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Volume of Interest Analysis of Spatially Normalized PRESTO
Imaging to Differentiate between Parkinson Disease and
Atypical Parkinsonian Syndrome
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Purpose: Various magnetic resonance imaging (MRI) techniques including T,*-weighted imaging, suscep-
tibility-weighted imaging, and MR relaxometry had been performed to evaluate different patterns of brain
iron depositions in Parkinsonian syndrome. The aim of the present study was to evaluate the diagnostic
value of a volume of interest (VOI) analysis on the principles of echo shifting with a train of observations
(PRESTO) imaging using the statistical parametric mapping (SPM) 8 and the WFU PickAtlas program for
the diagnosis of Parkinsonian syndrome.

Methods: Fifty subjects, including 13 with the Parkinsonian variant of multiple system atrophy (MSA-P), 12 with
progressive supranuclear palsy (PSP), 12 with Parkinson’s disease (PD) and 13 controls were evaluated in this
study. After the spatial normalization of PRESTO images on SPM8, the WFU PickAtlas program was performed
to create target VOIs in the putamen, red nucleus, substantia nigra, subthalamic nucleus, and dentate nucleus. The
signal intensity ratio (SIR) was calculated by normalizing the signal of each VOI to that of the cerebrospinal fluid
space. These SIRs were used as determinants in receiver operating characteristic (ROC) analyses.

Results: SIR of the putamen was significantly lower in MSA-P than in PSP (P = 0.0051) and controls (P =
0.0004). In contrast, SIR of the red nucleus was significantly lower in PSP than in MSA-P (P = 0.0003), PD
(P =0.0029), and controls (P = 0.0011). In ROC analyses, SIR of the putamen exhibited the highest areas
under the curves (AUCs) of 0.83 (vs. PSP) and 0.91 (vs. controls) in the diagnosis of MSA-P. On the other
hand, SIR of the red nucleus exhibited the highest AUCs of 0.87 (vs. MSA-P), 0.90 (vs. PD), and 0.89
(vs. controls) in the diagnosis of PSP.

Conclusions: The VOI analysis based on spatially normalized PRESTO images may be useful for depicting
hypointensity, indicative of abnormal iron depositions, of the putamen and red nucleus in the diagnosis of
MSA-P and PSP.
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Introduction

One of the common clinical issues encountered in the man-
agement of Parkinsonian disorders is the differentiation of
Parkinson’s disease (PD) from atypical Parkinsonian syn-
dromes (APSs) including the Parkinsonian variant of mul-
tiple system atrophy (MSA-P) and progressive supranuclear
palsy (PSP). Correct diagnoses at early discase stages are
important for adequate management. Brain MR imaging is
recommended in the diagnostic work-up of Parkinsonism
because it supports the diagnosis of APS or vascular Parkin-
sonism.! It is also useful for diagnosing the other causes of
Parkinsonism such as normal pressure hydrocephalus and
brain tumors.
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Recent studies have suggested that the sensitivity of long
echo time high-resolution three-dimensional (3D) gradient
echo sequences, including the principles of echo shifting
with a train of observations (PRESTO) and susceptibility-
weighted imaging (SWI), to brain iron depositions is greater
than that of conventional T,*-weighted images (T,*WIs).>
These sequences also create better anatomic images on which
basal ganglia structures are easily visible. Based on the dif-
ferent patterns of abnormal brain iron depositions between
PD and APS, evaluating these disorders on PRESTO and
SWI is considered appropriate. Previous studies utilizing
PRESTO and SWI for the differentiation of Parkinsonism
reported that these sequences provided new diagnostic
markers for clinical use.>*¢ These studies mainly conducted
visual or manual region of interest (ROI) assessments. How-
ever, these methods are subjective and inadequate for the
evaluation of anatomical structures, such as the subthalamic
nucleus, which are difficult to identify on visual evaluation.
Therefore, the aim of the present study was to evaluate the
utility of an advanced objective analysis on PRESTO imaging
for the differentiation of APS from PD.

Materials and Methods

Patients and control subjects
This was a retrospective study that evaluated the diagnostic
value of an objective analysis on PRESTO from the data
source at our medical center. This study utilized data obtained
at a single medical center, and was approved by our Institu-
tional Review Board. The privacy of the patients was com-
pletely protected.

