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A B S T R A C T

Background: To date there are no validated MRI biomarkers to assist diagnosis of Parkinson’s disease (PD). Our
aim was to investigate PD related iron changes in the substantia nigra pars compacta (SNpc) as defined by
neuromelanin-sensitive MR contrast.
Methods: Thirty-nine PD participants and 33 healthy controls were scanned at 3.0-T using a 16-echo gradient
echo sequence to create R2* maps for the evaluation of iron content to find the overlap with a neuromelanin
based SNpc mask. The SNpc overlap percentage with the R2* map, and the R2* values in both the whole SNpc
and the overlap volume were compared between PD and control groups, and correlated with clinical features for
PD participants. Finally, the diagnostic performance of the SNpc overlap percentage was evaluated using ROC
analysis.
Results: PD related iron changes mostly occur in the lateral-ventral part of the neuromelanin SNpc. The R2*
values in the whole SNpc and the SNpc overlap volume, and the SNpc overlap percentage were larger in PD
participants than in controls. Furthermore, the SNpc overlap percentage was positively correlated with the
disease duration in PD. The SNpc overlap percentage provided excellent diagnostic accuracy for discriminating
PD participants from controls (AUC = 0.93), while the R2* values in the whole SNpc or the overlap volume were
less effective.
Conclusion: The overlap between the iron content as determined by R2* mapping and neuromelanin in the
substantia nigra pars compacta has the potential to be a neuroimaging biomarker for diagnosing Parkinson’s
disease.

1. Introduction

Parkinson’s disease (PD) is a movement disorder diagnosed clini-
cally on the basis of supportive and exclusionary clinical findings.
Supportive features include motor symptoms of rest tremor, bradyki-
nesia, and rigidity, and recent consensus diagnostic criteria for PD also
incorporate anosmia, a non-motor PD symptom (Postuma et al., 2015).
DaTscan can be used to guide PD diagnosis (Postuma et al., 2015) but
limited availability, cost, and use of radioisotopes hinders the wide-
spread use of DaTscan.

Clinical diagnosis of PD is imperfect, and most clinicopathologic

correlation studies find clinical diagnostic accuracy to be in the 70% to
90% range, with some variation attributable to the training of the di-
agnosing physician (Postuma et al., 2015; Rizzo et al., 2016). In-
accurate diagnosis may lead to increased patient morbidity due to in-
correct treatments, and harms PD clinical research progress due to
recruitment of patients who do not truly have PD. Thus, there is an
urgent need for new PD imaging biomarkers to detect and quantify core
aspects of PD neurodegeneration. Such biomarkers may be used to as-
sist clinical diagnosis, and to assist participant selection and outcome
measurement in clinical trials.

A primary characteristic of PD neurodegeneration is depigmentation
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of melanized neurons in substantia nigra pars compacta (SNpc), and the
greatest loss of melanized neurons occurs in its lateral-ventral tier
(Fearnley and Lees, 1991; Gibb and Lees, 1991). MRI pulse sequences
sensitive to neuromelanin (NM) can be used to localize SNpc (Chen
et al., 2014; Sasaki et al., 2006; Schwarz et al., 2011) and examination
of SNpc of patients with PD using these sequences has revealed re-
ductions in SNpc width (Reimao et al., 2015) or reductions in neuro-
melanin-sensitive contrast of patients with PD (Huddleston et al.,
2017).

Iron deposition occurs in conjunction with the loss of melanized
SNpc neurons (Morris and Edwardson, 1994) and several imaging stu-
dies have found increases in measures sensitive to iron in regions near
SNpc (Du et al., 2018; Peran et al., 2010). Most studies (Aquino et al.,
2014; Baudrexel et al., 2010; Du et al., 2011; Focke et al., 2011; Gorell
et al., 1995; Graham et al., 2000; Isaias et al., 2016; Kosta et al., 2006;
Martin et al., 2008; Mondino et al., 2002; Ordidge et al., 1994; Peran
et al., 2010; Vymazal et al., 1999; Wallis et al., 2008) have attempted to
localize the SNpc region of interest (ROI) in T2-weighted images, which
is difficult since T2-weighted images are not sensitive to neuromelanin
and lack definitive landmarks for SNpc (Langley et al., 2015). However,
ROIs derived from neuromelanin-sensitive image data can be used to
localize SNpc in T2*-weighted images. Increased hypointensity in T2*-
weighted images has been observed in the lateral and ventral portions
of the neuromelanin-sensitive SNpc ROI in PD patients (Langley et al.,
2015, 2016, 2017).

