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Abstract

Dopamine cell loss and increased iron in the substantia nigra (SN) characterize Parkinson’s
disease (PD), with cerebellar involvement increasingly recognized, particularly in motor
compensation and levodopa-induced-dyskinesia (LID) development. Because the red nucleus
(RN) mediates cerebellar circuitry, we hypothesized that RN iron changes may reflect cerebellum-
related compensation, and/or the intrinsic capacity for LID development. We acquired high
resolution MRI images from 23 Controls and 38 PD subjects [12 with (PD+DYS) and 26 without
(PD-DYYS) LID history]. Iron content was estimated from bilateral RN and SN transverse
relaxation rates (R2*). PD subjects overall displayed higher R2* values in both the SN and RN.
RN R2* values correlated with off-drug Unified Parkinson’s Disease Rating Scale-motor scores,
but not disease duration or drug dosage. RN R2* values were significantly higher in PD+DYS
subjects compared to Controls and PD-DYS; Controls and PD-DYS did not differ. The
association of higher RN iron content with PD-related dyskinesia suggests increased iron content
is involved in, or reflects, greater cerebellar compensatory capacity and thus increased likelihood
of LID development.
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1. INTRODUCTION

Parkinson’s disease (PD) is characterized by loss of dopaminergic neurons in the substantia
nigra (SN) of the basal ganglia (BG). Levodopa corrects the primary motor dysfunction, but
with continuing use and disease progression is associated with levodopa-induced dyskinesia
(LID). The classic striato-thalamo-cortical model posits that dopamine deficiency leads to
primary motor dysfunction via excessive inhibition of the thalamus resulting in reduced
excitatory thalamo-cortical output. Functional somatotopy after pallidotomy, however,
suggests PD primary motor symptoms have a different anatomic substrate from LID
(Kishore et al., 2000) that cannot be explained purely by traditional striato-thalamo-cortical
models.

In recent years, we (Lewis et al., 2011; Lewis et al., 2007; Sen et al., 2009) and others
(Cerasa et al., 2006; Yu et al., 2007) have suggested cerebellar pathways may be important
in the pathophysiology of PD, particularly in compensating for BG dysfunction with
increased functional activity. Increased cerebellar function may contribute to the
development of LID in PD (Brusa et al., 2011; Koch et al., 2009) as shown by increased
cerebellar activity during PD progression (Sen et al., 2009) and by more LID in PD subjects
with younger onset age (Jankovic, 2005), possibly due to more robust compensatory
mechanisms (Fuente-Fernandez et al., 2011). In addition, di- and trisynaptic connections
between the striatum and cerebellum have been demonstrated (Bostan et al., 2010; Hoshi et
al., 2005), and in the context of our previously proposed model of motor control (Lewis et
al., 2007), these data lead to a testable hypothetical model for motor control (Figure 1, Panel
A, gray arrows) in which motor tasks are processed through combined activity of cortico-
striato-cortical and cortico-cerebello-cortical circuits. The model also suggests that the
subcortical striato-cerebellar and cerebello-striatal pathways that may modulate function in a
parallel fashion [the implications of PD (Figure 1, panels B&C) are addressed in the
Discussion].

The red nucleus (RN) receives significant somatotopically-organized input from ipsilateral
motor cortex and contralateral cerebellum (Habasand Cabanis, 2007), thus providing a
pivotal intersection between primary and cerebellar motor pathways (Birdand Shaw, 1978;
Lapresleand Hamida, 1970). Animal studies suggest that RN output provides important
compensation after corticospinal lesions (Belhaj-Saifand Cheney, 2000; Kanagaland Muir,
2009). In PD, the RN may increase its function to fulfill cerebellar compensation in the
presence of BG dysfunction (see Figure 1, Panel B), although the exact mechanism is not
known.

Iron is a cofactor for the synthesis and degradation of several neurotransmitters (Beard et al.,
1993), and occurs in high concentration in many subcortical nuclei with high metabolic
demands (e.g., SN, globus pallidus). In the face of oxidative stress challenges, there is both
an induction of ferritin intracelluarly (possibly as a “sink” for toxic iron) and an up-
regulation of heme oxygenase (increasing iron sequestration into glia). These changes,
however, may promote iron “trapping” or “overload” (Zukor et al., 2009). We thus
hypothesized that RN iron content may be increased in PD, particularly in patients with
higher cerebellar compensation (i.e., higher metabolic demand) in the presence of oxidative
stress; these subjects would be hypothesized to have increased likelihood of developing LID.
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Iron is paramagnetic and causes a strong reduction in T2* relaxation time. Several MRI
studies have demonstrated that the SN transverse relaxation rate (R2*=1/T2%*) is correlated
with iron concentration /n vivo (Gelman et al., 1999), is increased in PD (Sofic et al., 1988),
and discriminates PDs from Controls (Du et al., 2011). The RN lies near the SN, is similarly
iron-rich (Drayer et al., 1986), and is recognized easily in midbrain MRI images (see Figure
2). This is the first MRI study focused on the RN to test the hypothesis that RN iron may
mark the intrinsic capacity of PD subjects to develop LID.

