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Abstract

Background: Higher nigral iron has been reported in Parkinson’s disease (PD).

Objective: To understand the dynamics of nigral iron accumulation in PD and its association 

with drug treatment.

Methods: Susceptibility MRI data was obtained from 79 control, 18 drug-naïve (PDDN), and 87 

drug-treated (PDDT) subjects. Regional brain iron in basal ganglia and cerebellar structures was 

estimated using quantitative susceptibility mapping. Nigral iron was compared among PDDN and 

PDDT subgroups defined by disease duration [early (PDE, <2 years), middle (PDM, 2-6 years), 

later (PDL, >6 years)]. Associations with both disease duration and types of antiparkinson drugs 

were explored using regression analysis.
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Results: Compared to controls, PDDN had lower iron in the substantia nigra (p=0.018), caudate 

nucleus (p=0.038), and globus pallidus (p=0.01), but not in the putamen or red nucleus. In 

contrast, PDDT had higher iron in the nigra (p’s < 0.001), but not other regions, compared to either 

controls or PDDN. Iron in the nigra increased with disease duration [ PDE > PDDN (p=0.001), 

PDM > PDE (p=0.045)] except for PDM versus PDL (p=0.226). Levodopa usage was associated 

with higher (p=0.013) nigral iron, whereas lower nigral iron was correlated with selegiline usage 

(p= 0.030).

Conclusion: Nigral iron is lower prior to the start of dopaminergic medication, and then 

increases throughout the disease until it plateaus at late stages, suggesting increased iron may 

not be an etiological factor. Interestingly, PD medications may have differential associations with 

iron accumulation that are worthy of further investigation.
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Introduction

Parkinson’s disease (PD) is marked pathologically by loss of dopamine neurons in the 

substantia nigra (SN) pars compacta (SNc) of the basal ganglia.1-3 Since Dexter et al.4 first 

reported increased iron in the SN of 11 post-mortem PD patients in 1987, a number of post-

mortem studies have shown higher nigral iron concentrations in PD patients.5-9 In addition, 

findings from preclinical studies have suggested that excess intracellular iron is associated 

with oxidative stress, cellular dysfunction, and neuronal death in PD,10,11 possibly playing 

a role in PD pathogenesis.12,13 As a result, iron chelation therapies have been proposed 

to modify disease course.14,15 It is unclear, however, if nigral iron accumulates before PD 

diagnosis, and how it evolves during disease progression. Moreover, it is unknown whether 

iron is a consequence of the disease itself, and/or is influenced by medical interventions 

(e.g., antiparkinson drugs).4,16

Recent advances in MRI technology have enabled in vivo assessment of brain iron content 

in humans.17-20 Susceptibility MRI has been shown to correlate well with post-mortem 

histological measurements of iron.21,22 Many prior studies,3,17,23 including from our 

group,19,20,24 have utilized apparent transverse relaxation rate (R2*) and newer quantitative 

susceptibility mapping (QSM) to understand the role of iron in PD. Consistent with earlier 

pathological reports, many of these in vivo MRI studies have demonstrated higher nigral 

iron content in PD patients.3,17,18,20

Interestingly, higher nigral iron has not been found in early-stage PD patients, in either post-

mortem reports,4,6,7 or our recent MRI studies.19,24 Furthermore, we found no significant 

change in nigral iron in these early-stage participants over an 18-month epoch.19 It is 

important to note that except for one post-mortem study prior to the introduction of 

levodopa,25 all post-mortem 4,6-9,26 and MRI studies3,17-19,24 investigating nigral iron were 

from PD patients who were taking antiparkinson medication. In addition, our previous study 

also demonstrated a non-linear and stage-dependent pattern of progression in the nigral iron 
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content.19 It is, however, unclear if iron accumulation is solely a result of PD progression or 

is associated with commonly used medications.