R2* relaxometry is sensitive to tissue iron deposition, and has been
shown to be highly correlated with brain tissue iron content
(Langkammer et al., 2010). Here, we will measure R2* in the neuro-
melanin-sensitive MRI (NM-MRI) defined SNpc to quantitatively eval-
uate PD-related iron deposition. A previous study that found the per-
centage of overlap between T2-weighted hypointensity and
neuromelanin-sensitive contrast in the SNpc differentiates PD from
controls with high accuracy (Langley et al., 2017). We hypothesize that
iron content will be increased in the lateral-ventral SNpc, and we seek
to evaluate the diagnostic utility of this measure.

2. Materials and methods

2.1. Participants

This prospective study was approved by the local ethics committee
and data were collected between August 2014 and July 2015. All par-
ticipants provided written informed consent. In this study, 39 right-
handed PD participants (age: 63.4 ± 7.0 years; man/woman: 17/22)
were recruited from local movement disorder outpatient clinic. All PD
participants were diagnosed with PD according to the United Kingdom
Parkinson’s Disease Society Brain Bank criteria (Hughes et al., 1992).
Demographic information including sex, age, and education was col-
lected for each participant. Disease severity was evaluated using Hoehn
& Yahr (H&Y) (Hoehn and Yahr, 1967) staging, and motor disability
was assessed using the motor portion of the Unified Parkinson’s Disease
Rating Scale (UPDRS)-III (Fahn et al., 1987) in the ON medication state.
Inclusion criteria for the PD group was a diagnosis of idiopathic PD and
the exclusion criteria were: (1) Secondary parkinsonism which was
caused by use of drugs (eg, antipsychotics, antiemetics, and drugs that
deplete dopamine) and atypical parkinsonian symptoms (such as pro-
gressive supranuclear palsy, multiple system atrophy, dementia with
Lewy bodies and corticobasal syndrome); (2) Mini-Mental State Exam
(MMSE) score less than 24; (3) a history of cerebrovascular disease,
seizures, brain surgery, brain tumor, moderate-to-severe head trauma
or hydrocephalus; or (4) treatment with antipsychotic drugs or with any
other drug possibly affecting clinical evaluation.

Thirty-three sex- and age-matched right-handed healthy controls
(age: 63.8 ± 6.9 years; man/woman: 14/19) were recruited from the
local community. Inclusion criteria for the control group were: (1)
normal movement function and neurological status; (2) absence of

neurological or psychiatric disease; (3) and a MMSE score equal to or
greater than 24.

2.2. MRI scanning

All participants were imaged with a 3.0-T scanner (Signa HDxt; GE
Healthcare) equipped with an eight-channel receive-only head coil. A
3D multi-echo gradient echo (GRE) sequence was used to acquire
images suitable for measurement of R2* with the following parameters:
repetition time (TR) = 59.3 ms; number of echoes = 16; first echo time
(TE1) = 2.7 ms; echo spacing (ΔTE) = 2.9 ms; flip angle (FA) = 12°;
field of view (FOV) = 22 × 22 cm2; resolu-
tion = 0.86 × 0.86 × 1.0 mm3; sensitivity encoding (SENSE) accel-
eration factor = 2; and total acquisition time = 10 min 42 s. Whole
brain anatomical images were acquired with a T1-weighted fast spoiled
GRE sequence for common space registration. Imaging parameters for
this sequence were: TR = 5.5 ms; TE = 1.7 ms; inversion time
(TI) = 450 ms, resolution = 1 × 1 × 1 mm3; and FA = 12°.

2.3. Standard space transformation

Imaging data were analyzed with FMRIB Software Library (FSL). A
transformation was derived between individual subject space to
Montreal Neurological Institute (MNI) 152T1-weighted space using
FMRIB’s Linear Image Registration Tool (FLIRT) and FMRIB’s Nonlinear
Image Registration Tool (FNIRT) in the FSL software package using the
following steps: First, the brain extracted T1-weighted image in in-
dividual space was aligned with the MNI brain extracted image using
FLIRT. Second, using this T1-weighted image, a transformation between
individual space and common space was generated using FNIRT and the
inverse of this transform was then used to map the NM mask from
common space back to the original T1 individual space. Finally, the first
echo from the GRE image was registered to the T1-weighted image.