2. METHODS
2.1. Subjects

Thirty-eight PD [12 with (PD+DY'S) and 26 without (PD-DY'S) history of dyskinesia] and
23 control subjects (Controls) were recruited from patients and their companions presenting
to a tertiary movement disorders clinic (Table 1). PD diagnosis was confirmed by a
movement disorder specialist (XH) according to published criteria (Calne et al., 1992), and
PD medications optimized prior to enrollment in the study. Disease duration from time of
diagnosis and history of dyskinesia were obtained from subject history. All 12 PD+DYS
subjects were medically optimized such that dyskinesia was either minimal or totally absent
at the time of study enrollment. Thus, the brain MRI results are unlikely to be influenced by
abnormal movements per se.

Unified Parkinson’s Disease Rating Scale part I11-motor scores (UPDRS-I11; Goetz et al.,
2008) were obtained for each PD subject after withholding all PD medication overnight (~12
h). Levodopa-equivalent daily dose (LEDD) was estimated (Tomlinson et al., 2010), and
total levodopa dose (tLD) calculated by summing the amount of levodopa taken per day. All
subjects were free of major acute medical issues such as liver, kidney or thyroid
abnormalities, or deficiencies of B12 or folate. A medical history on all subjects, noting any
previous or current conditions, was obtained. Each brain MRI (vide infra) was inspected and
reviewed by a board-certified neurologist, and deemed to be free of any cerebral white
matter or ischemic changes. All subjects gave written informed consent, and the study was
reviewed and approved by the Penn State Hershey Institutional Review Board.

2.2. MRI data acquisition

All subjects were scanned using a 3.0 Tesla MR Scanner (Trio, Siemens Magnetom,
Erlangen, Germany) and high-resolution T2-weighted and multi-gradient-echo T2*-
weighted images were collected. T2-weighted images were acquired using a fast-spin-echo
sequence with TR/TE=2500/316, FoVV=256 mm x 256 mm, matrix=256 x 256, slice
thickness=1 mm (with no gap), and slice number=176. A multi-gradient-echo sequence was
used to estimate the proton transverse relaxation rate, R2* (R2*=1/T2*). Six echoes with a
TE ranging from 7 to 47 ms and an interval of 8 ms were acquired with TR=54 ms, flip
angle=20°, FoVV=256 mm x 256 mm, matrix=256 x 256, slice thickness=1 mm (with no
gap), slice number=64. The middle slice of the T2* images was placed on the line between
the anterior and posterior commissures.

2.3. Image processing and analysis

2.3.1. ROI definition—Bilateral SN and RN were delineated manually on multi-slice high
resolution T2-weighted images using ITK-SNAP [www.itksnap.org (Yushkevich et al.,
2006)]. A schematic of the location and shape of the SN and RN are depicted in Figure 2A.
The SN was defined as a hypointensity band between the RN and cerebral peduncle in T2-
weighted axial sections according to a previously published method (Du et al., 2011) as
illustrated in Figure 2B (rostral segment) and 2C (caudal segment). To avoid including the
subthalamic nucleus, the SN segmentation was started at the level of the RN showing the
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largest radius or one slice lower, depending on which slice the tail of subthalamic nucleus
disappeared. A total of 6-8 slices (6-8 mm height) were used. The RN was defined as a
hypointensity circle posterior-medial to the SN in axial sections (Figure 2B). A total of 4-6
slices (4-6 mm height) were used for the RN. The SN and RN regions were drawn
independently by two raters (MK and NP) blinded to subject group designation and the
inter-rater reliability was at an acceptable level, with the Pearson’s correlation coefficients
of estimated R2* values being 0.960 for the RN and 0.703 for the SN.

