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A B S T R A C T

Background: Elevated brain iron has been observed in Idiopathic Parkinson's
disease (IPD) within the deep gray matter. Using quantitative susceptibility mapping (QSM) and a thresholded high-iron region, we quantified iron content in the
midbrain of patients with Parkinson's disease as a function of age.
Methods: We used MRI to scan 24 IPD patients at 3-Tesla. Susceptibility-weighted images were collected with the following parameters, TE: 6 and 20 ms, TR: 30 ms,
FA: 15°, and resolution: 0.5 × 0.5 × 2.0 mm3. QSM images were reconstructed from the source phase images. Whole-region and thresholded high-iron (RII) region
boundaries for the Substantia Nigra (SN) and Red Nucleus (RN) were traced. Iron content was measured via mean susceptibilities and volumes, which were compared
between the groups, as well as between right and left side of the structures within groups.
Results: Twenty patients with mild to moderate IPD were used in this study. For the SN, mean RII and whole-region iron and volumes were higher in the IPD group
compared to HC, as well as mean RII for the RN, while no differences were seen between the groups when considering whole-region mean susceptibility bilaterally for
the RN.
Conclusion: Using a two-region of interest analysis on QSM, we showed that abnormal iron occurs in IPD patients in the SN and with greater volumes compared to
HC. This method may have application as a biomarker for disease diagnosis and early intervention.

1. Introduction

Idiopathic Parkinson's disease (IPD) affects approximately 0.1% to
0.3% of the population [1] and is currently the second most common
neurodegenerative disease in the western world [2]. Given that the
median onset age of IPD is about 50 years, the percentage of the af-
fected population is expected to rise in the coming decades due to an
increase in aging population worldwide.

The most prominent pathological hallmark of IPD patients is the
degeneration of dopamine-producing cells in the Substantia Nigra (SN)
[3–6] as well as a reduction of dopamine levels in the corpus striatum
[7]. Dopamine acts like a messenger between the two areas resulting in
smooth, controlled movements. Neuronal losses in the locus coeruleus
[8] and the appearance of Lewy bodies within other regions of the brain
such as the brainstem [9] may contribute to other symptoms associated
with IPD. Symptom severity for the disease is commonly monitored

using the Unified Parkinson's Disease Rating Scale (UPDRS) score
[10,11]. Both clinicians and researchers use the motor section in par-
ticular to track a patient's progression of a patient's symptoms or the
benefits of a given therapy in an objective manner. Advances in medical
imaging have led to a greater understanding of the pathogenesis of IPD
and have stimulated the development of potential disease-modifying
therapies [12,13]. Unfortunately, the cause of the degeneration of do-
pamine-producing cells in IPD patients is still unknown.

Given that IPD is generally a late-onset disease and iron levels in the
brain are known to rise with age [14], there has been strong interest in
determining a potential correlation between IPD and levels of iron in
specific deep gray matter structures [15,16]. This concept dates back
several decades to Dexter et al.'s work [17] showing that total iron le-
vels are elevated in the basal ganglia of IPD patients. MRI has been
employed to measure iron content of the brain using a number of
methods, which have focused on the measurement of T2* relaxation
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time and how it is affected by susceptibility [18]. In general, iron levels
in IPD have been found to be elevated in the SN [19], putamen [20],
caudate nucleus [17] and thalamus [21] while decreasing in the Globus
Pallidus (GP) [17]. Conventionally, R2* relaxation rate mapping is used
to measure iron content, however, its accuracy is dependent on selected
imaging parameters, orientation, and signal-to-noise ratio (SNR) [22],
[23]. Phase has also been used to measure iron content in neurode-
generative disease [24], however, it is sensitive to the geometry of the
object. R2* also only uses magnitude data, whereas phase information
is actually more sensitive to iron content. Susceptibility Weighted
Imaging (SWI) is a widely-used GRE technique which not only uses MRI
signal magnitude, but also signal phase to generate image contrast. It
can be used to improve contrast in iron-rich brain regions such as the
GP and SN [25–28].