2.4. R2* calculation

R2* was calculated from all echoes acquired in the multi-echo GRE
sequence using a custom script in MATLAB by fitting a mono-
exponential model to the GRE images.

=S S R TEexp( )i 0 2 [1]

where S0 denotes a fitting constant and Si denotes the signal of a voxel
at the ith echo time.

2.5. SN segmentation

The processing pipeline for the SN segmentation and the creation of
the overlap mask is shown in Fig. 1. The SN was segmented in R2* maps
using the following procedure: first, a tegmentum reference region,
derived by drawing a 3 mm × 3 mm ROI in the cerebral peduncle in
MNI152 space, was transformed from standard space to R2* maps using
the transforms described above and the mean (μREF) and standard de-
viation (σREF) in the reference ROI was recorded. Next, a standard space
probabilistic T2*-weighted SN ROI, derived from a previous study
(Langley et al., 2019) and encompassing the SN in the R2* image, was
transformed from standard space to R2* maps then thresholded at a
level of 10%, binarized, and dilated. Voxels with R2* values inside the
dilated ROI exceeding a threshold of μREF + 3 σREF were considered to
be part of the SN. The entire area of elevated R2* values was denoted by
SNR2*HIROI.

Since NM-MRI images were not acquired, a NM-MRI based SNpc
template (Langley et al., 2015) was used to localize SNpc. The SNpc
template was constructed from 11 younger healthy participants with no
known neurological abnormalities (6 male, 5 female; mean age:
30.3 years ± 5.3 years). The SNpc template was transformed from
standard space to native R2* images, thresholded at a level of 0.6, and
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binarized. Finally, the SNpc overlap percentage between the whole
SNpc and SN in R2* images was calculated. The SNpc overlap percen-
tage is defined as follows:

=SNpcoverlappercentage
Volume SN SN

Volume SN
( )

( )
pc R HIROI

pc

2

(1)

where SNNM and SNR2*HIROI denote the NM MRI based SNpc and the
R2* SN region, respectively. In order to display graphically the totality
of all the overlap results, a color coded probability map was created
representing the area of iron increases in the SNpc.

2.6. Statistical analysis

2.6.1. Demographic and clinical feature analysis
A chi-square test was used to evaluate the sex between groups. An

independent two-sample t-test was performed to compare age and
clinical features between groups. All of the statistical calculations were
performed using SPSS (Version 20).

Image analysis:
SN, as seen in T2- or T2*-weighted images is spatially incongruent to

the SN seen in NM-MRI images with small overlap between the T2*- and
NM-MRI SNs (Langley et al., 2015). The overlapping region is situated
in the lateral and ventral portion of the NM-MRI SN. Prior imaging
studies have found increased areas of T2*-weighted hypointensity in the

lateral and ventral portions of the NM-MRI SN of PD patients as com-
pared to controls (Langley et al., 2017). Thus, we hypothesized that
SNpc iron levels would be increased in the PD group. Group comparison
of mean R2* in the entire SNpc volume as well as in the SNpc overlap
volume was made using a two tailed two-sample t-test. A correlation
analysis was performed between each of following three parameters:
the mean R2* in the SNpc overlap volume, the mean R2* in the SNpc
template volume, and the SNpc overlap percentage with disease dura-
tion and UPDRS-III score in the PD group controlling for age. Diagnostic
performance of the same three parameters was performed using a re-
ceiver operating characteristics (ROC) analysis. The threshold of sta-
tistical significance was set to p < 0.05.

3. Results

The demographic and clinical data for PD and control groups are
shown in Table 1. No significant differences were observed in age
(p = 0.42) or sex (p = 0.92) between the two groups.