2.3.2. R2* values—Multi-gradient-echo images were used to estimate the R2* maps by
using a voxel-wise linear least-squares fit to a mono-exponential function with free baseline
using an in-house MATLAB (The MathWorks, Inc., Natick, MA) tool. An affine
registration process implemented in 3D Slicer (www.slicer.org) then was used to map the
SN and RN regions to the R2* maps in order to reduce motions artifacts between T2-
weighted and multi-gradient-echo sequences by co-registering T2-weighted images to an
averaged T2*-weighted image of the six echoes. R2* values in the SN and RN of each
subject were calculated using trimmed means (from the 5%-95% percentile) to reduce
variability introduced by manual segmentation and imperfect registration processes. This
process entailed plotting the histogram of R2* values for each subject and then ‘trimming’
the bottom and top of the distribution. The trimmed mean represents a more robust central
estimator of the measurement, and is based on the assumption that the top and bottom values
represent extreme measures (potential noise). For each subject, the trimmed mean R2* value
from the left and right SN or RN then was combined and averaged, resulting in one R2*
value for each structure.

2.4, Statistical Analysis

Demographic data were compared using two-sample t-tests and Fisher’s exact tests as
appropriate. Regional R2* values were compared between PD and Controls or among
Controls and PD subgroups by analyses of covariance with adjustments for age and gender.
For some analyses, further adjustments for UPDRS-111 scores, disease duration, LEDD, or
tLD also were made. The relationship between UPDRS-I111 scores, disease duration, LEDD,
tLD, and R2* values was explored by Pearson’s correlation analysis in the overall PD group
and subgroups. Due to the exploratory nature of these correlational analyses, correction for
multiple comparisons was not implemented. Logistic regression and receiver operating
characteristic (ROC) curves compared the sensitivity and specificity separately for SN
R2*values, RN R2* values, and disease duration and for their combinations. The c-statistic,
representing the area under the ROC curve, was calculated as a measure of discrimination.
All statistical analyses were performed using SAS 9.2 (SAS Institute Inc., Cary, NC, USA).

3. RESULTS

3.1. Subject Characteristics

There were no significant differences among PD, PD subgroups, and Controls in age or
gender, although there were more males in the PD group and more females in the Controls,
reflecting PD being more common in males and many Controls being spouses of the PD
subjects. Clinically, most PD subjects were relatively early in disease course (Table 1). The
PD+DYS and PD-DY'S subgroups demonstrated no significant difference in age or gender.
As expected, (Hauser et al., 2006; Jankovic, 2005), PD+DY'S subjects had significantly
higher tLD, LEDD, and longer disease duration compared to PD-DY'S. The two PD groups
were remarkably similar in UPDRS-I11 scores and Hoehn & Yahr staging.
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3.2. Comparison of R2* Values in SN and RN between groups

R2* values in the SN and RN of PD subjects were significantly higher compared to Controls
(Figure 3A). In the PD subgroups, PD—-DYS subjects had significantly increased R2* in SN
(p=0.036), but not RN (p=0.180), compared to Controls (Figure 3B). PD+DYS subjects,
however, demonstrated significantly increased R2* values in both the SN (p=0.0001) and
RN (p=0.002) compared to Controls. Moreover, both SN (p=0.023) and RN (p=0.011) R2*
values in PD+DY'S subjects were significantly higher compared to PD-DY'S subjects
(Figure 3B). Whereas the significant difference in RN (p=0.025) and SN (p=0.047) R2*
values between the two PD subgroups was maintained following adjustment for UPDRS-I111
scores, only the RN R2* values remained significant after adjusting further for disease
duration (SN p=0.106, RN p=0.003), LEDD (SN p=0.117, RN p=0.014) or tLD (SN
p=0.084, RN p=0.009).

3.3. Clinical correlations of R2* Values in SN and RN

In the overall PD group, SN R2* values were correlated with UPDRS-111 scores, disease
duration, tLD, and LEDD values, whereas RN R2* values were associated significantly only
with UPDRS-I11 scores (Table 2). None of the SN R2* values were associated with clinical
measures in either PD subgroup. The association between UPDRS-I1I scores and R2* values
in the RN, however, was found in the PD-DY'S group (r=0.422, p=0.033), but absent in the
PD+DYS group (r=0.04, p=0.907; Table 2).