In this study, the patient group was selected following
a search of the medical records filed in our institution
between August 2007 and December 2014. Patient back-
grounds were standardized by applying the following inclu-
sion criteria: (1) clinical diagnoses at the Department of
Neurology according to the published criteria of PD,
MSA-P, and PSP’ and (2) the acquisition of PRESTO
images. An exclusion criterion was the insufficient quality
of PRESTO images due to significantly abnormal findings
(e.g., large cerebral infarctions and hemorrhages) adjacent
to the volume of interest (VOI) described below and
apparent artifacts that disturbed the spatial normalization
process. Twelve PD (mean age, 65 = 8 years; 3 men and
9 women), 13 MSA-P (mean age, 64 £ § years; 5 men and 8
women), and 12 PSP (mean age, 70 £ 5 years; 6 men and 6
women) patients were enrolled in this study. All PSP and
MSA-P patients with full clinical data and follow-up infor-
mation were included, whereas a subset of patients was
selected randomly for PD in the alphabetical order of their
names. Since patient samples with an unequal size are
known to influence diagnostic values such as accuracy and
area under the receiver operating characteristic (ROC)
curve,'®!! the numbers of MSA-P, PSP, and PD patients
were adjusted to be almost equal in the present study.
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Thirteen age-matched individuals (mean age, 63 + 13 years;
5 men and 8 women) without obvious neurological and MR
abnormalities were identified during the same period and
enrolled as control subjects.

MRI protocol

All 50 subjects underwent MRI examinations on a 1.5T
imager (Gyroscan Intera; Philips Medical Systems, Best,
The Netherlands) with a sensitivity-encoding parallel
imaging head coil. Three-dimensional (3D) sections from
PRESTO images were obtained in a transverse plane, for
which the scanning parameters were as follows: repetition
time (TR), 24—-36 ms; echo time (TE), 34-46 ms; flip angle
(FA), 20°; field of view (FOV), 230 mm; matrix, 320 x 320;
and 2-mm-thick gapless sections. Additionally, 3D T,-turbo
field echo (3DT,TFE) images were obtained in a sagittal
plane, for which the scanning parameters were as follows:
TR, 8.1-8.3 ms; TE, 3.7-3.8 ms; FA, 7°; FOV, 256 mm;
matrix, 256 x 256; and 1-mm-thick gapless sections. All
images were visually inspected for apparent artifacts such
as patient motions.

PRESTO Image Analysis

PRESTO template creation and spatial normalization
To perform the automated analyses, it was necessary to create
the template for the spatial normalization of PRESTO
images. For this procedure, nine normal subjects (unpub-
lished data set; mean age, 65 + 10 years; 3 men and 6 women)
who underwent both PRESTO and 3DT,TFE images were
recruited. PRESTO and 3DT, TFE images of the nine normal
subjects were initially converted from DICOM files to ana-
lyze formats using MRIcro (http://www.mccauslandcenter.
sc.edu/mricro/mricro/) and transferred to statistical para-
metric mapping (SPM) 8 (Welcome Department of Cogni-
tive Neurology, University College, London, UK), which
was run on MATLAB version R2010a (The MathWorks Inc.,
Natick, MA, USA). For each subject, 3DT, TFE images were
coregistered with PRESTO images. Then, a linear and non-
linear transformation of the 3DT, TFE images was performed.
Pixel threshold was set to 10% of the whole-brain mean to
eliminate background noises and partial volume effects at the
edge of the brain. Data were standardized with the Montreal
Neurological Institute (MNI) atlas using a 12-parameter
affine transformation, followed by 16 nonlinear transforma-
tions and a trilinear interpolation. Spatially normalized
images were not modulated (i.e., preserve concentrations).
The final image format was 16-bit, with a size of 91 x 109 x
91 and a voxel size of 2 x 2 x 2 mm. This voxel size was suf-
ficiently small to evaluate the deep nuclei.'>!* These trans-
formation parameters of 3DT,TFE images were applied to
normalize the corresponding subjects’ PRESTO images.
A template of the PRESTO image was obtained by calcu-
lating a mean image from normalized PRESTO images of
these nine normal subjects.

17




K. Sakurai et al.

Finally, PRESTO images of 12 PD, 13 MSA-P, 12 PSP
patients and 13 control subjects were spatially normalized
onto this in-house-made PRESTO template in the MNI space.