Quantitative Susceptibility Mapping (QSM) is a fairly new post-
processing technique with the ability to quantify iron over the entire
brain and has specific advantages over R2* and phase because it is
independent of MR imaging parameters such as TE, field strength,
geometry, and position in the magnetic field [29,49]. Recently, QSM
has been used on PD patients to show greater sensitivity in detecting
iron in the SN [30–33] and other deep gray matter nuclei [31–33]
compared to R2*, as well as showing stronger correlation with clinical
scores [30–32]. Liu et al. has used QSM on a large cohort of healthy
controls, and shown an increasing mean susceptibility within deep GM
structures over time, as well as a robust susceptibility-age baseline in a
thresholded high iron content region in these structures [34] raising the
questions of whether there is a difference between iron levels in healthy
controls and IPD patients. We hypothesize that using a thresholded
method to quantify iron in the midbrain of IPD subjects will have a
more robust correlation with age compared to using the whole region.
We also hypothesize that abnormal iron levels will correlate with the
severity of IPD based on the Hoehn and Yahr Stage and other clinical
scores. Additionally, we investigate the difference between iron de-
position in the midbrain of IPD patients and healthy controls from Liu
et al.'s study [34]. The ability to accurately measure non-heme iron in
the brain may facilitate a better understanding of disease progression
and may help in treatment outcome.

2. Methods

2.1. Data collection

This research study was approved by the University of
Saskatchewan's Research Ethics Board for clinical investigation.
Informed consent was obtained in writing from all subjects prior to
clinical trial registration. Twenty-four (24) patients with clinically di-
agnosed IPD were recruited upon the recommendation of a neurologist
from the University of Saskatchewan. A neurologist initially evaluated
all patients using a questionnaire and a clinical assessment (performed
prior to the patient taking any medications). This included adminis-
tration of a UPDRS – Motor Assessment, MME – Mini Mental Status
Examination and ADL – Activities of Daily Living assessment on IPD
patients at most 1 year prior to and one year after the MRI. All patients
were chosen to have a Hoehn and Yahr stage score of 1, 1.5 or 2, as
patients with higher scores have more severe disease and generally
cannot tolerate holding still for the duration of the MRI scan.

Participants were excluded if they had medical implants that were
not MRI-compatible, implanted vascular devices such as cardiac stents,
a history of kidney disease, liver disease, were diabetic, had severe
hypertension or other vascular disorders such as stroke or heart attack.
All IPD participants were screened for MR system compatibility and
scanned using a Siemens 3 T Skyra MRI system (Siemens Healthcare,
Erlangen, Germany) using a 20-channel head/neck coil. The MRI pro-
tocol included conventional clinical imaging and SWI imaging (see
Table 1). Demographics and clinical characteristics are given in Table 2.

The controls in the paper are from a previous work [34]. A total of

188 subjects were enrolled and scanned of which 174 subjects ranging
from 20 to 69 years of age were included. The imaging took place at
Dalian First Affiliated Hospital on a 1.5 T GE scanner (HD, General
Electric, Milwaukee, WI) with signed informed consent approved by the
Institutional Review Board. Collecting data took about 6 months. Ex-
clusion criteria were: history of neurological or psychiatric conditions;
head trauma; drug and alcohol abuse; and brain surgery. These parti-
cipants did not show any focal parenchymal loss, infarction, resection,
or large hyperintensities in their brain on T2-weighted images.

2.2. Data processing and statistical analysis

2.2.1. Data processing
Data processing was performed using an in-house Matlab toolbox

(SMART, The MRI Institute for Biomedical Research, Detroit, MI).
Magnitude and phase images were reconstructed from the original 20-
channel data using the Echo Center Correction (ECC) algorithm which
corrects the echo center shift caused by coil sensitivity induced phase
components [35]. All QSM data were generated from the data collected
at TE = 20 ms in four steps: brain extraction [36], phase unwrapping
[37], background field removal with a kernel size of 6, and a decon-
volution size of 0.05 [38], and an iterative thresholded k-space division
for generating the susceptibility maps [39]. Upon QSM generation: 1)
3D multi-slice regions of interest for the SN and RN were manually
traced (both the magnitude and phase images were used to ensure that
the boundaries for each region were properly drawn) and the mean
susceptibility values (for the whole-region analysis) were then extracted
for each structure and 2) as introduced in Liu et al.'s study, an auto-
matic threshold-based technique based on age, was applied to the QSM
maps in order to define the high‑iron content voxels, also known as
region-II (RII), lying higher than the upper 95% prediction intervals in
the susceptibility-age whole-region analysis [34]. Mean susceptibility
values in RII (i.e. regional analysis) were extracted for each nucleus
[34]. QSM data from Liu et al. were used as a reference data to compare
with IPD [34].