The current study employed state-of-the-art brain susceptibility MRI analyses to investigate 

brain iron deposition in both newly diagnosed drug-naïve (PDDN) and drug-treated (PDDT) 

PD patients. We tested two hypotheses: 1) newly diagnosed drug-naïve PD patients do 

not have significantly higher nigral iron content compared to controls or drug-treated PD 

patients with longer disease duration; and 2) increased iron deposition that occurs after 

introduction of antiparkinson medication may be associated with the drugs being taken.

Methods

Participants

PD patients [n=105, including 18 drug-naïve patients (PDDN) and 87 drug-treated patients 

(PDDT)on one or more antiparkinson drugs] and controls (n=78) were recruited as part of 

an observational PD biomarker study sponsored by the National Institute of Neurological 

Disorders and Stroke. PD patients were recruited from a tertiary movement disorders clinic, 

whereas controls were from the spousal population and the local community. PD diagnosis 

was confirmed based on the Movement Disorder Society criteria.27 All participants were 

free of major medical issues or neurological conditions other than PD. The Movement 

Disorder Society Unified PD Rating Scale parts I, II, and III (MDS-UPDRS-I, -II, -III) 

and the six-item freezing of gait questionnaire (FoG)28 were used to measure PD-related 

symptom severity. We also included the Montreal Cognitive Assessment (MoCA) for global 

cognitive function and the Hamilton Depression Rating Scale (HDRS) for depression 

symptoms. Clinical measures for PDDT patients were obtained in the “ON” state while 

patients were on clinically optimized antiparkinsonian medications. Detailed demographic 

and clinical information are provided in Table 1. All participants gave written informed 

consent that was in accordance with the Declaration of Helsinki, and the protocol was 

approved by the Penn State Hershey Institutional Review Board.

Subgroup definition

PD duration was defined based on the time since PD first was diagnosed by a neurologist. To 

investigate when nigral iron increased along the disease course, we subgrouped drug-treated 

PD patients into three stages. 1) Early-stage PD (PDE) patients were defined as having 

disease duration <2 years; this subgroup provided a good clinical match for the PDDN 

group. 2) Middle-stage PD (PDM) patients were defined as those having disease duration 

2-6 years; this subgroup captured the “honeymoon” period when PD patients are relatively 

“stable” clinically.29,30 3) Later-stage PD (PDL) patients were defined as those with disease 

duration >6 years; this subgroup reflected those whose clinical “honeymoon period: had 

ended. Detailed demographic and clinical information for each group are provided in Table 

1.

PD medications

Levodopa equivalent daily dosage (LEDD) was calculated using a published method.31 

Patient drug status was coded as on/off for each drug category depending on whether a 
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patient was on the specific medication at the visit. Drug categories included dopamine 

replacement therapy [levodopa (of any formulation) and/or dopamine agonists (including 

ropinirole, pramipexole, or rotigotine)] and/or monoamine oxidase-B (MAO-B) inhibitors 

(selegiline or rasagiline). Although selegiline and rasagiline are both effective MAO-B 

inhibitors,32 they have different pathways of metabolism. Selegiline, but not rasagiline, can 

be bioconverted to amphetamine and methamphetamine,33 the latter of which have been 

associated with neurotoxic effects on the striatal dopamine system.34 Thus, we investigated 

the two drugs individually as opposed to considering them a single class.

MRI image acquisition and analysis

For each participant, T1-weighted, T2-weighted, and multi-gradient-echo MR images were 

acquired on a 3T Siemens scanner (Erlangen, Germany). A magnetization-prepared rapid 

acquisition gradient echo sequence was used to obtain T1-weighted images with repetition 

time/echo time = 1540/2.34 milliseconds; inversion time = 807 milliseconds; field of 

view = 256×256; slice thickness, 1 mm (with no gap); and slice number = 176. A 3-

dimensional T2-weighted SPACE (sampling perfection with application optimized contrast 

using different angle evolution) sequence was used to obtain T2-weighted images with 

repetition time/echo time = 2500/316 milliseconds and the same spatial resolution settings 

as the T1-weighted images. T1- and T2-weighted images were acquired sagittally to save 

scan time. T2*-weighted images were acquired using a multi-gradient-echo sequence with 

8 echoes (echo times evenly spaced from 6.2 to 49.6 milliseconds); and repetition time 