VOI analysis

VOIs were obtained with WFU PickAtlas (Talairach brain
atlas theory), which automatically generated segmented atlas
VOI templates in the MNI space.'>'® The VOIs defined in the
atlas were originally based on manual delineation of the brain
region borders according to the Talairach atlas. According to
the previous studies that evaluated iron depositions in PD and
APS,>*>17 five bilateral hemispheric VOI labels provided as
default settings by the software were evaluated: “putamen,”
“substantia nigra,” “red nucleus,” “subthalamic nucleus,” and
“dentate nucleus” (Fig. 1). The caudate nucleus and thalamus
were not evaluated because these structures are known to be
easily affected by atrophy and ventricular dilatation. The dep-
osition of iron in these nuclei may be uneven and focal; there-
fore, the minimal signal intensity instead of the average of
target VOIs was evaluated in order to avoid underestimation.’
Since PRESTO images were relative data, signal intensity nor-
malization was performed by normalizing each VOI to that of
the cerebrospinal fluid space.'® After spatial normalization and
VOI placement, the presence of misregistration was visually
evaluated.

2 <

Statistical analysis

Statistical analyses were performed using IBM SPSS statis-
tics 21 (IBM SPSS Inc., Chicago, IL, USA). The Kruskal-
Wallis test for non-normally distributed data (gender,
Hoehn-Yahr stage, disease duration, and signal intensity ratio
(SIR) of the putamen, substantia nigra, subthalamic nucleus,
and dentate nucleus), and a one-way analysis of variance for
normally distributed data (age and SIR of the red nucleus)
were performed for comparisons among patients and control
groups. When a significant level was found in multiple com-
parisons, the Mann-Whitney U test or unpaired #-test was
also performed. The relationships between SIR and clinical
parameters including disease duration and severity were
assessed by Spearman’s rank correlation coefficient or Pear-
son’s product-moment. After Bonferroni corrections for mul-
tiple comparisons, differences were considered significant
when P <0.0083. Using the SIR in target VOIs as a threshold,
a ROC curve analysis was performed to determine which
VOI discriminated the different groups. The Youden’s index
was applied to determine the cut-off values.

Results

Patient characteristics are summarized in Table 1. No signifi-
cant difference was observed in age or sex among the patient

Fig 1. VOIs on a T, template image of SPM8. VOls are set in the bilateral putamen (A), substantia nigra (B), red nucleus (C), subthalamic
nucleus (D), and dentate nucleus (E) according to anatomical structures in the Montreal Neurological Institute space. VOI, volume of

interest.
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and control groups. Furthermore, no significant differences
were noted in the disease duration or severity (i.e., Hoehn-
Yahr stage) between the patient groups.

Typical original and normalized PRESTO images of the
putamen, substantia nigra, red nucleus, subthalamic nucleus,
and dentate nucleus are presented in Fig. 2. On visual inspec-
tion, there was no apparent misregistration of VOIs on spa-
tially normalized PRESTO images in any patients or controls.
The results of VOI analyses are shown in Table 2. SIR of the
putamen was significantly lower in MSA-P patients (0.25 +
0.15) than in PSP patients (0.52 £ 0.25; P=0.0051) and con-
trols (0.57 £ 0.18; P = 0.0004). In spite of the low putaminal
SIR in MSA-P patients, no significant difference was
observed between MSA-P and PD patients (0.25 + 0.15 vs.
0.36 £ 0.18; P = 0.13). On the other hand, SIR of the red
nucleus was significantly lower in PSP patients (0.55 + 0.22)
than in MSA-P patients (0.81£0.15; P=0.0003), PD patients
(0.89 + 0.12; P = 0.0029), and controls (0.84 + 0.13; P =
0.0011). SIR in the substantia nigra and subthalamic nucleus
were lower in PSP patients, but not significantly so. There
were also no significant group differences in SIR of the

Table 1. Patient and control characteristics

VOI Analysis of Normalized PRESTO Imaging

dentate nucleus. A relationship was not found between clin-
ical parameters and SIR of the putamen in MSA-P (duration;
r=-0.27, P=0.36 and severity; r = 0.05, P=0.91) or that of
the red nucleus in PSP (duration; r = —0.03, P = 0.93 and
severity; r =-0.12, P =0.70).