2.2.2. Statistical analysis
All statistical analyses were performed using SPSS 20.0 (IBM Corp.,

Armonk, New York). Two-tailed t-tests were run to compare both RII
volume and whole-region volume between the two groups and bilat-
erally within each group. Regression statistics for the IPD and HC
groups were calculated to obtain correlation coefficients, slopes, and
intercepts of the age vs RII iron content, and age vs whole-region iron
content. Further, we used the confidence intervals from the age vs. RII
mean susceptibility plots from the HC to compare to the IPD group. To
address the concern for the limited sample size, we have simulated
means for an age-matched group of HC based on the ages of the IPD
group. We used ages of the IPD cohort as an independent variable to
calculate the mean susceptibility based on the age vs. RII mean sus-
ceptibility linear regression equations. Following this, we performed a
paired t-test between the IPD means and the simulated means for the
HC group. p-Values < 0.05 were considered significant.

Table 1
Imaging parameters for this study.

T2 TSE T1 MPRAGE 3D FLAIR 3D SWI
2-Echo

Orientation Transverse Transverse Sagittal Transverse
TR (ms) 7080 1750 6000 30
TE (ms) 77 2.98 397 6/20
Flip angle 120° 9° 120° 15°
Resolution (mm × mm) 0.5 × 1.0 0.5 × 1.0 1.0 × 1.0 0.5 × 0.5
Slice thickness (mm) 2 1 1 2
Bandwidth (Hz/pixel) 222 180 781 407/121
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2.2.3. Intra-rater reliability assessment for structure boundary demarcation
To test for inter-rater reliability for manual tracing of regions, the

intra-class coefficient was computed under a random raters' assumption
[40]. Mean whole-region susceptibility, RII susceptibility, and volumes
were assessed for both right and left sides for each structure. Three
raters met a reliability standard of > 0.85 for all mean susceptibility
measurements, as well as volumes for each structure and side.

3. Results

3.1. Mean susceptibilities and volumes for midbrain RII and whole regions

3.1.1. Comparison of iron content between right and left sides for the IPD
group

Data from 20 mild to moderate IPD patients aged 67.0 ± 10 years
were used in this analysis. Four patients were excluded from the ana-
lysis due to poor data quality. For the IPD group, whole-region sus-
ceptibility means for the right and left SN were 137 ppb (SE = 8) and
142 ppb (SE = 7), respectively, and were not significantly different (t
(19) = −0.87, p = 0.40). Differences were seen between the RII means
for the right (210 ppb, SE = 5) and left SN (228 ppb, SE = 6) (t
(19) = −6.1, p < 0.001). For the RN, whole-region susceptibility
means were similar between the right side 91.8 ppb (SE = 9) and the
left side 80 ppb (SE = 10) (t(19) = 2.03, p = 0.06). For the right and
left RN, RII susceptibility means did not differ; 177 ppb (SE = 5) and
175 (SE = 4), respectively (t(19) = 0.75, p = 0.47). Table 3 shows
whole-region and RII susceptibilities bilaterally for each structure for
the IPD and HC groups, as well as their volumes. No differences were
observed between right and left volumes for both RII and whole-region
SN and RN (all ps > 0.05) Fig. 1 shows an example of whole-region
and high-region iron in HC and IPD subjects.

3.1.2. Comparison of iron content between IPD and HC groups
The IPD groups showed larger RII susceptibility in the SN compared

to the HC in both the right (210 ppb vs. 184 ppb, p < 0.001) and left
side (228 ppb vs. 193 ppb, p < 0.001), as well as for whole-region
susceptibility (right: 137 ppb vs 93 ppb, p < 0.001; left: 143 vs.
105 ppb, p < 0.001). RII iron volumes were higher in IPD compared to
HC for both right and left hemisphere (right: 151 mm3 vs. 81 mm3,
p < 0.001; left: 228 mm3 vs. 193 mm3, p = 0.001); however, whole
region volumes were similar between the groups (p = 0.43 for right,

and p = 0.52 for left). Fig. 2 shows RII volume vs. age for the SN further
highlighting the differences between the two groups. RII means were
higher in the IPD group for RN susceptibilities (177 ppb vs. 157 ppb,
p < 0.001; left: 175 ppb vs. 159 ppb, p = 0.004), while whole-region
means between the groups were similar (p = 0.08 for right, p = 0.84 for
left). Whole-region RN volumes for IPD were higher compared to HC for
both sides (p = 0.02 for right, and p < 0.001 for left). However, no
differences were observed between RII volumes for the RN between the
groups (p = 0.55, p = 0.51). Figs. 3 and 4 show the age vs. mean sus-
ceptibility plots for RII and whole region for SN and RN, respectively.
The linear regression lines for the HC groups are shown along with the
95% confidence intervals (dashed lines). Using the age vs RII suscept-
ibility equation, we calculated the simulated RII SN means for the age-
matched HC to be 196 ppb (SE = 1) and 207 ppb (SE = 1). Both si-
mulated means were lower compared to the IPD cohort (p = 0.001 for
both right and left side). (Table 4) shows the RII and whole-region
means and volumes for the original data.