= 55 milliseconds; flip angle = 15°; field of view = 240×240; matrix = 256×256; slice 

thickness = 2 mm; slice number = 64; and voxel size = 0.9×0.9×2 mm3. T2*-weighted 

images were acquired transversely. All images were inspected offline, and deemed free 

of severe artifacts or any major structural abnormalities. Quantitative susceptibility maps 

(QSM) were generated using morphology enabled dipole inversion employing an automated 

uniform cerebrospinal fluid zero reference (MEDI+0) with a nonlinear formation of the 

magnetic field to source.35,36

Regions-of-interest segmentation

Regions-of-interest (ROIs) included in the study were basal ganglia [substantia nigra pars 
compacta (SNc), putamen (PUT), caudate (CN), and globus pallidus (GP)] and a related 

cerebellar structure [red nucleus (RN)], all of which are known to be iron rich. Frontal 
white matter (FWM) was included as a reference region that is not known for high iron 

content in the brain. The ROIs were segmented using automatic atlas-based parcellation, 

followed by manual correction by an neuroimager (GD) with >15 years of experience 

and blinded to group information to minimize any segmentation errors at the boundary.19 

This semi-automated approach improves the accuracy and precision of the segmentation. It 

consists of the following four steps:

Step1: T1- and T2-weighted images from all participants were used to construct a 

cohort-specific template using an unbiased atlas construction algorithm in the Advanced 

Normalization Tools (ANTs) package.37,38 Since most of these structures have high iron 

content and are seen best in T2-weighted images, the atlas of ROIs was defined manually 

on the constructed T2-weighted template according to previous studies.19 Figure 1 shows the 
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exact location of these five structures on the T2-weighted template and their 3D view. There 

are inconsistent definitions of the SNc in the literature.17,24,39,40 We utilized the findings 

from our previous QSM voxel-wise analysis20 and anatomical information derived from 

prior neuromelanin-sensitive MRI studies to delineate the SNc.40-42 Namely, the SNc was 

defined on six transverse slices starting superiorly one slice below the level of the largest RN 

radius. This resulted in a 4 × 10 mm kidney-shaped region between the RN and the medial 

side of the hypointense band [that includes both the SN pars reticulata (lateral half) and SNc 

(medial half); Figure 1B and 1C].

Step 2: Using the cohort-specific atlas generated from Step 1, an atlas-based segmentation 

pipeline (AutoSeg v3.0; University of North Carolina Neuro Image Analysis Laboratory) 

then was employed to segment the ROIs in individual space based on the T2-weighted 

images for each subject.43

Step 3: An affine registration algorithm was used to bring the ROIs from the T2-weighted 

images to the QSM images by co-registering the T2-weighted images to the QSM images.

Step 4: Automated segmentation data from all subjects were inspected visually and corrected 

manually on the QSM images by a rater blinded to group information. Finally, mean QSM 

values from each ROI (averaging both sides of each structure) were calculated for individual 

subjects.

Statistical analyses

Demographic data were compared between control, PDDN, and PDDT groups using the 

Fisher’s exact test for sex and one-way analysis of variance for age. Disease duration, 

MDS-UPDRS-I, -II, -III scores; Hoehn-Yahr stage as a part in MDS-UPDRS-III score; 

FoG; LEDD; MoCA; and HDRS were compared among PDDN and PDDT using one-way 

analyses-of-covariance (ANCOVA) with adjustments for age and sex. Group differences in 

demographics and clinical measures between PD subgroups were assessed using the same 

approaches. One-way ANCOVA with age and sex as covariates also was used to compare 

QSM values in different ROIs among groups. The Bonferroni method was used for multiple 

comparison correction for the main group.