ROC analyses using SIR of the putamen and red nucleus
to discriminate among MSA-P, PSP, and other groups were
performed in order to evaluate the diagnostic accuracy of
these target VOIs (Fig. 3). SIR of the putamen exhibited
areas under the curve (AUC) of 0.83 and 0.91 for differenti-
ating between MSA-P and PSP and between MSA-P and
controls, respectively. SIR of the red nucleus exhibited AUC
of 0.87, 0.90, and 0.89 for differentiating between PSP and
MSA-P, PD, and controls, respectively. Cut-off values of SIR
in these VOIs, and their sensitivities, specificities, and accu-
racies are shown in Table 3.

Discussion

The results of the present study, which showed iron deposi-
tion in the putamen and red nucleus in MSA-P and PSP

MSA-P (n = 13) PSP (n =12) PD (n=12) Control (n = 13) P value
Age at MRI (years) 64+ 8 70+ 5 65+ 8 63 +13 0.30"
Male/Female 5/8 6/6 3/9 5/8 0.677
Disease duration at MRI (years) 3.8+1.2(1-6) 5.5+3.2(2-13) 5.3+2.8(2-10) NA 0.55"
Hoehn-Yahr stage 3.9+0.9(3-5) 3.7 £0.9 (2-5) 3304 (3-4) NA 0.19”

Data are shown as absolute numbers or the mean =+ standard deviation. MRI, magnetic resonance imaging; MSA-P, Parkinsonian variant of
multiple system atrophy; NA, not applicable; PD, Parkinson’s disease; PSP, progressive supranuclear palsy; *, one-way analysis of variance; **,

Kruskal-Wallis test.
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E

Fig 2. Typical original, normalized PRESTO images and VOlIs of the putamen, substantia nigra, red nucleus, subthalamic nucleus, and
dentate nucleus. Normalized PRESTO as well as original images reveal hypointensity of the bilateral putamen (A) in a 67-year-old female
MSA-P patient, substantia nigra (B) and red nucleus (C) in a 67-year-old male PSP patient, subthalamic nucleus (D) in a 71-year-old
male PSP patient, and dentate nucleus (E) in a 71-year-old female PSP patient (arrows). All original PRESTO and normalized images are
displayed in the left and middle rows, respectively. Additionally, all normalized images with target VOIs are in the right rows. PRESTO,
principles of echo shifting with a train of observations; VOI, volume of interest.
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patients on PRESTO images, are concordant with previous
findings.>** In these studies, PRESTO and SWI were mainly
evaluated on visual inspection or manual ROI drawing.
However, these subjective methodologies encompass various
drawbacks including the inconsistency of inter-rater relia-
bility.* It is not considered suitable to evaluate particular ana-
tomical structures such as the substantia nigra and subthalamic
nucleus, which are difficult to recognize on visual inspection,
using these methods. Although only a few studies have
performed SPM to evaluate PRESTO and SWI,'%?0 the
voxel-based analysis (VBA) has some limitations. First,
VBA is prone to errors caused by misregistration of anatom-
ical structures. Due to the high sensitivity to susceptibility
changes, particular structures including the base of the frontal
lobes close to the skull base may be affected by the distor-
tion, which can cause the misregistration, on PRESTO
imaging. Second, compared with the VOI analysis, there are

Table 2. Comparison of SIR in target VOIs

no standard conventions for what P value and multiple com-
parison correction to apply to statistical analyses in VBA.
This can cause both Type 1 and 2 errors as a result of multiple
comparisons, and potentially change the final conclusion of
the study. On the other hand, the VOI analysis can select
target structures which are not affected by distortions. Addi-
tionally, the VOI analysis requires less stringent statistical
correction than VBA. Finally, the minimal signal intensity
instead of the average of target VOIs was evaluated to over-
come the disadvantage of the automated VOI analysis which
caused false negative results by the inadequate VOI size.?!
As a result, the combination of SPM and VOI analyses ena-
bles the objective evaluation of the substantia nigra and sub-
thalamic nucleus, as performed in the present study. The
limitation of deformation accuracy needs to be considered
carefully for the interpretation of brain mapping analysis
in atrophied brains. It is reported that MRI-aided spatial