3.2. Disease state scores vs. mean RII susceptibility

Coefficients of correlation were assessed between disease state
scores and RII mean susceptibilities for each side for the SN. Results
showed weak correlations between susceptibility and years since di-
agnosis (right: 0.22, p = 0.35; left: 0.15, p = 0.54), weak negative
correlations between susceptibility and average MME (right: −0.38,
p = 0.11, left: −0.26, p = 0.29), as well as between susceptibility and
average ADL (right: −0.42, p = 0.076; left: −0.30, p = 0.21).

4. Discussion

The main finding in this study is that the means and volumes of
abnormal high iron deposition are elevated in IPD compared with HC
bilaterally for the SN, as well as for the SN for the whole-region.
Generally, variability is reduced and the robustness of the age vs. sus-
ceptibility plots improved when using the RII method for both RN and
SN. When using the upper 95% confidence intervals for the RII mean
susceptibility vs. age plots for HC as a cutoff, three IPD cases lay above
the upper interval for the right SN side and 7 cases lay above for the left
SN. Using a simulated RII means based from the HC RII regression lines,
we observed that the IPD also show elevated mean susceptibilities
compared with the mean values expected from the age matched HC

Table 2
IPD subject descriptors.

Females (males) Age (years) Duration of IPD (years) Hoehn and Yahr stage MME ADL

N = 24 5 (19) 67.2 ± 10 7.1 ± 5 2.0 ± 0.3 28.5 ± 2 90.0 ± 10

Table 3
Mean RII (high‑iron region) and whole-region susceptibility (χ) (in ppb) and volume (in mm3) ± standard deviation by structure for Idiopathic Parkinson's Disease
(IPD) and healthy control (HC) subjects; χ = susceptibility.

n Right mean χ
(ppb)

Right volume
(mm3)

n Left mean
χ (ppb)

Left volume
(mm3)

Substantia Nigra
RII IPD 20 210 ± 23 151 ± 81 20 228 ± 28 128 ± 65
RII HC 155 184 ± 17 81 ± 60 162 193 ± 17 75 ± 64
Whole-region IPD 20 137 ± 37 443 ± 53 20 143 ± 39 436 ± 59
Whole-region HC 165 93 ± 26 429 ± 77 165 105 ± 28 425 ± 72

Red Nucleus
RII IPD 20 177 ± 21 56 ± 40 20 175 ± 19 37 ± 32
RII HC 136 157 ± 23 40 ± 35 140 159 ± 23 42 ± 37
Whole-region IPD 20 92 ± 40 239 ± 49 20 80 ± 44 240 ± 56
Whole-region HC 169 78 ± 31 218 ± 37 169 82 ± 33 213 ± 38
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data. When considering the RN, only RII iron was higher for IPD pa-
tients. While some have reported increased iron deposition in the RN in
postmortem patients, it may be due to the stage in the disease course. It
has been suggested that the increase in iron may be due to the proxi-
mity of the RN to a high-iron SN, and not the RN itself [41]. Plots
showing disease severity scores vs. RII susceptibility showed weak
correlations (r2 ranged from 0.02–0.18). Due to the small sample size,
as well as the lack of variability in disease state, these results should be
interpreted with caution until a larger and longitudinal, age-matched
study is performed.

Elevated iron is a proxy marker for oxidative stress, which promotes
the death of dopaminergic neurons in the SN for Parkinson's Disease. It
is still disputed whether high iron is a cause of the disease or accelerates
the disease course or is just a biomarker of tissue changes [42]. Both RII
mean susceptibility vs. age regression lines for the SN suggest that the
rates of abnormal iron deposition between HC and IPD may diverge as
early as age 43, based on the intersection of the PD and HC lines for the

right and left side. While the location of the RII iron was not part of this
study, it is suggested that the locations may be predominantly in the
pars compacta for early disease subjects, and the pars reticulata in later
stage subjects [31]. Generally, the pattern of the high abnormal iron in
our small cohort showed concentrations close to the draining vein in
the anterior part of the SN in the cranial slices, with the middle slices
being very iron-rich. It has been suggested that iron may deposit
antegrade to the draining vein in the basal ganglia and midbrain [34],
however, more cases would be needed to verify this observation.