Because SNc is the key pathological loci for PD and showed the most dynamic changes 

between different groups, we specifically compared nigral QSM among controls, PDDN and 

different PD subgroups, with Bonferroni correction for multiple comparisons. In addition, a 

multiple regression analysis was performed to explore factors that may be associated with 

iron accumulation in the SNc. A step-wise variable selection method was used to identify 

important factors that independently were associated with nigral iron content. The factors 

of interest include medications use for PD (levodopa, dopamine agonists, selegiline, or 

rasagiline), disease duration, LEDD, age, and sex. Clinical measures (MDS-UPDRS-I, II, 

III, MoCA, and FoG) were excluded from the multiple regression analysis because they 

likely are causal consequences of higher nigral iron. All statistical analyses were performed 

using SAS 9.4 (SAS Institute Inc., Cary, NC).
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Results

Demographic and clinical information

The demographic and clinical data yielded no significant differences among control, PDDN, 

and PDDT subjects for sex and age (Table 1). Although PDDN patients had a shorter 

disease duration compared to drug-treated patients (p=0.001), they did not differ either in 

MDS-UPDRS scores, FoG, or Hoehn-Yahr stages. PDDT patients had lower MoCA scores 

(p=0.026) than controls or PDDN, and both PDDN and PDDT patients had significantly 

higher HDRS scores than controls (p<0.001).

Group comparison of regional QSM values

Compared to controls, PDDN patients had lower QSM values in the SNc (p=0.018), caudate 

(p=0.038), and globus pallidus (p=0.010), but not in other regions. In contrast, PDDT 

patients had significantly higher QSM values only in the SNc (p<0.001). Compared to 

PDDN, PDDT had significantly higher QSM values in the SNc (p<0.001) and a trend in the 

red nucleus (p=0.052 after Bonferroni correction) (Table 2).

Subgroup analysis of nigral iron content

SNc QSM values were greater in PDE patients versus those in PDDN subjects (p=0.002), 

but not different than controls (p=0.375). SNc QSM values in PDM patients were greater 

than controls (p=0.001), PDDN (p<0.001), and PDE (p=0.045) subjects. Whereas, SNc QSM 

values in PDL were not different than PDM patients (p = 0.226) (Figure 2).

Medications and disease duration that may be associated with nigral iron content

Levodopa, selegiline, and disease duration emerged as the only features that survived the 

stepwise variable selection process (Table 3). The multiple regression analysis showed that 

disease duration was a significant contributor to SNc QSM values (p=0.035) (Table 3). In 

addition, PD patients taking levodopa had higher SNc QSM values than those not taking 

levodopa [mean difference = 28.4 ppb (p=0.013)]. This difference is similar to the mean 

difference in QSM values (29 ppb) between PDDT and controls after controlling for disease 

duration. Conversely, patients taking selegiline had SNc QSM values that were 19 units 

lower than patients not taking this drug (Table 3).

Discussion

Consistent with previous post-mortem observations and recent MRI studies, we found that 

nigral iron concentrations (as represented by QSM) were greater in drug-treated PD patients. 

In addition, we confirmed previous reports8 19 that nigral iron was not significantly higher 

in early-stage PD patients. Most importantly, our data indicate that that drug-naïve PD 

patients have significantly lower nigral iron compared to either controls or early-stage 

PD patients. In addition, increasing iron accumulation in early- and middle-stage patients 

plateaus in later-stage patients who are at the end of the levodopa clinical “honeymoon 

period” (i.e., defined by increasing fluctuations and the emergence of dyskinesias29). Lastly, 

our study yielded tantalizing preliminary data that nigral iron accumulation during PD may 

be associated with the type of antiparkinson medication being taken. These new findings 
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are inconsistent with the current hypothesis that higher nigral iron leads to initiation of PD 

pathology, and the notion that increased iron causes disease progression. Further studies 

that delineate the dynamic changes of brain iron in living PD patients may have important 

scientific and clinical impact.

History of iron-PD link and our unique focus on drug-naïve PD patients

The first report of iron accumulation in PD was a single case study in 1924 that observed 

increased iron deposition in the globus pallidus.44 It was nearly a half-century before the 

next report that involved a study of 11 post-mortem PD cases in which iron was measured 

using x-ray fluorescent spectroscopy, albeit without a predesigned control group.25 Later, 

Dexter et al.4 reported much higher nigral iron post-mortem in 11 PD vs, 13 controls. 

