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Abstract

Background—Recent magnetic resonance imaging (MRI) studies suggest increased transverse
relaxation rate (R2*) and reduced diffusion tensor imaging (DT]I) fractional anisotropy (FA)
values in the SN in PD. The R2* and FA changes may reflect different aspects of PD-related
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pathological processes (i.e., tissue iron deposition and microstructure disorganization). This study
investigated the combined changes of R2* and FA in the SN in PD.

Methods—High resolution MRI (T2-weighted, T2*, and DTI) were obtained from 16 PD and 16
Controls. Bilateral SNs were delineated manually on T2-weighted images and co-registered to
R2* and FA maps. The mean R2* and FA values in each SN then were calculated and compared
between PD and Controls. Logistic regression, followed by ROC curve analysis, was employed to
investigate the sensitivity and specificity of the combined measures for differentiating PD subjects
from Controls.

Results—Compared to Controls, PD subjects demonstrated increased R2* (p<0.0001) and
reduced FA (p=0.0365) in the SN. There was no significant correlation between R2* and FA
values. Logistic regression analyses indicated that the combined use of R2* and FA values
provides excellent discrimination between PD and Controls (c-statistic=0.996) compared to R2*
(c-statistic=0.930) or FA (c-statistic=0.742) alone.

Conclusions—This study shows that the combined use of R2* and FA measures in the SN of
PD enhances the sensitivity and specificity in differentiating PD from Controls. Further studies are
warranted to evaluate the pathophysiological correlations of these MRI measurements, and their
effectiveness in assisting in diagnosing PD and following its progression.

Keywords

Parkinson’s disease (PD); substantia nigra; diffusion tensor imaging (DTI); transverse relaxation
rate (R2*); magnetic resonance imaging (MRI)

Introduction

Parkinson’s disease (PD) is marked pathologically by the loss of dopaminergic neurons in
the substantia nigra (SN) of the basal ganglia. Both the understanding of the pathogenesis of
PD-associated cell loss and evaluation of potential neuroprotective therapies have been
hindered by the lack of a reliable, objective, easily obtainable, in vivo marker(s) for disease
diagnosis and progression. Advances in magnetic resonance imaging (MRI) have begun to
allow interrogation of ongoing pathological processes in PD with quantitative parametric
mapping methods.1=*

Both cell and animal data suggest a role for iron in PD pathoetiology, including increased
iron content in the SN of PD subjects.>~/ Trivalent iron (Fe3*) is paramagnetic and causes a
strong reduction in T2* relaxation time. Several MRI studies have shown that R2*(1/T2*) in
the SN is correlated with iron concentration in vivo®~10, and is increased in PD.1:211-13 |
addition, neurodegenerative processes may lead to a disruption of microstructural integrity
(e.g., cell death and associated changes in myelinated processes of fibers en passant). The
altered local diffusion characteristics of water molecules in the corresponding brain region
then can be quantified by diffusion tensor imaging (DT1).1415 DTI changes have been
correlated with loss of SN dopamine neurons in mice treated with 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP),16 and recent studies in PD patients demonstrated
reduced fractional anisotropy (FA) in the SN.3:4:13,17

R2* and FA changes may reflect different aspects of PD-related pathological processes (i.e.,
tissue iron deposition and microstructure disorganization). This study was designed to
investigate the changes of both R2* and FA in the SN in PD and the potential of using their
combined measurements to discriminate PD subjects from Controls.
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Sixteen PD and 16 control subjects matched in age and gender distribution were recruited
from a tertiary movement disorders clinic (see Table 1 for detailed demographic
information). PD diagnosis was confirmed by a movement disorder specialist (XH)
according to published criteria.18 Unified Parkinson’s Disease Rating Scale part 11 motor
scores (UPDRS-I11) were obtained for each PD subject after withholding all PD medication
overnight (~12 hr). All subjects gave written informed consent, consistent with the
Declaration of Helsinki and reviewed and approved by the Penn State University
Institutional Review Board.

