneration. In con-
trast, striatal iron displayed a V-shaped pattern that overlaps with the
topography of dopaminergic depletion. Therefore, we conclude that early
iron deficiency within the striatum may be linked with the onset of dopa-
minergic depletion in PD, potentially offering a target for the development
of new preventive or disease-modifying therapies. Nevertheless, further
investigation is necessary to definitively establish the link between striatal
iron concentration and dopaminergic denervation in PD.

Methods
Human cohorts
Fifty-four PDpatients and twentyHCwere enrolled betweenFebruary 2016
and October 2020 at the University Hospital HM Puerta del Sur (Móstoles,
Spain). PD subjects, selected from previous studies68,90,91, were classified into
three different cohorts: (a) 28 de novo PD (dn-PD) patients with less than
12 months after diagnosis and showing unilateral and minor motor
impairment. All patients were levodopa-naive at the time of recruitment;
however 11 were medicated with rasagiline, 3 with dopamine agonists
(rotigotine patch, pramipexole, ropirinole), and 4 with a combination of
rasagiline and dopamine agonists; (b) 15 PD subjects longitudinally fol-
lowed from the dn-PDgroupup to 3 yearswithmild signs (mild-PD); (c) 26
PD patients withmoderate parkinsonism (mod-PD) andmore than 4 years
from diagnosis. The diagnosis of PD followed the UK Brain Bank Clinical
Criteria. The Movement Disorders Society-Unified Parkinson’s Disease
Rating Scale (MDS-UPDRS)motor part (III) was obtained for all patients in
the off-medication state. Inmild-PD andmod-PD groups, evaluations were
performed after a minimum 12-h withdrawal of anti-parkinsonian drugs.
All participants provided written informed consent according to local reg-
ulations. Demographic features are described in Table 1.

MRI acquisition and processing
MRI acquisition was performed with a hybrid 3T mMR-Biograph system
(Siemens Healthcare, Erlangen, Germany). TheMRI protocol included: (a)
A 3D T1-weighted (T1w) magnetization-prepared rapid acquisition gra-
dient echo (MPRAGE) sequence (TR/TE:2300/3.34ms;flip angle: 12°; FoV:
256mm; in-plane matrix: 256×256; in-plane resolution: 1 × 1mm2; slice
thickness: 1mm; 176 sagittal slices); (b) A 3D multi-echo gradient echo
(multi-GRE) sequence (TR: 60ms; TEs: [4.36:4.64:46.12]ms; flip angle: 20°;
FoV: 230mm; in-plane matrix: 256 × 256; in-plane resolution:
0.9 × 0.9 mm2; slice thickness: 2 mm; 60 slices).

DICOM data were converted to NIFTI format using the dcm2niix
package92. T1wacquisitionswere corrected for intensity bias93, skull stripped
with BET-FSL (FMRIB Software Library) v6.094,95, and nonlinearly regis-
tered to the ICBM-152 2009c Nonlinear Symmetric template (ICBM-152)
by affine transformation followed by diffeomorphic symmetric
normalization96. R2* relaxometry maps were reconstructed from magni-
tude multi-GRE images and estimated by applying nonlinear fitting of the

Table 1 | Demographic data

HC (n = 20) dn-PD (n = 28) mild-PD (n = 15) mod-PD (n = 26)

Agea 50.35 ± 11.02 55.44 ± 9.46 56.95 ± 8.77 56.61 ± 10.67

Sex (men/women) 10/10 16/12 9/6 16/10

Hand Dominance (R/L) 18/2 24/4 14/1 26/0

Side of onset (R/L) – 19/9 9/6 16/10

Time from diagnosis (months)a – 6.28 ± 3.78c,d 30.37 ± 3.33b,d 93.68 ± 26.57b,c

LEDD (mg/day)a – 107.26 ± 103.42c,d 268.00 ± 270.59b,d 771.86 ± 258.84b,c

Total MDS-UPDRS IIIa – 18.25 ± 8.67d 23.67 ± 8.97d 37.29 ± 8.09b,c

MAS - MDS-UPDRS IIIa – 11.14 ± 4.33d 13.67 ± 4.06d 19.21 ± 3.86b,c

LAS - MDS-UPDRS IIIa – 2.11 ± 3.12d 3.33 ± 2.97d 7.70 ± 3.21b,c

MASmore affected side, LAS less affected side.
aMean value ± standard deviation.
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complex monoexponential equation with an autoregressive algorithm97

(Fig. 5a). Magnitude image from the first echo was used to rigidly register
R2*maps to T1w space. Coregistration stages were conducted with ANTs
(Advanced Normalization Tools) v2.3.198.

