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Abstract

The progression of Parkinson’s disease (PD) seems to vary according to the disease stage, which
greatly influences the management of PD patients. However, the underlying mechanism of
progression in PD remains unclear. This study was designed to explore the progressive pattern of
iron accumulation at different stages in PD patients. Sixty right-handed PD patients and 40 normal
controls were recruited. According to the disease stage, 45 patients with Hoehn-Yahr stage < 2.5
and 15 patients with Hoehn-Yahr stage = 3 were grouped into early-stage PD (EPD) and late-stage
PD (LPD) groups, respectively. The iron content in the cardinal subcortical nuclei covering the
cerebrum, cerebellum and midbrain was measured using quantitative susceptibility mapping
(QSM). The substantia nigra pars compacta (SNc) showed significantly increased QSM values in
the EPD patients compared with the controls. In the LPD patients, while the SNc continued to
show increased QSM values compared with the controls and EPD patients, the regions showing
increased QSM values spread to include the substantia nigra pars reticulata (SNr), red nucleus
(RN) and globus pallidus (GP). Our data also indicated that iron deposition in the GP internal
segment (GPi) was more significant than in the GP external segment. No other regions showed
significant changes in QSM values among the groups. Therefore, we were able to confirm a
regionally progressive pattern of iron accumulation in the different stages of PD, indicating that
iron deposition in the SNc is affected exclusively in the early stages of the disease while the SN,
RN and GP, and particularly the GPi segment, become involved in advanced stages of the disease.
This is a preliminary study providing objective evidence of the iron-related progression in PD.

"Direct all correspondenceto: Prof. Minming Zhang, MD, PhD, Department of Radiology, The Second Affiliated Hospital, Zhejiang
University School of Medicine, No.88 Jiefang Road, Shangcheng District, Hangzhou, China, 31009, Phone: 86-0571-87315255, Fax:
86-0571-8735255, zhangminming@zju.edu.cn.
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Introduction

Parkinson’s disease (PD) is one of the most common neurodegenerative diseases and has a
progressive evolution (1). As the disease progresses, patients with Hoehn-Yahr stage > 2.5
seem to have a significantly faster disease progression (2) and show a high incidence of
balance dysfunction (3). Although these clinical manifestations greatly influence the
management of PD patients at different stages, the underlying mechanism remains unclear.
The principal pathogenesis of PD is the selective and progressive loss of dopaminergic
neurons in the substantia nigra (SN) pars compacta (SNc) (4,5) and secondary degenerative
changes in the basal ganglia (6). Cerebral iron plays an important role in physiologic
functions, such as the synthesis of neurotransmitters (7). By contrast, excessive iron content
would promote apoptosis of neurons due to the iron-related oxidative reaction and
neurotoxicity (8-10). Therefore, exploring the changes in iron macroscopically in patients at
different stages of PD would contribute to a better pathological understanding of the
progression of the disease.

Various MRI techniques were used to measure iron in vivo and showed selectively increased
iron content in the SNc (11-16). These findings were consistent with those of early
biochemical studies (17-19). For the SN pars reticulata (SNr), the iron content did not
appear to increase significantly until the disease progressed to the advanced stages
(11,12,14,15,20). Studies have measured the iron content in other nuclei in addition to the
SN, but the results are conflicting due to the analysis of various cohorts of patients
(11,14,15,21-24). Therefore, the different disease stages may lead to conflicting data.

Regionally progressive iron deposition, including levels and spatial distribution, has been
indicated in the SN, which is the main impaired region in PD (11,12,14,15,20). However,
whether the iron content of the all subcortical nuclei, including the cerebrum, cerebellum
and midbrain, varies according to disease stage is unknown. Therefore, we hypothesized that
the level and spatial distribution of iron in these cerebral regions might differ according to
the stage of PD.