Several other QSM studies investigating the effects of susceptibility
changes in the midbrain have claimed that iron deposition in the SN of
PD patients is significantly higher than that of healthy controls. Guan
and colleagues evaluated the SN on 40 controls vs. 60 PD patients,
divided into early and late stage PD using QSM, and found regional
differences in the SN dependent on the disease stage. Their group used a
multi-echo approach to generate QSM, as well as the iterative inverse
filter (iLSQR algorithm) which achieved a higher SNR and reduced

Fig. 1. Example quantitative susceptibility
map result for an Idiopathic Parkinson's
Disease (IPD) and a healthy control (HC)
subject showing the Region-II (RII) iron for
the Substantia Nigra (SN).
A–B: QSM of a 66 year old HC subject.
Resolution: 0.47 × 0.47 × 3 mm3. Slices go
from the superior (A) direction to the in-
ferior (B) direction. C–D: QSM of a 66 year
old HC subject. Resolution: 0.5 × 0.5
× 2 mm3. Slices go from the superior (C) to
the inferior direction (D). Images show ob-
ject tracings for the SN. Black regions
within the boundaries denote abnormal iron
which was thresholded above 2*SD of the
regression line for age vs. mean suscept-
ibility for the HC group.

Fig. 2. A and B: Region-II (RII) volume (mm3) vs. age plots for the right (A) and left (B) Substantia Nigra (SN).
Solid circles: Idiopathic Parkinson's Disease (IPD), open circles: healthy controls (HC).
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streaking artifacts [31]. Our study used a single echo approach and was
limited to studying only mild and moderate IPD subjects. A few addi-
tional studies have demonstrated increased iron content in the SN by
comparing PD patients to matched healthy groups [30,32,33,43–47].
Lotfipour et al. used QSM maps generated from 7 T field strength to
demonstrate that there is significantly higher iron content in the SN pars
compacta (SNpc) [43]. Using other QSM techniques at different field
strengths, other groups have also claimed elevated levels of iron de-
position in the SNpc [30, 44–46]. In this study, we have come to similar
conclusions particularly using the regional analysis which showed
striking differences between PD patients and HC, although we did not
separate the SNpc. The fact that rate of iron increases in PD is sig-
nificantly greater than the HC population suggests that this RII high
iron content approach may offer a more sensitive means to monitor
disease onset. However, clearly not all IPD patients show high iron in
the SN.

QSM is gaining momentum as the standard for measuring brain iron
due to its high sensitivity and specificity. In our study, we used almost
the same data processing algorithm as that used in Liu et al. [34]. The
only difference between these two studies is that, in our work we used a
spatial Laplacian unwrapping as opposed to the 3D phase unwrapping
algorithm used in Liu et al. The performance of these different

techniques was tested by Haacke and colleagues [29] on a 3D brain
model and in vivo data and they concluded that the Laplacian un-
wrapping leads to almost the same result as the ideal unwrapped phase
images without phase aliasing. One drawback of Laplacian unwrapping
is that it may lead to unreliable phase near the edges of veins, in the
context of this work, the vein nearest to the midbrain would be the
basal vein of Rosenthal, although that did not affect our susceptibility
measurements of the deep gray matter structures.

The accuracy of iron quantification may be affected by both the
background field removal and the inverse problem solving steps in QSM
data reconstruction. For background field removal, we used the SHARP
algorithm, which has better accuracy in the central part of the brain
than the edges of the brain. Hence, for the purpose of our study, this
leads to more reliable estimates of the iron content in deep gray matter
structures than using high-pass filtering. However, SHARP may still
lead to a bias in the final susceptibility quantification [29]. Ad-
ditionally, the thresholded k-space division (TKD) algorithm for solving
the ill-posed inverse problem is known to cause under-estimation of the
susceptibility. More advanced algorithms which utilize the geometry
information extracted from magnitude, phase and susceptibility maps
may help to further reduce this systematic under-estimation. In our
study, we used the same k-space threshold as the one used by Liu et al.