Additional post-mortem5-9 and susceptibility MRI3,17,20,23,45,46 studies confirmed these 

initial findings in patients who all were taking antiparkinson drugs (primarily levodopa). 

No study to date, however, has investigated brain iron in drug-naïve PD patients in vivo.

Interestingly, a post-mortem cases series of eight PD patients did not find increased 

nigral iron.8 The average disease duration in that report was 7.5 y, the patients had mild 

pathological changes, and had taken relatively low doses of antiparkinson medication (i.e., 

LEDD=375 mg).8 Our prior published MRI studies of early-stage PD patients (disease 

duration ≤ 1 year) 19,24 also did not find increased nigral iron cross-sectionally or 

longitudinally. To our best knowledge, the current study is the first to focus on brain iron 

content of PD patients in drug-naïve stage by leveraging the availability of susceptibility 

MRI.

Rapid eye movement behavior disorder (RBD) has been considered a prodromal phase of 

PD. In a recent study using QSM MRI, Sun et al. have demonstrated that idiopathic RBD 

patients had higher SN iron content compared to controls, and lower iron content compared 

to PD patients.47 In addition, Pyatigorskaya et al. reported that asymptomatic carriers of 

two common PD risk genes have higher SN iron content compared to controls estimated 

using the apparent relaxation rate (R2*).48 Together, this work suggested that SN iron 

content already is increased in prodromal or at-risk PD subjects. Our results, however, are 

inconsistent with the hypothesis, and suggested the opposite. This inconsistency in large part 

may be attributable to the fact that not all “prodromal” or “at-risk” subjects will develop 

classic PD. Future studies with longitudinal designs to follow these prodromal models will 

be critically important that may provide insight into whether iron status may predict future 

disease diagnosis/conversion.

The finding of lower nigral iron in drug-naïve PD patients

Based on both post-mortem and MRI studies in early PD patients, as well as the large body 

of basic science literature linking higher iron to PD etiology,13,49-51 we hypothesized that 

drug-naïve PD patients would not differ from controls in nigral iron. Yet the results were 

that drug-naïve PD patients have significantly lower nigral iron compared to controls, which 

actually is consistent with several large epidemiological studies that have reported lower 

iron may be related to increased PD risk.52-54 Using Mendelian randomization to control for 

iron-regulating genes, Pichler et al.52 reported higher serum iron is associated with lower PD 
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risk in a large cohort with ~20k PD patients and ~88k controls. Furthermore, a meta-analysis 

by Wang et al.54 reported an association between anemia and higher PD risk. Thus, in some 

way lower iron may be a risk factor in PD etiology, much as it is in restless leg syndrome,55 

possibly because of its role in dopamine metabolism.56,57

Nigral iron increases from early- to mid-stage drug-treated PD patients before plateauing 
in later-stages

The current study replicates previous findings that showed nigral iron concentration is 

increased to a similar extent in middle- and late-stage drug-treated PD patients.17,20,24 

It is unclear if this is a result of the progression of pathophysiological processes (e.g., 

dopaminergic cell loss) or if it is associated with antiparkinson medication. Consistent with 

the former hypothesis, the number of surviving dopamine neurons also plateaus with disease 

progression. If true, nigral iron accumulation measured by QSM may be a surrogate marker 

for the remaining neurons. Consistent with the latter hypothesis, levodopa itself may be 

neurotoxic, although this is controversial and a major study yielded data inconsistent with 

this notion.58

Relevance and limitations of our findings

There are several ongoing clinical trials testing iron chelation as a treatment for PD 14,59 

based on the premise that iron accumulation may be linked etiologically to PD and/or propel 

disease progression. These trials have targeted new PD patients with the assumption that iron 

accumulation in the SN occurs before symptom onset and levodopa treatment. In a small 

Phase II trial of 22 early-stage PD patients (disease duration <5 years, within the clinical 

honeymoon period, and on standard PD medications),14 iron chelation using deferiprone (20 

mg/kg or 30 mg/kg) was compared to placebo. Neither dose had an effect on motor scores, 

but did lower iron concentrations of iron in the caudate and dentate nuclei but not the SN.14 

The finding of lower nigral iron in drug-naïve PD patients in the current study makes the 

results from the deferiprone trial unsurprising, and argues future use of iron chelating agents 

as adjuvant in middle- or late-stage PD patients along with levodopa.