3.4. Logistic regression analysis to discriminate PD+DYS and PD—DYS subjects

Since UPDRS-I11 scores were not significantly different between the two PD subgroups,
they were not included in the regression analyses. Although LEDD and tLD were different
between the subgroups, regression analyses indicated these factors either alone or in
combination with disease duration and/or the imaging measures did not contribute to the
discrimination of the two subgroups (data not shown). As a result, the remaining regression
analyses included disease duration, SN R2* values, and RN R2* values alone or in
combination. There was significant discrimination between PD+DYS and PD-DY'S subjects
using the individual factors of disease duration, SN R2* values, or RN R2* values alone
(Table 3). The combination of SN and RN R2* values improved the discrimination between
the PD subgroups compared to either factor alone, although it was not better than disease
duration alone. Combining SN R2* values and disease duration slightly increased the
discrimination between the PD subgroups (Table 3, Figure 4A). The combination of RN R2*
values and disease duration, however, yielded the greatest discrimination (Table 3, Figure
4B).

4. DISCUSSION

It is well-established that the SN (Jellinger, 1991) has increased iron and R2* values in PD
(Du et al., 2011; Gorell et al., 1995; Martin et al., 2008; Sofic et al., 1988), suggesting that
iron accumulation plays an etiological (Lavaute et al., 2001) and/or compensatory (Rivera-
Mancia et al., 2010) role. Prior studies reported increased SN iron in PD was correlated with
motor scores (Martin et al., 2008), and we found that increased SN iron in PD (Figure 3A)
was associated with clinical measures (Table 2). These data support the notion that SN iron
may be a good marker for PD progression since it is correlated with all clinical
measurements, including disease duration, UPDRS-I11I scores, tLD, and LEDD. The key
finding of this study is, however, the R2* changes in the RN.
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4.1. The red nucleus and PD

Despite lying adjacent to the SN in the midbrain and being similarly rich in iron (Drayer et
al., 1986), few studies have interrogated iron RN levels in PD subjects; the available data are
equivocal or non-significant (Table 4). The current study is the first to demonstrate
significantly increased RN iron in PD that appears to be due to increased iron content in PD
+DY'S subjects (Figure 3). The inclusion of PD+DY'S patients in imaging studies is
challenging because motion can affect the quality of MR images. In the current study, all PD
+DY'S subjects were medically optimized and had minimal movement making MRI scans
better tolerated, and enabling us to delineate midbrain structures with confidence. It is
interesting to note that if only PD-DY'S subjects had been studied, RN R2* differences
between PD and controls would not have been statistically different (Figure 3B), similar to
previous reports (Table 4). RN iron was associated significantly with UPDRS-I1I scores, but
not with disease duration, tLD, or LEDD in PD subjects as a whole. The association
remained only in the PD-DY'S group, suggesting these patients may be in a different (pre-
clinical) state as it relates to developing LID.

4.2. The role of the cerebellum in dyskinesia

Iron in the RN differed between the PD subgroups, and provides the best predictor for
occurrence of dyskinesia when combined with disease duration. This supports the idea that
RN R2* may be a marker for the propensity to develop dyskinesia, whether in an etiological
or compensatory sense. It further supports the notion that structures outside traditional
striato-thalamo-cortical pathways, specifically cerebello-thalamo-cortical structures, may
play a role in LID development. Consistent with this hypothesis, Sen et a/. (2009) reported
increased cerebellar activity with PD progression. Recent studies have demonstrated
cerebellar involvement in somatosensory integration (Bastian, 2006; Wolpert et al., 1998),
and Liu et al. (2001) reported decreased drug-induced dyskinesia after turning off visual
guidance. These results suggest that decreased somatosensory integration may diminish
cerebellar pathway compensation resulting in less dyskinesia. Additionally, decreased
glucose utilization in the cerebellum following continuous theta burst stimulation mirrors
decreased dyskinesia scores in PD (Brusa et al., 2011).

Strick and colleagues (Bostan et al., 2010; Hoshi et al., 2005) demonstrated that the striatum
and cerebellum may communicate and/or influence motor circuitry function at the
subcortical level through di- and trisynaptic connections. Although previous studies indicate
that several brain structures like the striatum and subthalamic nucleus play a role in LID
(Fabbrini et al., 2007), we (Lewis et al., 2011; Lewis et al., 2007; Sen et al., 2009) and
others (Cerasa et al., 2006; Yu et al., 2007) have suggested cerebellar pathways also may be
important in PD pathophysiology, particularly in compensating for BG dysfunction. The RN
may provide another point of functional intersection between striato- and cerebello-thalamo-
cortical motor pathways. Increased RN iron may reflect structural changes associated with
cerebello-thalamo-cortical compensation in PD. Additional research is needed to determine
the interplay of the two motor circuits and their role in dyskinesia, but these data may be
placed in the context of the proposed model of striato- and cerebello-thalamo-cortical
function in either normal (Figure 1, Panel A) or dysfunctional motor control (Figure 1,
Panels B and C) that extends the ideas proposed by Strick and coworkers (Bostan et al.,
2010; Hoshi et al., 2005).