Data acquisition

All subjects were scanned with a 3.0 Tesla MR Scanner (Trio, Siemens Magnetom,
Erlangen, Germany, with an 8-channel phased array head coil) with high-resolution T2-
weighted images, multi-echo susceptibility weighted images (SWI), and diffusion tensor
images (DTI). A fast-spin-echo sequence was used to obtain T2-weighted images with TR/
TE = 2500/316, FOV = 256 mm x 256 mm, matrix = 256 x 256, slice thickness = 1 mm
(with no gap), slice number = 176. A multi-echo SWI sequence was used to estimate the
proton transverse relaxation rate, R2* (R2* = 1/T2*). Six echoes with TE ranging from 7 to
47 ms and an interval of 8 ms were acquired with TR = 54 ms, flip angle = 20°, FoV = 256
mm x 256 mm, matrix = 256 x 256, slice thickness = 1 mm (with no gap), slice number =
64. The middle slice of the SWI was placed on the line between the anterior and posterior
commissures. For DTI, acquisition parameters were as follows: TR/TE = 8300/82 ms, b
value = 0, 1000 s/mm?, diffusion gradient directions = 42, FoV = 256 mm x 256 mm, matrix
=128 x 128, slice thickness = 2 mm (with no gap), slice number = 65.

Image processing and analysis

Generation of R2* and DTl maps—The magnitude images of multi-echo SWI images
were used to generate 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. For DTI images, the distortions induced by eddy currents and head
motion first were corrected by affine registration of all diffusion-weighted images to the first
BO image for each subject.1® FA, mean diffusivity (MD), axial diffusivity (AD), and radial
diffusivity (RD) maps then were generated by using FMRIB’s Diffusion Toolbox
(www.fmrib.ox.ac.uk/fsl).20

Segmentation of substantia nigra—A two-step semiautomatic strategy to obtain R2*
and DTI measures in the SN was developed to minimize the subjectivity of MRI data
analysis. First, bilateral SN were manually segmented on multi-slice high resolution T2-
weighted images by an investigator blinded to the diagnosis of each subject according to
previously described methods?:21 using ITK-SNAP (www.itksnap.org).22 The SN was
defined as a hypointensity band between the red nucleus and cerebral peduncle in axial
sections as illustrated in Figure 1A. To minimize the possibility of including the subthalamic
nucleus, the segmentation of the SN was started either at the level of the red nucleus
showing the largest radius, or one slice lower, depending on the slice in which the SN
appeared most prominently. Despite this best effort, it is still possible that a small portion of
the subthalamic nucleus was included in the anterior dorsal part of our segmentation. Then,
a total of 6-8 slices (dorsal to ventral, ~6—8 mm height) were used to define the SN. Second,
the segmented bilateral SNs were mapped to R2* and FA maps as shown in Figures 1B and
1C, respectively, by co-registering the T2-weighted images to R2*maps and the B0 images
of DTI data using an affine registration pipeline implemented in 3D Slicer (www.slicer.org).
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R2* values in the SN of each subject were calculated using trimmed means (from the 5%-—
95% percentile) to reduce variability introduced by manual segmentation and imperfect
registration processes. The trimmed means were used here because they represent a more
robust central estimator of the measurement, and they are based on the assumption that the
top and bottom values represent extreme measures (potential outliers). As the SN is a
heterogeneous structure containing axons, nuclei, and blood vessels, in addition to having
decreased spatial resolution (2 x 2 x 2 mm) compared to other imaging sequences, DTI data
sets (FA, MD, AD, and RD values) are expected to be highly variable. In order to
compensate for this intrinsically high variance in DTI measurements, a narrower trimmed
mean threshold (from the 25%-75% percentile) was employed.

Statistical Analysis

Results

PD and Control demographics were compared using two-sample t-tests and Fisher’s exact
tests as appropriate. The association between R2* and DTl measures was quantified via
Pearson correlation. Regional R2* and DTI values were compared separately between PD
and control subjects by analyses of covariance with adjustments for age and gender. The
relationship between UPDRS-I1I1 scores, disease duration, and MRI measurements were
explored by simple linear regression. Logistic regression and receiver operating
characteristic (ROC) curves were used to compare the sensitivity and specificity separately
for R2* and FA and for their combination. 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).