MSA-P (n = 13) PSP (n =12) PD (n=12) Control (n =13) P value
Putamen 0.25 £ 0.15%** 0.52 £ 0.25 0.36 £0.18 0.57 £0.18 0.00118
Substantia nigra 0.76 +£0.17 0.59 £0.29 0.78 £ 0.17 0.79 £ 0.14 0.325
Red nucleus 0.81 £0.15 0.55 + 0.22% ## ##% 0.89 £ 0.12 0.84 +0.13 <0.000158
Subthalamic nucleus 0.74 £ 0.08 0.55+0.19 0.70 £ 0.09 0.73 £0.10 0.108
Dentate nucleus 0.67 £0.17 0.68 +0.17 0.71 +£0.18 0.80 +£0.14 0.118

Data are shown as absolute numbers or the mean + standard deviation. MSA-P, Parkinsonian variant of multiple system atrophy; PD, Par-
kinson’s disease; PSP, progressive supranuclear palsy; §, Kruskal-Wallis test; 5, one-way analysis of variance; *P = 0.0051 vs. PSP by the
Mann-Whitney U test; **P = 0.0004 vs. controls by the Mann-Whitney U test; P = 0.0003 vs. MSA-P by the unpaired t-test; **P = 0.0029 vs.
PD by the unpaired t-test; P = 0.0011 vs. controls by the unpaired t-test. Because of Bonferroni’s multiple group comparisons, differences

were considered significant when P < 0.0083.
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Table 3. AUC, cut-off values, and diagnostic index for discriminating among MSA-P patients, PSP patients, and other groups

%

AUC CcvV
Sensitivity Specificity PPV NPV Accuracy
Putamen MSA-P vs. PSP 0.83 0.23 100 62 100 71 82
MSA-P vs. control 0.91 0.56 69 100 76 100 85
Red nucleus PSP vs. MSA-P 0.87 0.67 92 75 90 80 83
PSP vs. PD 0.90 0.68 100 75 100 80 88
PSP vs. control 0.89 0.78 77 92 79 91 85

AUC, area under the curve; CV, cut-off value; MSA-P, Parkinsonian variant of multiple system atrophy; NPV, negative predictive value; PD,
Parkinson’s disease; PPV, positive predictive value; PSP, progressive supranuclear palsy.

normalization is more accurate than the one performed by
using only functional images, given the better anatomical
information and higher spatial resolution of MR images.??
Therefore, MRI-aided normalization based on the coregistra-
tion of the 3DT, TFE and PRESTO images was performed to
improve the accuracy of spatial normalization.??

PD and APS have been associated with the increased dep-
osition of iron in pathoanatomically relevant structures.
Increased concentrations of iron have primarily been reported
in the putamen in postmortem studies of MSA-P patients.>*
Furthermore, the red nucleus is an invariable structure of
pathology in PSP, but is not involved in PD or MSA.?>6 The
hypointensities of the putamen in MSA-P and the red nucleus
in PSP on PRESTO imaging are consistent with previously
reported neuropathological changes. However, the signal
intensity of the substantia nigra is a debatable issue. In contrast
to pathological studies indicating increased iron concentra-
tions in the substantia nigra of PD,!7?* the present results as
well as previous findings did not reveal apparent hypointensity
in PD patients relative to APS patients or control subjects.*¢
Although there is no doubt about the increase of iron in the
substantia nigra of PD, there are large discrepancies in the
quantitative levels, ranging from 25% to 100% of the amounts
normally observed.?* Of note, only ferritin iron is known to
cause reduction of T, relaxation and signal in a field-dependent
manner, and pathological studies on iron levels of the sub-
stantia nigra indicate decreased ferritin levels and increased
free iron levels in PD.!” These diversities of iron in the sub-
stantia nigra of PD can result in the conflicting results of signal
intensity on MRI. Additionally, various factors including not
only the deposition of iron, but also scan parameters may
influence signal intensities on PRESTO and SWI. Previous
studies used different 1.5T or 3T magnetic field strength
imagers, which may partly explain the discrepancies observed
in the evaluation of the substantia nigra in PD patients.*%?7 In
contrast to PRESTO imaging, SWI acquires magnitude and
phase information, which enables the evaluation of phase
shifting. We assumed that these different factors affected the
signal intensity of the substantia nigra in PD. By considering
the pathological changes indicating that the subthalamic
nucleus and substantia nigra are commonly affected structures
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in PSP patients,?® PSP groups were expected to have relatively
lower intensities in these structures. Iron deposition in the
putamen in PD, even though less than in MSA-P, may also
affect signal intensities.”® The absence of a relationship
between disease severity and iron deposition is consistent with
the hypothesis that iron deposition may represent a secondary
response rather than a primary event promoting the cascade of
neurodegeneration. !’