The SNpc overlap percentage represents the occurrence of high R2*
values in the neuromelanin-defined SNpc. The occurrence of overlap is
shown in Fig. 2 in which the range of red to yellow (the SNpc overlap
region) represents the probability of finding increased iron from the R2*
maps in a given spatial location in the template space for the PD cohort
and control cohort. It can be seen from the coronal image in Fig. 2 that
this overlap region is located in the lateral-ventral part of the SNpc.
Increased SNpc overlap percentage was observed in the PD cohort as
compared to controls (PD: 0.33 ± 0.15, controls: 0.07 ± 0.07,
p = 4.70 × 10−13, Fig. 3C). A significant increase in R2* was seen for
the patients with PD relative to controls in the whole NM SNpc template
volume (PD: 34.8 ± 4.7/s, controls: 31.4 ± 4.2/s p = 0.0016,
Fig. 3A) and a trend toward increased R2* was observed in the SNpc
overlap volume (PD: 35.9 ± 5.9/s, controls: 33.2 ± 5.7/s,
p = 0.0572, Fig. 3B).

ROC analysis of R2* in the SNpc overlap volume, the SNpc total
volume and the SNpc overlap percentage in PD and controls yielded an
area under the curve (AUC) of 0.65 (95% CI: 0.52–0.78; p = 0.030),
0.71 (95% CI: 0.59–0.83; p = 0.003) and 0.93 (95% CI: 0.87–0.99;

Fig. 1. The processing pipeline for the SN segmentation and the creation of the overlap mask.

Table 1
Demographic information and clinical characteristics of the HC and PD cohorts.

Variable (mean ± SD) HC (n = 33) PD (n = 39) p value

Sex (man/woman) 14/19 17/22 0.921
Age (years) 63.8 ± 6.9 63.4 ± 7.0 0.416
Education (years) 10.5 ± 3.1 11.8 ± 3.5 0.581
Disease Duration (years) / 6.1 ± 4.5 /
Hoehn and Yahr Scale / 1.7 ± 0.078 /
UPDRS-III score / 22.13 ± 12.64 /

UPDRS unified Parkinson's disease rating scale, PD Parkinson's disease, HC
healthy control.
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p = 3.96 × 10−10), respectively (Fig. 4). The ability to distinguish PD
from HC was clearly better using the SNpc overlap percentage than
using R2* value in either the whole SNpc or the SNpc overlap volume as
the discriminating factor.

The SNpc overlap percentage was positively correlated with disease
duration (R = 0.438; p = 0.006) (Fig. 5A) in the PD cohort. The
overlap changes range from nearly 0% for the very early stage patients
up to roughly 60% for the long disease duration patients. There was no
significant correlation for the SNpc overlap percentage with UPDRS-III
(R = 0.124; p = 0.459) (Fig. 5D). Also, no significant relationships
were observed between R2* in the whole SNpc volume (UPDRS-III:
R = -0.133; p = 0.426; disease duration: R = 0.290; p = 0.078)
(Fig. 5B, 5E) or in the overlap volume (UPDRS-III: R = -0.170;
p = 0.307; disease duration: R = 0.236; p = 0.154) (Fig. 5C, 5F) with
either UPDRS-III or disease duration in PD.

4. Discussion

In this study, a SNpc atlas derived from neuromelanin-sensitive
images was employed to evaluate SNpc iron deposition. We found that
the percentage of SNpc exhibiting increased R2* (SNpc overlap per-
centage) provided excellent diagnostic accuracy (AUC = 0.93) for
discriminating patients with PD from healthy controls. This region was
located in the lateral-ventral part of the NM-MRI defined SNpc, which is
in agreement with previous histological evidence and a previous MRI
study that used T2*-weighted imaging to assess SNpc overlap percen-
tage (Fearnley and Lees, 1991; Langley et al., 2017). Further, the SNpc
overlap percentage was positively correlated with the PD disease
duration in this study.