Quantitative susceptibility mapping (QSM) compensates for the nonlocality of magnetic
field distribution (25) and provides a robust measurement of magnetic susceptibility, which
is significantly correlated with the brain’s iron content (26—28). In this study, we utilized
QSM to investigate the cerebral iron content in the cerebrum, midbrain, and cerebellum in
early- and advanced-stage PD patients. We aimed to explore the underlying differences in
the level and spatial distribution of iron at different stages of PD and to explain the potential
progressive pattern of iron accumulation. In addition, in order to test the robust measurement
of iron by QSM, R2* was calculated afterwards.

NMR Biomed. Author manuscript; available in PMC 2018 April 01.
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2. Materials and methods

2.1. Subjects

Sixty right-handed PD patients with a mean age of 57.1 + 8.2 years and 40 gender- and age-
matched healthy controls with a mean age of 56.6 + 9.9 years were recruited from the
Department of Neurology, the Second Affiliated Hospital of Zhejiang University School of
Medicine. All PD patients were further subdivided into 2 groups according to their severity
of motor impairment. Finally, 45 patients with Hoehn-Yahr stage < 2.5 were grouped into
the early-stage PD (EPD) group and 15 patients with Hoehn-Yahr stage = 3 were grouped
into the late-stage PD (LPD) group.

PD was diagnosed by a neurologist (Dr. Luo) according to the UK PD Brain Bank criteria.
The exclusion criteria included other neurologic or psychiatric disorders, brain trauma, and
general exclusion criteria for MR scanning. The Unified Parkinson's Disease Rating Scale
(UPDRS) and the Mini-Mental State Examination (MMSE) scores and the disease duration
were recorded for all patients. No patients were cognitively impaired according to the
MMSE. Thirty-nine patients were taking medication with a good response. Anti-
parkinsonian medication was terminated at least 12 h prior to the clinical assessments and
image scanning. Normal subjects recruited for the present study were excluded if they had a
history of neurologic or psychiatric disorders or brain trauma. Table 1 shows the
demographic characteristics of the participants.

All subjects provided informed consent to participate in the study, which was approved by
the Medical Ethic Committee of the Second Affiliated Hospital, Zhejiang University School
of Medicine.

2.2 MRI, QSM and R2*

The MR images were acquired using a 3.0 Tesla machine (GE Medical Systems, Signa
Excite). During MRI scanning, ear plugs and foam pads were used to reduce noise and head
motion. Three-dimensional, multi-echo, gradient echo images were acquired with flow-
compensated, 3D-enhanced T2 star-weighted angiography sequences. Manual shimming
was conducted before scanning each patient to ensure that the static magnetic field was
uniform. Due to patients’ parkinsonian tremors, all images were cautiously checked after
scanning; if the quality was poor because of a motion artifact, the sequence was re-scanned.
The typical parameters were as follows: in-plane resolution = 0.78125%0.78125; TR = 45
ms; TE = 5.0, 10.02, 15.04, 20.06, 25.08, 30.10, 35.12 and 40.14 ms; flip angle = 25°; slice
thickness = 2.8 mm; slice spacing = 0 mm; bandwidth = 31.25 Hz/pixel; and matrix size =
240 x 240. The total scan time was 3 min 30 s.

A computer cluster using STI Suite software (Duke University) processed phase images
retrieved in DICOM format from the MRI scanner (29,30). First, the phase images were
unwrapped using the Laplacian method, which relies only on the sine and cosine functions
of the phase angle (26,31). Next, due to the large background phase overwhelming the tissue
phase contrast in the unwrapped phase, the V-SHARP method, with a spherical mean radius
increasing from 0.6 mm at the boundary of the brain to 25 mm toward the center of the
brain, was used to remove the background phase (26,32). The resulting tissue phase was then
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used to compute the susceptibility maps using an improved LSQR algorithm (29). The
quantitative susceptibility assessments of various deep nuclei regions were made by using
the susceptibility of cerebrospinal fluid as a reference (26,31). It has recently been shown
that the iLSQR algorithm provides an unbiased estimate of tissue susceptibility with
negligible streaking artifacts, in contrast to multi-orientation QSM reconstruction (29).