Our study has a few limitations. First, the sample size for the drug-naïve PD group is small 

relative to those of the control and other PD groups. Nonetheless, we demonstrate significant 

group differences when comparing drug-naïve PD to both controls and drug-treated PD 

groups. The difference persisted even when drug-naïve PD patients were compared to early-

stage PD patients with a comparable sample size, disease duration. Second, the analyses 

were cross-sectional in nature and the progression pattern was postulated from the baseline 

characteristics of the individual PD subgroups having different disease durations. Despite 

these limitations, our study provides initial evidence indicating drug-naïve PD have lower 

nigral iron compared to controls and drug-treated PD patients. Consistent with earlier 

studies, our study also demonstrated that nigral iron increases with disease progression 

that plateaus in later-stage patients. Our investigation regarding factors that might affect iron 

accumulation is limited by the explorative and associative nature of the study. The resulting 

data, however, are tantalizing and hint that antiparkinson treatments may interact with 

disease and nigral iron progression in a complex fashion that may have clinical relevance. 

Validation of these findings with longitudinal follow-up and using independent cohorts is 
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warranted. If confirmed, the mechanisms underlying this dynamic pattern of nigral iron 

change in PD will be of great interest.
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Figure 1. Regions of interest (ROIs) defined on the T2-weighted cohort template.
The locations of the CN, PUT, GP, and FWM are shown in A in an axial slice that captures 

all four structures. The SNc and RN regions are displayed in B (axial slice) and C (coronal 

slice) at the midbrain level. A 3D view of all ROIs is shown in D.

Abbreviations: CN: caudate nucleus; FWM: frontal white matter; GP: globus pallidus; PUT: 

putamen; RN: red nucleus; SN: substantia nigra.
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Figure 2. Subgroup comparison of SNc QSM values between PDDN, early-, middle-, and later-
stages of PD.
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Table 2.

Group comparisons of regional QSM values.

Controls PDDN PDDT Overall C vs PDDN C vs
PDDT

PDDN vs
PDDT

SNc 609 ± 42 575 ± 34 638 ± 44 <0.001 0.018 <0.001 <0.001

RN 627 ± 47 604 ± 31 633 ± 44 0.185 0.222 1.0 0.052

Put 538 ± 20 534 ± 19 535 ± 19 1.0 1.0 1.0 1.0

CN 541 ± 20 529 ± 11 538 ± 18 0.145 0.038 1.0 0.139

GP 608 ± 40 581 ± 29 598 ± 26 0.029 0.010 0.435 0.206

FWM 493 ± 5 491 ± 6 490 ± 32 1.0 1.0 1 1.0

Data presented are mean ± SD. P-values are corrected using the Bonferroni method.Abbreviations: PDDN = drug naïve PD, PDDT = drug treated 

PD, C = controls
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Table 3.

Stepwise variable selection and multiple regression analyses for important clinical factors that affect nigral 

iron in PDDT.

Variable Selected
Multiple regression analysis

β SEM F values P values

Age No

Sex No

Dopamine agonists No

Rasagiline No

LEDD No

Disease duration (y) Yes 2.09 0.8 4.58 0.035

Levodopa (11 vs. 76) Yes 28.4 13.3 6.52 0.013

Selegiline (39 vs. 48) Yes -19.0 8.6 4.89 0.030

Step-wise variable selection was used to explore potential clinical measures and drug effects that may affect QSM values in the SNc. The 
factors explored included age, sex, disease duration, levodopa (On-Off), dopamine agonists (On-Off), rasagiline (On-Off), selegiline (On-Off), and 
levodopa equivalent daily dosage (LEDD). We first indicate whether the factor was selected in the variable selection process and then present the 
results from the multiple regression analysis with the selected factors.
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