The demographic and clinical data are summarized in Table 1. There were no significant
differences between PD and control subjects in age or gender. Compared to the bilateral
mean of control subjects, PD subjects had significant increases in the bilateral mean of R2*
values in the SN [p<0.0001] (Figure 2). This significant difference remained strong when
comparing the SN either contralateral or ipsilateral to the most affected limb in PD
[p<0.0001]. Compared to the bilateral mean of control subjects, PD subjects had
significantly reduced FA values in the bilateral mean of FA values in the SN [p=0.0365].
Interestingly, these significant differences in the FA values seemed to be more pronounced
in the SN contralateral to the more affected limb [p=0.0427] than in the SN ipsilateral to the
more affected limb [p=0.0947] (Figure 2). In addition to FA values, an increased but not
statistically significant RD value was found in the bilateral mean [p=0.0578] in the SN.
There were no significant differences in MD or AD between PD and control subjects. In
addition, there were no significant correlations between either UPDRS-I11 scores and MRI
measures (R2*: [r?=0.2686, p=0.3145], FA: [r?=—0.0297, p=0.9132]) or disease duration
and MRI measures (R2*: [r2=—0.0713, p=0.9747], FA: [r?=0.1119, p=0.2053]) in the SN of
PD subjects.

As shown in the scatter plot of bilateral R2* and FA values (Figure 3A), there was no
significant trend or correlation between R2* and FA values in the SN in the overall study
group (PD and Controls), or between R2* and MD, AD, or RD (data not shown). The
individual Pearson correlation coefficient of bilateral R2* and FA values in PD subjects was
—0:3491 (p=0.2022) and in control subjects 0.1160 (p=0.6805). The most striking feature
revealed by this plot, however, is the clear separation between the two groups. Evidently,
collapsing any one of the two dimensions would result in overlapping of the one group by
the other.

The results of the logistic regression models predicting PD status from either R2* or FA
alone or in combination are shown in Table 2. The odds of PD are quintupled for each half
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standard deviation increase in R2* when using R2* alone, and the odds of PD are more than
halved for each half standard deviation increase in FA when using FA alone. When using
the combination of R2* and FA, the odds of PD are quadrupled for each half standard
deviation increase in R2* holding FA constant, whereas the odds of PD are quartered for
each half standard deviation increase in FA, holding R2* constant. The ROC curves
displayed in Figure 3B show that the combined R2* and FA ROC curve lies above both the
R2* alone and FA alone ROC curves, illustrating the increased sensitivity and specificity of
the combined measures. There was significant discrimination between the groups using
either R2* or FA alone (R2*: c-statistic=0.930; p-value<0.0001; FA: c-statistic=0.742 p-
value<0.0001). The combination of R2* and FA in the SN, however, yielded an even greater
discrimination (c-statistic=0.996; p-value<0.0001).

Discussion

There are three main results from this study. First, PD subjects show both significantly
increased R2* and reduced FA values in the SN compared to Controls. Second, there is no
significant correlation between these two MRI measurements, suggesting that R2* and FA
changes may reflect different pathological aspects of PD occurring in the SN. Third,
whereas R2* and FA can discriminate PD subjects and Controls, combined they appear to
discriminate both sensitively and specifically between these two groups. Further studies are
warranted to evaluate the pathophysiological correlations of these MRI measurements, and
their effectiveness in assisting in diagnosing PD and following its progression.

Our findings of a significant increase in R2* and decrease in FA values in PD compared to
Controls are consistent with previous reports.1=#13 In all previous studies, however, the SN
was defined on the parametric maps that were subsequently used to determine the R2* or FA
values. This is not only technically challenging, but also may be susceptible to rater bias
when unblinded drawing is performed. In our study, we simplified the procedure and
minimized the rater bias by implementing a two-step, semi-automated approach. In the first
step (manual delineation of the SN), we chose an MRI sequence (T2-weighted) that is
conventional and accepted by radiologists for use in defining the SN.2:21 In the second step
(determining the R2* and FA values themselves), we co-registered the pre-defined region of
interest (ROI) to R2* and FA maps and calculated the means automatically. Identification of
the SN in T2-weighted images, however, is difficult partially because of the unclear
boundary between the subthalamic nucleus and the SN. This is particularly problematic in
the dorsal region of the SN.23 In order to minimize inclusion of the subthalamic nucleus, we
chose to begin segmentation of the SN at the axial level where the SN appears prominently.
Despite our best efforts, it is still possible that the SN defined in the current study may
include some small portion of the subthalamic nucleus.

Unlike the previous study by Martin et al.,> we did not find a significant correlation between
R2* in the SN and UPDRS motor scores in PD subjects. This discrepancy may be due to the
fact that we did not separate the SN into its pars compacta (SNc) and pars reticulata (SNr)
subregions. Even with the improved resolution of a 3T scanner, defining the border between
SNc and SNr in T2-weighted images has been difficult and remains controversial.2® In
addition, the parameters for our DTI sequences only allowed a spatial resolution of 2 x 2 x 2
mm3, inadequate for delineating these SN subregions. Future research and additional tools
are needed to develop an objective method for separation of the SNc and SNr in order to
understand the region-specific relationships between iron deposition in the SN and PD
symptomatology, which is not addressed in this paper.