R2* images were processed using the multi-gradient-echo data with fitting of the
monoexponential equation. All of these steps were performed in MATLAB (2009b) using
home-made program.

2.3 Region of interest (ROI) determination

ITK-SNAP (www.itksnap.org) was used to perform manual segmentation and measure the
QSM and R2* values for each nucleus. Data for each region were obtained from the entire
visible slice. An experienced neuroradiologist responsible for the ROI analysis was blinded
to the information about the subjects, including disease status and demographics. ROIs were
drawn to cover the cerebrum, cerebellum and midbrain, including the SNr, SNc, red nucleus
(RN), putamen, globus pallidus (GP), thalamus, head of caudate and dentate nucleus (Fig.
1). The SNr was identified as the band of high signal in the ventrolateral midbrain, while the
region between the SNr and RN was considered to represent the SNc (11-16). Furthermore,
it is well known that the SNr/GP internal (GPi) segment is a functional complex regarded as
a key node in the pathophysiological changes of PD (6). A recent study revealed that QSM
could accurately depict the medial medullary lamina, which is the boundary of the GPi and
GP external (GPe) segments (21). Therefore, in the present study, we also delineated the
subregions of the GP in our susceptibility maps and measured the QSM values in these
regions (Fig. 2). To investigate the reproducibility and reliability of the QSM data, the same
experienced neuroradiologist responsible for the ROI analysis again measured the total
subcortical nuclei 3 months later.

2.4 Statistical analysis

All data were analyzed using IBM SPSS Statistics version 19.0. The normal distribution of
data was confirmed using the one-sample Kolmogorov-Smirnov test. Differences in gender
and age distribution of the three groups were compared using analysis of variance (ANOVA)
for age and the Pearson chi-square test for gender. The intra-class correlation coefficients
(ICC:s) for the agreement between QSM measurements at the two time points were
calculated. Differences in disease duration, UPDRS motor scores and MMSE scores
between the two PD groups were also compared by an independent samples t-test, while the
medication history was compared by the Pearson chi-square test. Regional QSM values and
R2* values (the average values of the bilateral regions) were compared using ANOVA for
the three groups (EPD, LPD and control) controlling for age and gender. The intergroup
comparisons were performed using Bonferroni correction. Correlation analyses regarding
age and gender as covariates between the regional iron content and disease severity were
conducted in the PD patients. In addition, to quantify the contrast between the GPi and GPe
segments for each group, paired t-tests were also performed. All tests were two-tailed (a =
0.05). A p-value less than 0.05 was considered to be statistically significant.
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3. Results

3.1 Demographic data among the three groups

In the present study, there were no significant differences in gender (p = 0.374) and age (p =
0.130) among the controls, EPD and LPD patients. To control for the underlying cofounders,
we determined that there were no statistically significant differences in the MMSE scores (p
= 0.578) and medication history (p = 0.639) between the EPD and LPD patients (Table 1). It
is important to note that a tendency for increased disease duration (p = 0.078) was observed

in LPD patients, probably because PD is a progressive degenerative disorder.

3.2 Regional iron deposition at different stages using QSM

The ICCs for agreement between QSM measurements at the two time points were greater
than 0.810 (95% confidence interval: 0.730-0.868), showing excellent agreement between
the two measurements (for details, see Supporting Information Table S1).

The intercomparisons of QSM values among the groups in the subcortical nuclei, including
the cerebrum, cerebellum and midbrain, were performed controlling for age and gender (Fig.
3). The QSM values significantly increased in the SNc for EPD patients compared with
those of the normal controls (p < 0.001), indicating increased iron content in this region. In
LPD patients, while the SNc continued to show increased QSM values compared with those
of the controls and EPD patients (both p < 0.001), the regions showing increased QSM
values spread to the SNr (LPD vs. controls, p < 0.001; LPD vs. EPD, p = 0.031); RN (LPD
vs. controls, p = 0.018); and GP (LPD vs. controls, p = 0.006; LPD vs. EPD, p = 0.004).
Interestingly, the absence of differences in QSM values in the GP (p = 1.000), RN (p =
0.178) and SNr (p = 0.353) between the controls and EPD patients was noted throughout our
data. No other regions showed significant changes in QSM values among the controls, EPD
and LPD patients.