As stated, motor tasks normally are processed through combined activity of cortico-striato-
cortical and cortico-cerebello-cortical circuits (Figure 1, Panel A, gray arrows), modulated
by subcortical striato-cerebellar and cerebello-striatal pathways in a parallel fashion. When
striatal dysfunction leads to diminished input to thalamo-cortical and striato-cerebellar
structures in PD+DY'S, markedly increased activity in cerebellar pathways (through the RN
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and thalamus) sets the stage for LID development (Figure 1, Panel B). In PD-DYS, there
may be slightly increased activity in cerebellar circuits, but insufficiently dysfunctional to
predispose patients to LID (Figure 1, Panel C).

4.3. The meaning of the RN R2* signal

The exact biochemical substrate for the observed R2* increase is unknown. Although R2*
most likely reflects iron content, the current study could not assess the state of the iron.
Nevertheless, there are a number of possibilities for the observed increased RN R2*. For
example, the RN contains both transferrin and ferritin, whose iron binding capacities may be
increased with higher metabolism (Beard, 2003). It also is likely that there may be increased
iron sequestration in RN glia from up-regulation of heme oxygenase due to increased
metabolic demand in conjunction with oxidative stress (Zukor et al., 2009). In addition, the
RN contains neuromelanin (Nietoand Nieto, 1986) and the increased iron may reflect
neuromelanin over-saturation. Additional pathological work focused on PD subjects
demonstrating a history of dyskinesia can help determine the form of iron and the
mechanism behind increased R2*.

Iron has been linked etiologically to cell loss in several neurodegenerative disorders,
including dopamine cell loss in the SN in PD (Jellinger, 1991; Sofic et al., 1988). This link
is strengthened by recent work demonstrating markedly increased SN iron in tau-knockout
mice having significant loss of dopaminergic neurons (Lei et al., 2012). Iron in the
remaining SN cells also may be compensatory to the primary cell damage (Rivera-Mancia et
al., 2010). The RN, however, is not a primary site of PD pathology, and previous studies
(Braak et al., 2003; Jellinger, 1991) have not reported RN cell loss possibly because PD
-DYS and PD+DYS patients were not distinguished. Pathological studies on patients with
LID history may help resolve the role of iron; a lack of RN cell loss would argue against
increased RN iron being linked etiologically to PD-related cell death. The fact that the
observed iron changes in the RN were seen only in PD+DYS patients is consistent with this
notion. It is possible, however, that longitudinal examination of non-dyskinetic subjects
might show a delayed, but equivalent, increase in RN iron that does not correlate with LID
induction. Such a result would argue against the hypothesis we favor (vide infra). The
current study has other limitations. Although our sample size of 38 patients and 23 Controls
is substantial compared to other neuroimaging-based PD studies, it is relatively small for a
cross-sectional study. Moreover, there were more males in the PD group and more females
in the Controls. This reflects that PD is more common in males (Baldereschi et al., 2000;
Mayeux et al., 1992), and also that many Controls were spouses of the PD subjects. The
different gender proportions were not significantly different, but although we corrected for
gender differences in our statistical analyses, we cannot rule out a possible gender effect in
our results. In addition, tLD or LEDD after medical optimization may not reflect lifelong PD
drug exposure. Thus, we could not test adequately the hypothesis that RN R2* changes
result from prior medication usage. It will be critical to test this vigorously in drug naive,
newly diagnosed PD patients in a prospective, longitudinal study.