We found the overlap of iron sensitive and neuromelanin sensitive
SN masks to be approximately 9% in the control cohort presented in
this work. The nonzero overlap of the T2*-weighted (or iron sensitive)
SN mask and neuromelanin sensitive SNpc mask agrees with prior

histological studies which showed that clusters of dopaminergic neu-
rons from the SNpc penetrate into the SNr (Haber, 2003). We pre-
viously reported a mean overlap of T2*-weighted hypointense SN and
neuromelanin SN masks of ~12% in a cohort of young, healthy controls
(Langley et al., 2015). The present result accords well with our prior
work despite the age difference between the two control cohorts, and
this agreement may suggest that iron deposition in the SNpc derived

Fig. 2. The overlap population atlases for
the HC (top row) and PD (bottom row) co-
hort. Sagittal, coronal, and axial views of the
overlap population atlases are shown in the
left column (A and D), middle column (B
and E), and right column (C and F), re-
spectively. The neuromelanin-sensitive
SNpc is shown in blue plus red-yellow and
regions of SNpc undergoing iron deposition
are shown in red-yellow. Higher values in-
dicate that more individuals share iron de-
position. The color bar on the right side
denotes the overlap probability between the
SNpc and the R2* hyperintense substantia
nigra as determined from both cohorts se-
parately. (For interpretation of the refer-
ences to color in this figure legend, the
reader is referred to the web version of this
article.)

Fig. 3. Group analysis of R2* values in both the entire SNpc volume (A) and the SNpc overlap volume (B) for PD and HC cohorts. A comparison of SNpc overlap
percentage in PD and HC is shown in C. This figure shows the maximum (upper line), minimum (lower line), median (center line) and quartile (box) of the data.

Fig. 4. Graph shows receiver operating characteristic curves to assess utility of
three metrics (R2* in SNpc, R2* in SNpc overlap volume, and SNpc overlap
percentage) for discriminating patients with PD and healthy controls.
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from NM-MRI is not dependent on age in normal subjects and is pri-
marily due to PD. Additionally, SNpc R2* values in the control group
are in line with those published in an earlier study examining age-re-
lated iron deposition in SNpc (Langley et al., 2020).

In early stage PD, histological studies have shown that the dopa-
minergic neuronal loss is most pronounced in the caudal lateral-ventral
tier of SNpc while the dorsal tier is relatively preserved (Fearnley and
Lees, 1991; Jellinger, 2012). Our findings also show an increase in iron
deposition in the lateral and ventral portions of the SNpc. This increase
in iron may be due to the accumulation of iron from the depigmented
neuromelanin granules (Jellinger et al., 1992). Several histopatholo-
gical, biochemical and in-vivo brain imaging studies have shown an
increase in total iron concentration in the SN of patients with PD
(Dexter et al., 1991; Zecca et al., 2004), with higher iron content cor-
responding to more severe disease (PD) (Youdim et al., 1990). In ad-
dition, prior imaging studies have found an increase in SN, as defined in
T2-weighted images, iron content for patients with PD as compared to
controls (Du et al., 2018, 2011; He et al., 2015; Martin et al., 2008;
Peran et al., 2010). In accordance with these earlier results, we ob-
served an increase in mean R2* values in the entire SNpc of patients
with PD, indicating increased iron deposition. However, no significant
correlations were observed between mean SNpc R2* values and clinical
measures.

Since SNpc degeneration in early stages of PD is localized to the
lateral-ventral tier (Fearnley and Lees, 1991; Jellinger, 2012), ex-
amination of this region may provide more accurate information re-
garding the pathologic severity of PD. There was an apparent increase
in mean R2* in the overlap region, but it was not as sensitive to PD-
related changes as mean R2* in the entire SNpc. The sensitivity of the
SNpc overlap region to PD-related iron deposition may be dampened by
the small overlap region in controls. As the SNpc overlap region is
smaller than the entire SNpc, R2* increases in the SNpc overlap region
in controls will have a more pronounced contribution to mean R2* than
when R2* is measured in the entire SNpc, effectively raising mean
overlap R2* and reducing the effect size.

Neuronal loss in SNpc is not uniform with most of the loss occurring
in densely packed clusters of neurons named nigrosomes (Damier et al.,
1999). The largest nigrosome, nigrosome-1, experiences the greatest

loss of melanized neurons (Damier et al., 1999). Nigrosome-1 can be
seen as a hyperintense region embedded in the hypointense SN in T2- or
T2*-weighted images of control subjects (Blazejewska et al., 2013). PD-
related iron deposition, associated with neuronal loss, causes a reduc-
tion in T2- or T2*-weighted signal in nigrosome-1 and the marker is not
present in PD subjects (Blazejewska et al., 2013; Cheng et al., 2020;
Schwarz et al., 2018). Intriguingly, nigrosome-1 is located in the lateral
and ventral regions of the neuromelanin-defined SNpc (Huddleston
et al., 2018) and iron deposition in the lateral-ventral tier of SNpc
observed in this work may be imaging similar aspects of PD-pathology.