Whole-caudate and whole-putamen segmentations were extracted
fromstructural T1w images applying the FMRIB integrated registration and
segmentation tool (FIRST)99. Both nuclei were partitioned into pre- and
post-commissural divisions applying a vertical cutting plane that was set
across the anterior commissure (Fig. 5b).Awhole-SNpcmaskwas extracted
from a reference atlas100 (Prob. ≥ 0.001) and partitioned into anteromedial/
posterolateral ROIs using the centroid of the red nucleus as reference (also
extracted from the previous atlas). In order to enhance our characterization
of the iron trends across these nuclei, a PCA was applied to determine the
axis that better fits the morphology of each nucleus30,31. This axis, primarily
aligned along the posteroanterior direction, was used to split these nuclei
into multiple segments of equal thickness. The caudate and putamen were
divided into 8 slices, whereas the SNpcwas divided into 3 cuts (Fig. 5c). The
first slice of the caudate (the posterior part of its tail) was excluded from the
study, as it included very few voxels to perform reliable quantification. To
keep symmetry between hemispheres in our atlas-based ROIs, SNpc seg-
mentations were defined from left hemisphere mask and subsequently
mirrored in ICBM-152 template space. All ROImasks were transformed to
native R2* space applying a nearest-neighbor interpolation strategy and
used to assess the mean signal within these ROIs.

PET imaging and processing
PET data were available only for dn-PD and mild-PD groups and were
acquired simultaneously to theMRI acquisition. PET scanswere carried out
with subjects at rest and after a minimum of 6-hours of fasting. Patients
receiving antiparkinsonian medication had their treatment suspended at
least 48 h before PET acquisition. Scans were acquired for 90min in list-
mode immediately after an intravenous injectionof~5mCiof FDOPA.PET
images were reconstructed using an ordered subset-expectation max-
imization algorithm, smoothed by applying a 3D isotropic Gaussian kernel
with 4mm full width at half maximum, and then corrected for attenuation
with a 4-compartment MR-based map derived from a dual-echo Dixon-

based sequence (TR: 3.6 ms; TE: [1.23,2.46] ms), which incorporates bone
information through a model-based segmentation algorithm101. A total of
twenty-two activity timeframes were reconstructed (10 frames of 90 s, 9
frames of 300 s, and 3 frames of 600 s) with an effective resolution of
2.09 × 2.09 × 2.03mm3.These activity frameswere realignedwithin subjects
computing rigid-body transformations with Mc-FLIRT-FSL102. Voxel-
based FDOPA uptake rate maps (described as constant Ki [min−1]) were
estimated applying the Patlak graphicalmethod103. An average time-activity
curve from an occipital lobe mask was used as a reference in this approach.
FDOPA Ki values were evaluated in the putamen and the SNpc in order to
test the correlation between iron and dopaminergic alterations.