The relatively small number of patients is a limitation of
the present study, and may have affected the diagnostic value
of VOI analyses on PRESTO imaging. Based on the effects of
the magnetic field strength on sensitivity to susceptibility
changes,” it is desirable to perform PRESTO imaging on
higher magnetic field images than 1.5T images. Considering
the relative value of signal intensity on PRESTO imaging, the
SIR method was applied in the present study. However, combi-
nation of VBA and other more quantitative methods including
phase information and relaxometry may give further percep-
tions for the evaluation of iron depositions in the diagnosis of
Parkinsonian syndrome. Furthermore, our study may also have
been limited by the absence of pathological diagnoses in all
cases. Therefore, we considered it necessary to investigate
more cases of APS and PD in order to further clarify the diag-
nostic value of VOI analyses on PRESTO imaging.

Conclusion

Our VOI analyses combining PRESTO imaging, SPMS, and
the WFU PickAtlas demonstrated the diagnostic value of
hypointensity, indicative of abnormal iron deposition, in the
putamen and red nucleus for diagnosing MSA-P and PSP.
Thus, an automatic objective evaluation of PRESTO imaging
may represent a diagnostic marker for MSA-P and PSP.

References

1. Berardelli A, Wenning CK, Antonini A, et al. EFNS/MDS-
ES/ENS [corrected] recommendations for the diagnosis of
Parkinson’s disease. Eur ] Neurol 2013; 20:16-34.

2. Sakurai K, Kawaguchi T, Kawai T, et al. Usefulness of
3D-PRESTO imaging in evaluating putaminal abnormality

21




K. Sakurai et al.

22

in parkinsonian variant of multiple system atrophy.
Neuroradiology 2010; 52:809-814.

. Sakurai K, Tokumaru AM, Nakatsuka T, et al. Imaging

spectrum of sporadic cerebral amyloid angiopathy:
multifaceted features of a single pathological condition.
Insights Imaging 2014; 5:375-385.

Gupta D, Saini J, Kesavadas C, Sarma PS, Kishore A. Utility
of susceptibility-weighted MRI in differentiating Parkinson’s
disease and atypical parkinsonism. Neuroradiology 2010;
52:1087-1094.

. WangY, Butros SR, Shuai X, et al. Different iron-deposition

patterns of multiple system atrophy with predominant
parkinsonism and idiopathetic ~Parkinson diseases
demonstrated by phase-corrected susceptibility-weighted
imaging. AINR Am J Neuroradiol 2012; 33:266-273.

. Meijer FJ, van Rumund A, Fasen BA, et al. Susceptibility-

weighted imaging improves the diagnostic accuracy of
3T brain MRI in the work-up of parkinsonism. AINR Am )
Neuroradiol 2015; 36:454-460.

. Gilman S, Low PA, Quinn N, et al. Consensus statement

on the diagnosis of multiple system atrophy. ] Neurol Sci
1999; 163:94-98.

. Hughes AJ, Daniel SE, Kilford L, Lees AJ. Accuracy of

clinical diagnosis of idiopathic Parkinson’s disease:
a clinico-pathological study of 100 cases. ] Neurol
Neurosurg Psychiatry 1992; 55:181-184.

. Litvan I, Agid Y, Calne D, et al. Clinical research criteria

for the diagnosis of progressive supranuclear palsy (Steele-
Richardson-Olszewski syndrome): report of the NINDS-
SPSP international workshop. Neurology 1996; 47:1-9.

. Dubey R, Zhou ], Wang Y, Thompson PM, Ye J; Alzheimer’s

Disease Neuroimaging Initiative. Analysis of sampling
techniques for imbalanced data: an n = 648 ADNI study.
Neuroimage 2014; 87:220-241.