Fig. 3. A–D: Plots showing Region-II (RII) and Whole-region iron content as a function of age for the Substantia Nigra (SN).
A–B: Plots for RII susceptibility vs. age for the right SN (A) and left SN (B); C–D: Plots for whole-region susceptibility vs. age for the right SN (C) and left SN (D). Open
circles: HC, solid circles: IPD.
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and the systematic errors due to this TKD algorithms are expected to be
the same in our study and the study by Liu and colleagues [34]. This
enables an easy and consistent comparison between the results obtained
in this study and in that earlier study.

There are several limitations in this study. First, we used a manual-
tracing approach to draw the structures. This lends itself to subjectivity
and can be time-consuming. While the raters met a reliability standard,
variations in boundary tracing are mitigated by using an RII method, in
that pixels of surrounding tissue or internal capsule with lower sus-
ceptibility will not be included making the iron measurement more
robust. Secondly, the make, model, and field strength of the scanners
involved differ between this work and Liu et al.'s work. The advantage
of using QSM is that it is technically independent of field strength and
TE. The QSM results from this 1.5 T data set has already been shown by
Liu et al. to match the 3 T data from another study of 191 subjects
scanned at 3 T by Li et al. [48]. QSM is a technique that depends on the
phase from a gradient echo scan. The phase depends on the product of
the field strength and echo time by collecting the data with an echo
time of 40 ms at 1.5 T one obtains the same phase as collecting the data
with an echo time of 20 ms at 3 T. After appropriate high pass or other
filtering, the core phase information remains identical and hence one
expects the susceptibility results to be identical. The sequences are
generally the same to collect the data, and the processing algorithms
are also similar to generate the maps. Third, differences in slice thick-
ness between the two groups may also be a confounding factor, as
thicker slices may lead to reduced susceptibility due to partial volume
effects [34]. Fourth, the resolution for our images did not allow us to

Fig. 4. A–D: Plots showing Region-II (RII) and Whole-region iron content as a function of age for the Red Nucleus (RN)
A–B: Plots for RII susceptibility vs. age for the right RN (A) and left RN (B); C–D: Plots for whole-region susceptibility vs. age for the right RN (C) and left RN (D).
Open circles: healthy controls (HC), solid circles: Idiopathic Parkinson's Disease: (IPD).

Table 4
Linear regression coefficients for age vs. mean susceptibility, and regression line
slopes for age vs. mean susceptibility (χ) for Region-II and whole-region
Substantia Nigra (SN) and Red Nucleus (RN). Susceptibility values are in parts
per billion (ppb). IPD: Idiopathic Parkinson's Disease, HC: healthy control,
χ = susceptibility.

IPD HC χ = χ/year ∗ age

IPD HC

R R χ/year SE χ/year SE

RII RSN mean 0.62 0.47 1.45 0.4 0.56 0.1
Whole-region RSN mean 0.66 0.26 2.42 0.6 0.48 0.1
RII LSN mean 0.56 0.54 1.54 0.5 0.63 0.1
Whole-region LSN mean 0.18 0.30 0.54 0.7 0.60 0.1
RII RRN mean 0.79 0.81 1.67 0.3 1.44 0.1
Whole-region RRN mean 0.51 0.57 2.02 0.8 1.24 0.1
RII LRN mean 0.73 0.83 1.36 0.3 1.47 0.1
Whole-region LRN mean 0.40 0.60 1.75 1.0 1.38 0.1
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demarcate the SNpc to detect iron increases as a proxy for neuronal
loss. It would be of value to either take more time to obtain better
resolution at 3 T or to collect data with a higher-field strength to have
better SNR. Fifth, the limited sample size of the IPD is small and also
yields low statistical power compared to the large number of controls,
therefore the results should be interpreted with caution. In the future,
we plan to recruit a larger cohort of subjects along with age-matched
controls for a more proper analysis. Sixth, the IPD sample was mostly
male and was limited to mild and moderate subjects, which in turn
limited our ability to compare differences by gender, as well assess iron
properties in severe subjects. Seventh, cusp artifacts due to scanner
software rendered some of our IPD data unusable. While we were able
to mitigate these effects on some cases by reconstructing the channel
data with in-house software, it limited some of the structures we were
able to measure, and hindered our ability to do multi-echo processing
which may have increased SNR on QSM. The next generation software
from this vendor has eliminated this problem.

5. Conclusion

Using a two-region of interest analysis on the QSM data, specifically
focusing on high iron content (RII), we have been able to show that
there may be more abnormal iron deposition in the SN in IPD patients
compared to HC based on RII mean susceptibility and volumes. It may
also serve to be a more robust method for measuring iron content in
disease states than methods which use the whole structure due to the
general improvement of the correlation coefficients after thresholding.
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