Interestingly, a significant correlation was observed between SNpc
overlap percentage and disease duration. This result is in agreement
with an earlier histology study examining total iron concentration and
disease severity (Youdim et al., 1990). Since this study uses a cross-
sectional cohort, a longitudinal study measuring SNpc overlap percen-
tage in PD participants at different time points is necessary to verify this
correlation. A longitudinal study of individuals with PD using this ap-
proach examining SNpc overlap percentage will allow for assessment of
within-participant progression and may identify biomarkers sensitive to
treatment response in neuroprotective therapeutic trials or for mon-
itoring disease progression.

Although there is a correlation between the SNpc overlap percen-
tage and disease duration, there was no correlation between the mean
R2* values in both SNpc overlap volume and entire SNpc and disease
duration or ON UPDRS-III score. In this study, UPDRS-III was measured
in the ON medication state and may not accurately represent motor
dysfunction and reduce the concurrence with SNpc iron content.

The ROC analysis found SNpc overlap percentage (AUC = 0.93) to
be the best diagnostic measure for discriminating patients with PD from
healthy controls among the iron-sensitive measures included in this
study. The AUC of SNpc overlap percentage compares well to AUCs
from prior studies examining SN iron deposition (Cheng et al., 2020; Li
et al., 2019) or NM-MRI measures (Ariz et al., 2019; Huddleston et al.,
2017; Schwarz et al., 2016; Shinde et al., 2019), which have AUCs
between 0.7 and 0.9. As each imaging marker is sensitive to a single
aspect of PD pathology, it is likely that a single imaging marker will not
fully capture all facets of PD pathology. A combination of imaging
markers incorporating many different aspects of PD pathology in SNpc

Fig. 5. The SNpc overlap percentage (A) was positively correlated with disease duration in patients with PD. There was no significant correlation for the SNpc overlap
percentage with UPDRS-III B). No significant relationships were observed between R2* in the whole SNpc volume (B, E) or in the overlap volume (C, F) with either
UPDRS-III or disease duration in PD.
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(such as depigmentation of melanized neurons and associated iron
deposition in the lateral-ventral tier, SNpc volume, and SNpc iron de-
position) may improve diagnostic performance and lead to a clinically
useful marker for diagnosis of PD.

While nigral iron deposition has long been reported as a feature of
PD neurodegeneration, the image processing approach applied here
captures PD associated iron deposition in vivo both reproducibly and
with a very strong group effect. This work also replicates a similar study
of nigral iron/neuromelanin MR contrast overlap percentage in PD and
controls (Langley et al., 2017). Further, as seen in the supplementary
materials document, we found that the overlap percentage and spatial
pattern of overlap is consistent in two SNpc atlases. Given these char-
acteristics, iron/neuromelanin overlap percentage appears to be a
promising candidate imaging marker for differentiating PD from HC,
and is worthy of further development for translational applications,
particularly those differentiating PD from atypical parkinsonian syn-
dromes.

This study is not without caveats. First, PD phenotypes are hy-
pothesized to effect structures and functional circuits differently. For
example, patients with tremor dominant PD will have less SNpc de-
pigmentation and elevated dentate nucleus iron than other PD pheno-
types (He et al., 2017, 2015). In this study, the different phenotypes of
PD have not been taken into account to improve power. Second, there
were only a limited number of advanced stage patients with PD. Also, a
longitudinal study with a much larger cohort of patients with PD and
HC is needed to validate this approach and prove the disease progres-
sion. Finally, NM-MRI data was not collected in this study and we
cannot remark on the relationship between iron deposition and NM
loss. Reduced neuromelanin-sensitive contrast has been observed in the
lateral-ventral tier of SNpc (Huddleston et al., 2017) and a multimodal
study examining iron deposition and neuromelanin depletion may
elucidate the role of iron deposition and SNpc depigmentation.

In conclusion, the overlap between the iron content as determined
by R2* mapping and NM in SNpc has the potential to be a neuroimaging
biomarker for PD.
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