Non-human primate groups
Brain tissue from eightmalemacaca fascicularis (weight: 8–12 kg; age: 7–10
years) sourced from R.C. Hartelust BV (Tilburg, The Netherlands) were
used for the histological study. Six monkeys received systemic administra-
tion (i.v.) of MPTP under light anesthetic conditions (ketamine 10mg/kg;
i.m.).NeurotoxicMPTPdoses (0.5 mg/kg every 2weeks)were administered
to induce slow and progressive degeneration within the nigrostriatal
dopaminergic system104. The number of injections varied depending on
each animal’s systemic response, up to a maximum of 3MPTP doses. After
theMPTPprotocol, twomonkeys exhibited evident parkinsonian signs, two
animals only displayed mild signs, and the last two showed no apparent
parkinsonism. The remaining twomacaqueswere used as controls and only
received saline. Thus, animals were grouped in cohorts of two monkeys
(control and stages 1 to 3 of neurodegeneration) according to motor signs.
This nomenclature was used to avoid confusion with human PD groups.
The motor score was assessed with the Kurlan motor scale105. In order to
verify the performance of theMPTP-model, nigrostriatal degeneration was
quantified through the TH immunohistochemistry in both putamen
(optical density) and SNpc (number of TH-positive neurons). Bothmetrics
correlated with parkinsonian signs in agreement with previous literature28,29

(Fig. 5d). All animals were housed and treated in accordance with the
European and Spanish guidelines for animal care (86/609/EEC and 2003/
65/EC European Council Directives and the Spanish Government). The
experimental protocolwas approvedby the Ethical Committee for Research

Fig. 5 |Methodologicalfigure. a Illustrative template built from theR2*MRIdata of
the HC group. Here, structures containing high iron concentrations, such as the
substantia nigra, the striatum, the globus pallidus, or the red nucleus can clearly be
seen. b Anterior and posterior ROIs in the caudate (green), putamen (blue), and
SNpc (red). cPCA-ROI based divisions along the anteroposterior axis of the caudate,
putamen, and SNpc. d Staging of themacaque groups according to their motor score

(left), their dopaminergic decline in the putamen (center), the number of TH-
positive neurons in the SNpc (right). Crosses denote the measurements obtained for
each animal (e) Illustrative tissue slices in a control monkey showing the ROIs
studied. f Illustrative figures displaying iron cluster marked with Perls’ Prussian blue
staining.
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of the Fundación de Investigación HM Hospitales and of Comunidad de
Madrid (Spain).

Tissue processing, stereology, and iron load quantification
Macaques were sacrificed from 2 to 14 weeks after receiving the last MPTP
dose. Prior to sacrifice, animals were deeply anesthetized with sodium
pentobarbital (10mg/kg/i.p.). Following anesthetic delivery, monkeys were
perfused through the ascending aorta with saline, followed by 4% paraf-
ormaldehyde in phosphate buffer (PB) and a series of PB sucrose solutions
(5–10–20%). Brains were sectioned in coronal slices on a freezing micro-
tome at 40 μm to produce 10 matched series. The number of TH-positive
neurons in the SNpc and striatal optical density of TH immunostaining
were assessed as previously described72.

The histological detection of ferric iron (Fe3+) was performed with an
iron stain kit (ab150674, Perls’ Prussian blue stain; PPB) from Abcam
following themanufacturer’s specifications. Iron stainingwas performed on
seven sections regularly spaced at intervals of 2400 μm, covering the entire
anteroposterior axis of the striatum and five sections regularly spaced at
intervals of 1200 μm, covering the entire anteroposterior axis of the SNpc.
Briefly, sections were first mounted on gelatin-subbed glass slides and
incubated for 5minwith equal parts of potassium ferrocyanide solution and
hydrochloric acid solutions. Theywere thenwashed several times indistilled
water and counterstained for 10min with Nuclear Fast Red. Finally, brain
sections were dehydrated and coverslipped.

Caudate and putamen structures were visually identified via Fast Red
counterstain (see Fig. 5d). Analogous to the MRI study, both nuclei were
partitioned into anterior and posterior ROIs using the anterior commissure
as reference (Fig. 5e). The SNpcwas also visually recognized using both PPB
and Fast Red staining (see Fig. 5d). Since no red nucleus centroid could be
identified, the whole-SNpc was studied as a single ROI (Fig. 5e). Multiple
frames were acquired across each ROI, mapping the whole area with a
500 μm spacing grid. All frames were acquired using a bright field micro-
scope (DM 2500; Leica, Wetzlar, Germany) at 40× magnification (Fig. 5f).