4.4, Conclusions

The current data are consistent with the hypothesis that, as an integral part of cerebellar
circuitry, the RN may mediate PD-related compensatory changes and the occurrence of
dyskinesia. This may be reflected by higher RN iron content, as increased RN R2* values
were most prominent in PD+DY'S subjects. The increased iron content was not influenced
by the use of levodopa or other antiparkinsonian drugs, and was detectable even though
dyskinesia in PD+DY'S subjects had been markedly attenuated by medication optimization.
Although it is generally accepted that pulsatility of dopamine receptor occupation is a factor
that initiates LID (Karlsborg et al., 2010; Nyholm, 2007; Olanow et al., 2006a; Olanow et
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al., 2006b), this is the first indication that intrinsic cerebellar circuitry may play a role in the
causation of this debilitating aspect of PD treatment. These data require independent
confirmation from imaging and pathological studies, but may lead to a new understanding of
LID and potential interventions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Model of motor function. Panel A (normal subjects): Motor tasks are accomplished through
combined activity in striato- and cerebello-thalamo-cortical circuits (gray arrows) with
modulation from striato-cerebellar and cerebello-striatal subcortical pathways (solid lines).
Panels B & C (see Discussion): Model of motor dysfunction in PD with and without
dyskinesia. In PD+DYS, decreased input from dysfunctional striatal circuits (dotted lines)
leads to markedly increased activity in cerebellar circuits that set the stage for LID
development (Panel B). In PD-DYS patients, the slightly increased recruitment of
cerebellar circuits is not dysfunctional enough to result in predisposition for development of
LID (Panel C).
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Figure 2.

Relative location of the substantia nigra (SN) and red nucleus (RN) on a schematic of the
midbrain (A). A typical MRI image illustrates the location of the SN (green) and RN (red) in
T2-weighted images (B) and the co-registered regions on the R2* (C) map in an axial
section.
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Mean SN and RN R2* values (+ SD) for Control and PD subjects. (3A) In both the SN and
RN, PD subjects had higher R2* values compared to control subjects. (3B) In both the SN
and RN, PD subjects with a history of dyskinesia (PD+DYS) had higher R2* values
compared to both control subjects and PD subjects without a history of dyskinesia (PD
-DYS). PD-DYS subjects showed significantly higher R2* values in the SN compared to
Controls, but this comparison did not reach significance in the RN.
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ROC curves for discriminating between PD subjects with and without history of dyskinesia.

Panel A represents the model that tests disease duration and SN R2* values alone or in

combination. Panel B depicts the model that tests disease duration and RN R2* values alone

or in combination.
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Pearson’s correlation coefficients and p-values (in parentheses) between clinical scores and SN and RN R2*
values in the overall PD group and PD subjects with (PD+DYS) and without (PD—DY'S) history of dyskinesia.

Clinical measurement | Overall PD group | PD-DYS | PD+DYS
SN
Total UPDRS-111 0.364 0.336 0.217
(0.025) (0.093) (0.498)
tLD 0.346 0.228 0.244
(0.035) (0.262) (0.445)
LEDD 0.448 0.202 0.190
(0.005) (0.322) (0.554)
Disease duration 0.357 0.275 0.484
(0.028) (0.174) (0.111)
RN
Total UPDRS-111 0.356 0.422 0.038
(0.028) (0.032) (0.907)
tLD 0.068 0.122 -0.458
(0.684) (0.554) (0.134)
LEDD 0.159 0.195 -0.498
(0.341) (0.339) (0.099)
Disease duration 0.114 .240 -0.304
(0.495) (0.237) (0.337)

Bold and italic highlight statistically significant results with p<0.05.

tLD = levodopa dosage; LEDD = levodopa equivalent daily dosage
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Logistic regression results for predicting PD dyskinesia status from SN R2* values, RN R2* values, or disease
duration alone or in combination.

Odds ratio
Parameter (s) (95% confidence Model

used in the Model interval) p-value  C-statistic
Disease duration 0.686 (0.525, 0.897) 0.006 0.825
SN R2* 0.844 (0.725,0.983)  0.029 0.731
RN R2* 0.774 (0.619,0.970)  0.026 0.766
SN R2* SN R2* 0.893 (0.754, 1.058)

+ 0.014 0.811
RN R2* RN R2* 0.819 (0.642, 1.046)

Disease duration Disease duration  0.706 (0.539, 0.924)

+ <0.001 0.846
SN R2* SN R2* 0.888 (0.739, 1.067)

Disease duration Disease duration  0.624 (0.438, 0.888)

+ <0.001 0.917

RN R2*

RN R2*

0.713 (0.541, 0.940)
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Prior studies reporting RN iron values.

R2* values
Study Subjects (p value)
(Vymazal et al., 1999) | 23 PD, 18 Controls 1 (>0.05)
(Martin et al., 2008) 26 PD, 13 Controls 1 (>0.05)
(Peran et al., 2010) 30 PD, 22 Controls 1 (>0.05)
(Zhang et al., 2010) 40 PD, 26 Controls 1 (0.272)
(Jinetal., 2011) 45 PD, 45 Controls 1(0.247)

1. increased; {: decreased; PD: Parkinson’s disease
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