Nevertheless, in contrast to the results of QSM, the R2* indicated that the only region
showing iron deposition was the SNc in the PD groups compared with the controls (EPD vs.
controls, p < 0.031; LPD vs. controls, p < 0.017) (for details, see Supporting Information
Fig. S1). Therefore, by comparing these results of R2* and QSM, QSM was more sensitive
in exploring the underlying alterations of iron content in the iron-rich regions, such as SNr,
GP and RN between patients groups.

3.3 Correlations between clinical features and regional iron content

In the PD patients recruited for the present study, we observed that the iron content in the
SNc and GP was significantly correlated with the Hoehn-Yahr stage (r = 0.375, p = 0.004; r
=0.314, p = 0.016, respectively) (Fig. 4A-B), and the former was also significantly
correlated with the UPDRS maotor scores (r = 0.335, p = 0.010) (Fig. 4C). However, we
found no correlation between the iron content in the RN and disease severity.

3.4 GP subregions

We also observed changes in the QSM values in the internal structure of the GP (Fig. 2).
First, among the groups, the QSM values in both the GPi and GPe segments significantly
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increased in the LPD patients compared with the EPD patients (p = 0.006 and 0.017,
respectively) and controls (p = 0.006 and 0.029, respectively), and the data also indicated
that the levels of increased iron content in the GPi segments were higher than those in the
GPe segments (Fig. 3). In addition, we confirmed the natural contrast in the internal
structure of the GP, in which QSM values in the GPe segment were significantly higher than
those in the GPi segment (p < 0.001) in the controls; this was also observed in the EPD
patients (p < 0.001) (Table 2). By contrast, in the LPD patients, the initial contrast of the
GPe and GPi segments was entirely absent (p = 0.881), providing more evidence that the
iron content in the GPi segment increased more significantly than in the GPe segment (Table
2). Briefly, the iron content in the subregions of the GP, and particularly in the GPi segment,
significantly increased in the LPD patients.

4. Discussion

The key finding in the present study was the regionally progressive accumulation of iron
from the SNc to the SNr, RN and GP during disease progression. By focusing on the GP, we
confirmed that QSM could accurately depict the internal structure of the GP. In addition, the
iron content in the GPi segment increased more significantly than that in the GPe segment in
LPD patients. Finally, by comparing with R2*, QSM seemed to be more sensitive in
exploring the difference of iron deposition in the iron-rich regions.

4.1 Progressive iron accumulation within the SN

Compared with the normal controls, we found that EPD patients exhibited significantly
elevated iron content specifically in the SNc. As the disease progressed into the late stages
(LPD), iron deposition extended to the SNr. Because the SNc is the main impaired structure
in PD, this region is likely to be more vulnerable to iron accumulation than other cerebral
regions, and the iron content in this region was significantly correlated with disease severity.
Bartzokis et al (33) reported iron deposition in both the SNc and SNr in early-onset PD
patients, indicating that the time of disease onset is not the key factor that influences iron
distribution within the SN. By recruiting non-demented, moderately affected PD patients,
Nestrasil et al (13) and Du et al (16) also found significant iron deposition in the SNc region.
Consistent with our findings, iron accumulation exclusively in the SNc was observed in EPD
patients (12,14), while that in the SNr was only seen in advanced PD patients (12). These
results confirm that iron deposition in the SNc, which is the relevant region in EPD patients,
is a prospective biomarker indicating early- stage PD. By contrast, iron deposition in the SNr
indicates a later stage of PD.