We did not find a significant correlation between FA values in the SN and UPDRS motor
scores in PD, consistent with previous work by Vaillancourt et al.# Interestingly, the
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decrease in FA values in PD in the current study appeared to be more robust on the side
contralateral to the more symptomatic side. This result hints that FA values may have utility
in reflecting disease severity, although further studies with larger sample sizes are needed to
test this hypothesis. Moreover, the most important finding in the previous work by
Vaillancourt et al. was the demonstration of a dopamine cell loss pattern in the SN using
DTI that is consistent with earlier immunohistochemistry studies#24. Higher spatial
resolution imaging and improved ROI definition protocols should be developed to study the
imaging characteristics in different SN segments.

Compared with recent work by Peran et al.,13 the current study focused on the SN and two
parametric measures of MRI (R2* and FA) rather than including additional basal ganglia
nuclei, and thalamus, along with morphometric measurements. In addition, whereas Peran et
al. 13 reported hemisphere-specific measures (right or left), our study presented the R2* and
FA values relative to the more and less affected side in PD. Although we did not find
significant correlations between either FA or R2* and the clinical scores, this may be
hampered by our limited sample size. We also did not include morphometric information for
the SN since the boundary of the SN seen in T2-weighted images is imperfect, and the
current manual delineation approach for the SN does not yield a reliable volumetric
measurement.

Although R2* is known to reflect iron concentrationl? and FA measures local diffusion
characteristics of water molecules,24:15 the exact pathophysiological meaning of the changes
in these measurements in PD are unknown. The data from the current study suggest that R2*
and FA are correlated neither in PD nor Controls, supporting the hypothesis that these two
MRI measurements may reflect different aspects of PD-related pathological and/or
etiological changes in the SN. Further basic scientific and clinical studies are warranted to
understand the pathophysiological correlations of these in vivo MRI measures in PD.

In this study, the combination of R2* and FA measures improved the overall discrimination
between PD and Controls, providing a high degree of sensitivity and specificity, with close
to perfect discrimination of PD subjects from Controls as evidenced by the ROC curves.
This raises several interesting possibilities that we feel deserve consideration by the field as
a whole. First, will this combination imaging approach allow for unbiased monitoring of
disease progression? Second, can these MRI changes be seen early in the disease or even
premorbidly? Third, will this approach be adequately sensitive and specific to discriminate
PD either from other parkinsonisms (e.g., multiple system atrophy and progressive
supranuclear palsy), or from other neurodegenerative disorders? Whatever the answer to
these questions, the current study offers the possibility of using the combined MRI measures
as a non-invasive, practical tool for the diagnosis of PD and monitoring its progression.
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A. T2-weighted Image B. R2* map C. FAmap

A typical image illustrated the location of the substantia nigra in T2-weighted images (A)

and the co-registered ROIs on the R2* (B) and FA (C) maps on both axial (top row) and
coronal (bottom row) sections.

Figure 1.
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Figure 2. Comparison of R2* and FA values in PD and Controls

Comparison of R2* (A) and FA (B) values between PD and control subjects in ipsilateral,
contralateral, and bilateral SN. Gray bars represent control subjects and black bars represent
PD subjects. Signficant differences between PD and control subjects are represented as: *:
p<0.05; ***: p<0.001.
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A.R2* vs FA B. ROC curves
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“« 5
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Figure 3. Correlation of R2* and FA, along with ROC curves

Page 11

A is the scatter plot of bilateral R2* and FA. B represents the ROC curves for discrminating
between PD and control subjects generated by using FA (red line), R2* (green line), or their

combination (dark blue line).
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Table 1

Demographics for control and Parkinson’s subjects

Controls PD p—value*
No. (female, male) 16 (9,7) 16 (7,9) 0.724
Age, years (mean + SD) 572+6.8 59.2+6.9 0.407
UPDRS-IIl motor score (mean + SD) - 23.1+12.3 -
Disease duration, year (mean = SD) - 48+3.0 -

*

p-value is based on Fisher’s exact test for gender and two-tailed, two-sample t-test for age.
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