Each frame underwent preprocessing to aid in iron quantification (see
Supplementary Fig. 3). First, images were divided into RGB components.
An initial iron-negative mask was then generated by automated thresh-
olding using the isolated red channel (Intermodes in ImageJ/Fiji)106. Sub-
sequently, red and blue channels were inverted to bring intensities in iron
clusters to maximum values. In order to approximate background pixels to
zero intensities and remove the Fast Red counterstaining contribution to
those pixels stained with PPB, each channel was truncated after subtracting
the mean value within the negative-iron mask. Following this, a positive-
ironmaskwas defined by automated thresholding106 using the preprocessed
red channel. This mask was employed to quantify iron in the preprocessed
blue channel. Optical density (OD) and area percent covered by blue
staining (AP) were extracted from each frame, reflecting the density within
the iron clusters and the extension of these clusters respectively (Analyze
particles in ImageJ/Fiji). Both metrics were averaged across frames within
region boundaries and across section slices to obtain a single value per
animal and ROI. For simplicity, we developed a thirdmetric named relative
integrated density (RID), by combining bothODandAP, and reflecting the
rate of change normalized to control animals. This was calculated by first
normalizing bothmetrics to themean valuewithin theROI of interest of the
control group, and then averaging both normalized metrics:

RIDf ¼
1
2

ODf

ODCont
þ APf

APCont

� �
ð1Þ

where RIDf, ODf, and APf are, respectively the RID, the OD, and the AP
within the ROI for the frame being studied, and ODCont and APCont are the
mean OD and the mean AP of the control group within the ROI.
Accordingly, a value of RID < 1 would reflect a reduction of iron levels
compared to control animals and vice versa. Image pre-processing and
quantification steps were performed with ImageJ/Fiji v.1.53107.

Statistical analyses
For the neuroimaging study, mean ROI values were arranged by side
according to the predominance of motor signs (PD) or hand dominance
(HC), i.e., more and less affected sides (MAS and LAS respectively) or
dominant and non-dominant sides (DS and nDS). Mann–Whitney U tests
were conducted for MAS (DS in HC) and LAS (nDS in HC) separately in
order to identify differences between groups. Since dn-PD and mild-PD
cohorts partially involve the same subjects, group comparisons were
restricted to those subjects included in both groups, and differences were
assessed with paired Mann–Whitney U tests. Complementary to P-values,
Cohen d was used to evaluate the effect size and Bayes factors (BF) were
computed to quantify the strength of evidence against the null hypothesis
(no differences). These BF were described on a logarithmic scale
(K= log10(BF)

108). Combining both Classical and Bayesian Statistics fra-
meworks, the following categorization was adopted to describe sig-
nificances: P < 0.05 and K ≥ 0 (weak significance), P < 0.05 and 0.5 <K ≤ 1
(moderate significance); P ≤ 0.01 and K > 1 (strong significance). Relations
between iron and dopamine alterations were studied with non-parametric
Spearman correlation analyses between R2* and FDOPAKi values in SNpc
and putamen.

In the animal cohorts, and due to the small size of the sample, only
Descriptive Statistics (mean)wereused to analyze thedata in thehistological
study. In addition, to assess the relationship between iron anddopaminergic
alterations, non-parametric Spearman correlation analyses were performed
between the histologic metrics assessed on each ROI and the TH quantifi-
cation in the whole putamen and the SNpc. All statistics were computed
with MATLAB (The MathWorks Inc., United States).

Data availability
The data supporting these study findings are available from the corre-
sponding author upon request by any qualified investigator.

Code availability
Image processing packages are freely available in their respective websites:
dcm2niix: https://github.com/rordenlab/dcm2niix; FSL v6.0: https://fsl.
fmrib.ox.ac.uk/fsl/fslwiki/FSL; ANTs: http://stnava.github.io/ANTs/; Ima-
geJ/Fiji v1.53: https://imagej.net/software/fiji/; MEDI Toolbox: https://pre.
weill.cornell.edu/mri/pages/qsm.html; In-house MATLAB and ImageJ
codes developed for the statistical analyses are available to any qualified
researcher from the corresponding author.
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