4.2 Enlarged extent of progressive iron accumulation

As the progressive iron deposition within the SN was confirmed above, we also explored the
whole brain nuclei, including the cerebrum, midbrain and cerebellum, to determine the
progression-related changes in iron content. In LPD patients, the elevated iron content
further spread to the GP and RN compared with that in EPD patients, a finding that
corresponded to our hypothesis. Increasing iron content in these regions would impair the
behavioral function during normal aging (34). This finding may suggest that significant iron
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deposition in the GP and RN might be related to severe behavioral dysfunction, which is
shown in LPD patients in the present study.

Though studies have been performed extensively on the changes of iron content in PD, this
progressive iron accumulation in the different stages has not yet been reported. Iron
deposition in the GP was not consistently evaluated in previously published studies
(11,14,21,22). Although most studies recruiting general PD patients reported no significant
change in the iron content in the GP (11,14,21), Ye et al (22) observed significant iron
deposition in the GP in a long-disease-duration cohort similar to our LPD patients, and the
iron content significantly correlated with disease severity. These results indicate that iron
deposition in the GP might be influenced by disease stage. As a result, our data showed iron
deposition in this region exclusively in the LPD patients, and the significant correlation
between the Hoehn-Yahr stage and GP iron content further supported that hypothesis.

Regarding the RN, in the present study, the iron content did not significantly change in our
EPD patients, as shown in previously published studies (12,14), while the iron content in the
same region significantly increased in the LPD patients compared with the controls.
Although this result might seem unexpected at first, it may very well reflect the function of
the cerebello-thalamo-cortical circuit. Due to the presence of basal ganglia dysfunction in
PD patients, the RN might increase its function to fulfill cerebellar compensation (35).
Therefore, we speculate that iron deposition in this region exclusively in patients with severe
motor impairment (LPD patients) probably indicates significantly increased cerebellar
compensation. In addition, the absence of significant iron deposition in the EPD patients
indicates that basal ganglia dysfunction in these patients might not significantly activate
cerebellar compensation. However, a recently published PD study found iron deposition in
this region, especially in early patients (36), which differed from both the findings in
previous studies (11,12,14) and the present findings. It is difficult to explain the reasons
underlying this inconsistency, but the results in the EPD patients in our study are supported
by the work of others (11,12,14). In addition, Wang et al (12) did not observe this pattern of
iron deposition in their study, which involved a small sample (n=7) of late-stage patients and
used phase imaging. The enlarged sample size in the present study and the robust
measurements using QSM could probably explain the inconsistency. Therefore, this finding
indicates a potential pathological change in the progression in PD. However, for further
implications of this finding, the iron content in this region in the LPD patients should be
confirmed in future studies.

4.3 Special insight into the internal structure of the GP

Overactivity of the SNr/GPi complex plays an important pathophysiologic role in the
manifestation of motor impairment in PD (6). We found that the iron content in the GPi and
GPe segments significantly increased exclusively in the LPD patients, similar to what was
found in the SNr, and the iron content in the GPi segment increased more significantly than
in the GPe segment. In a recent study, Ide et al (21) demonstrated the usefulness of QSM in
identifying the internal structure of the GP in PD patients, and that result was supported by
our data of EPD patients. However, there were also conflicting results in these regions. By
using T2 mapping, Kosta et al (15) found significantly decreased T2 values in the GPe
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segment, indicating increased iron content in this region, while the T2 values in the GPi
segment did not significantly change. Griffiths et al (24,37) reported significantly increased
iron content in the GPe segment but decreased iron content in the GPi segment in the brains
of six deceased PD patients. There are several possible reasons for these conflicting results.
First, the patients without a classification of disease stage would degrade the statistical
significance for certain regions, and technologically, increased iron content with decreased
T2 values would be compromised by the increased water content in the diseased tissues.
Therefore, QSM could provide a robust measurement of the iron content independent of
water influence in the present study. Second, a postmortem study is identified as the gold
standard; however, the sample size (n = 6) in the previous study (24,37) was rather small.
Taken together, our data showed that the iron content in the GP varies according to the
internal structures and disease stage. The GPi segment, as a node of the SNr/GPi complex,
which showed a similar iron deposition to the SN, is probably the main involved subregion
within the GP in LPD patients. However, it remains unclear whether iron deposition in these
regions results in an oxidative reaction or in secondary changes in neuronal physiology, such
as extrametabolic load (37,38). Through this preliminary study using QSM, further
pathophysiologic studies focusing on the influences of iron content in the GP, and
particularly in the GPi segment, in LPD patients are necessary.