. Sakurai K, Imabayashi E, Tokumaru AM, et al. The

feasibility of white matter volume reduction analysis
using SPM8 plus DARTEL for the diagnosis of patients
with clinically diagnosed corticobasal syndrome and
Richardson’s syndrome. Neuroimage Clin 2014; 7:605-
10. eCollection 2015.

. Colpan ME, Slavin KV. Subthalamic and red nucleus

volumes in patients with Parkinson’s disease: do they
change with disease progression? Parkinsonism Relat
Disord 2010; 16:398-403.

. DiedrichsenJ, Maderwald S, Kiiper M, etal. Imaging the deep

cerebellar nuclei: a probabilistic atlas and normalization
procedure. Neuroimage 2011; 54:1786-1794.

. Massey LA, Miranda MA, Zrinzo L, et al. High resolution MR

anatomy of the subthalamic nucleus: imaging at 9.4 T with
histological validation. Neuroimage 2012; 59:2035-2044.

. Tzourio-Mazoyer N, Landeau B, Papathanassiou D, et al.

Automated anatomical labeling of activations in SPM

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

using a macroscopic anatomical parcellation of the MNI
MRI single-subject brain. Neuroimage 2002; 15:273-289.
Maldjian JA, Laurienti PJ), Kraft RA, Burdette JH. An
automated method for neuroanatomic and cytoarchitectonic
atlas-based interrogation of fMRI data sets. Neuroimage
2003; 19:1233-1239.

Dexter DT, Carayon A, Javoy-Agid F, et al. Alterations in the
levels of iron, ferritin and other trace metals in Parkinson’s
disease and other neurodegenerative diseases affecting the
basal ganglia. Brain 1991; 114 (Pt 4):1953-1975.

Haller S, Bartsch A, Nguyen D, et al. Cerebral micro-
hemorrhage and iron deposition in mild cognitive
impairment: susceptibility-weighted MR imaging assess-
ment. Radiology 2010; 257:764-773.

Haller S, Badoud S, Nguyen D, et al. Differentiation
between Parkinson disease and other forms of Parkinsonism
using support vector machine analysis of susceptibility-
weighted imaging (SWI): initial results. Eur Radiol 2013;
23:12-19.

Hwang EJ, Kim MJ, Kim HG, Ryu CW, Jahng GH. Voxel-
based investigations of phase mask effects on susceptibility
weighted images. Prog Med Phys 2013; 24:25-34.
Voormolen EH, Wei C, Chow EW, Bassett AS, Mikulis D),
Crawley AP. Voxel-based morphometry and automated
lobar volumetry: the trade-off between spatial scale and
statistical correction. Neuroimage 2010; 49:587-596.
Gispert)D, Pascau], ReigS$, etal. Influence of the normalization
template on the outcome of statistical parametric mapping of
PET scans. Neuroimage 2003; 19:601-612.

Meyer JH, Gunn RN, Myers R, Grasby PM. Assessment of
spatial normalization of PET ligand images using ligand-
specific templates. Neuroimage 1999; 9:545-553.

Berg D, Hochstrasser H. Iron metabolism in Parkinsonian
syndromes. Mov Disord 2006; 21:1299-1310.

Collins SJ, Ahlskog JE, Parisi JE, Maraganore DM.
Progressive supranuclear palsy: neuropathologically based
diagnostic clinical criteria. ] Neurol Neurosurg Psychiatry
1995; 58:167-173.

Wenning GK, Tison F, Ben Shlomo Y, Daniel SE, Quinn NP.
Multiple system atrophy: a review of 203 pathologically
proven cases. Mov Disord 1997; 12:133-147.

Zhang J, Zhang Y, Wang J, et al. Characterizing iron
deposition in Parkinson’s disease using susceptibility-
weighted imaging: an in vivo MR study. Brain Res 2010;
1330:124-130.

Williams DR, Lees AJ. Progressive supranuclear palsy:
clinicopathological concepts and diagnostic challenges.
Lancet Neurol 2009; 8:270-279.

Watanabe H, Ito M, Fukatsu H, et al. Putaminal magnetic
resonance imaging features at various magnetic field
strengths in multiple system atrophy. Mov Disord 2010;
25:1916-1923.

Magnetic Resonance in Medical Sciences