4.4 Different patterns of iron deposition measured by QSM and R2*

The only region showing significantly increased R2* values was the SNc in the PD groups
compared with the controls in the current study, which was supported by previous studies
(14,16). Compared with R2* which has lower contrast-to-noise ratio, QSM is a more robust
measurement for quantifying iron content (16,36) and compensating for the nonlocality of
magnetic field distribution (25). That probably accounts for the different results between the
two technologies. In addition, our finding that QSM shows extra iron deposition in the GP,
SNr and RN in the LPD patients indicates a notion that QSM could provide more
quantitative information of iron deposition in the iron-rich regions.

4.5 Limitations

In the present study, some limitations should be noted. First, the diagnosis of PD patients
lacked pathological confirmation. However, all patients included in the present study were
assessed and diagnosed through longitudinal evaluations. Any patients who were diagnosed
longitudinally with an atypical parkinsonian disease, such as progressive supranuclear palsy
or multiple system atrophy, were excluded before the current analysis. Second, the sample
size of the LPD patients was relatively small, and the results should therefore be interpreted
cautiously. However, compared with the previous study (12), we have enlarged sample size
and measured the iron content more robustly using QSM. Therefore, repeated studies with
larger samples should be carried out in the future.

4.6 Conclusion

The quantitative assessment of QSM was demonstrated to be effective for measuring iron
content in the cerebrum, midbrain and cerebellum to explore the underlying pathologic
changes of PD. Here, we confirmed the regionally progressive pattern of iron accumulation
in the different stages of PD patients, indicating that iron deposition in the SNc is affected
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exclusively in early stages of the disease, while the SNr, RN and GP, and particularly the
GPi segment, become involved in advanced stages of PD. This is a preliminary study
exploring the potential pathogenesis of PD at different stages and providing objective
evidence of the iron-related progression throughout the brain in PD.
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Table 1
Group demographics and clinical status

Controls EPD LPD p values
No. (male/female) 40 (19/21) 45 (21/24) 15 (10/5) 0.374
Age in years, mean + SD 56.6+9.9 55.8+8.3 61.1+6.7 0.130
Disease duration in years, mean + SD - 46+3.7 6.7 +4.7 0.078
Hoehn-Yahr stages, mean + SD - 20+0.6 32+04 <0.001
UPDRS IlI scores, mean + SD - 228+11.7 445+13.1 <0.001
MMSE scores, mean + SD - 2824+18 27720 0.578
Medication (yes/no) - 30/15 9/6 0.639
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Abbreviations: EPD = early-stage Parkinson’s disease; LPD = late-stage Parkinson’s disease; UPDRS = Unified Parkinson's Disease Rating Scale;

MMSE = Mini-Mental State Examination.
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Table 2

Contrast between the GPi and GPe segments among the groups

QSM values (ppm)

Differencesin GPe and GPi
Group GPe GPi (95% confidenceinterval)  p values

Controls  0.110+0.024  0.099 + 0.027 0.010 (-0.006 ~ 0.014) <0.001
EPD 0.108 £0.019  0.099 + 0.026 0.009 (-0.004 ~ 0.014) <0.001
LPD 0.131+£0.032 0.132 +0.052 -0.001 (-0.016 ~ 0.014) 0.881

Abbreviations: EPD = early-stage Parkinson’s disease; LPD = late-stage Parkinson’s disease; GPe = globus pallidus external; GPi = globus
pallidus internal.
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