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Abstract

Background—~Parkinson’s disease (PD) is marked pathologically by dopamine neuron loss and
iron overload in the substantia nigra pars compacta. Midbrain iron content is reported to be
increased in PD based on magnetic resonance imaging (MRI) R2* changes. Because quantitative
susceptibility mapping is a novel MRI approach to measure iron content, we compared it with R2*
for assessing midbrain changes in PD.

Methods—~Quantitative susceptibility mapping and R2* maps were obtained from 47 PD patients
and 47 healthy controls. Midbrain susceptibility and R2* values were analyzed by using both
voxel-based and region-of-interest approaches in normalized space, and analyzed along with
clinical data, including disease duration, Unified Parkinson’s Disease Rating Scale (UPDRS) I, Il,
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and Il sub-scores, and levodopa-equivalent daily dosage. All studies were done while PD patients
were “on drug.”

Results—Compared with controls, PD patients showed significantly increased susceptibility
values in both right (cluster size = 106 mm?3) and left (164 mm3) midbrain, located ventrolateral to
the red nucleus that corresponded to the substantia nigra pars compacta. Susceptibility values in
this region were correlated significantly with disease duration, UPDRS II, and levodopa-equivalent
daily dosage. Conversely, R2* was increased significantly only in a much smaller region (62 mm3)
of the left lateral substantia nigra pars compacta and was not significantly correlated with clinical
parameters.

Conclusion—The use of quantitative susceptibility mapping demonstrated marked nigral
changes that correlated with clinical PD status more sensitively than R2*. These data suggest that
quantitative susceptibility mapping may be a superior imaging biomarker to R2* for estimating
brain iron levels in PD.
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nigra; iron

Parkinson’s disease (PD) is marked pathologically by the loss of dopaminergic neurons in
the substantia nigra (SN) pars compacta (SNpc) of the basal ganglia.1~3 Interestingly, post-
mortem pathological studies also found increased iron content in this region.*-9 Although
the exact role of iron in the patho-etiology of PD remains unclear, molecular studies have
suggested links between increased iron or abnormal iron homoeostasis and multiple
neurodegenerative diseases.”-1% Thus, in vivo imaging of brain iron content may be a
potential biomarker for PD diagnosis and also may provide important information about the
role of iron in PD etiology or progression.

To this end, during the last decade, magnetic resonance imaging (MRI) relaxation rates (e.g.,
R2* or R2") have been used to estimate iron content of the SN in vivo. The data are
consistent with increased iron in PD.8:8:11 Two longitudinal studies have reported
contradictory results about whether R2* can mark PD progression.12:13 The R2* contrast
reflects the variance of the magnetic field that is generated not only by local tissue magnetic
susceptibility but also by surrounding tissue susceptibility. Consequently, the R2* value in
each voxel is a weighted summation of magnetic properties from both local and surrounding
tissue. These known deficiencies in R2* have led to the development of a novel MRI
modality, quantitative susceptibility mapping (QSM). Quantitative susceptibility mapping is
superior in quantifying tissue iron content because it removes the effects of susceptibility of
the surrounding tissue through deconvolution, thus providing a more direct measure of local
tissue magnetic properties.1#15 Consistent with this hypothesis, a study in multiple sclerosis
patients demonstrated that QSM was more sensitive to disease-related tissue changes and
provided more direct information regarding disease progression.14.16

Because of the link between iron and PD, QSM may be a very useful tool for clinical
studies. Two previous studies have provided preliminary support for this hypothesis.17:18
The current study compared QSM and R2* in a relatively large sample of PD patients with a
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broad spectrum of disease duration and severity, using a voxel-based analysis (VBA)

approach with the goal of further evaluating the strengths and limitations of QSM for
studying PD midbrain changes and their clinical correlations.

Materials and Methods

Subjects

Forty-seven PD patients were recruited from a tertiary movement disorder clinic.
Parkinson’s disease diagnosis was confirmed by a movement disorder specialist according to
the UK brain bank clinical diagnosis criteria.19 No patient had a history of neurological or
psychiatric disease other than PD. Disease duration was calculated from the date of
physician-confirmed PD diagnosis to the date of the study visit. All patients were optimized
medically and on antiparkinsonian medication for PD under the management of a movement
disorder specialist at the time of the study. The levodopa-equivalent daily dose (LEDD) was
calculated for each patient.20 Disease severity was evaluated using the Unified PD Rating
Scale (UPDRS) part I (honmotor experience of daily living), part 11 (motor experience of
daily living), and part 111 (motor examination) while on their PD medication. Forty-seven
healthy control subjects closely matched to PD patients for age, sex, and education also were
recruited. All controls were free of any neurological or psychiatric disease. The Montreal
Cognitive Assessment (MoCA) was used to assess cognitive function in all subjects. All
participants gave written informed consent that was reviewed and approved by the Penn
State Hershey Institutional Review Board and was consistent with the Declaration of
Helsinki (see Table 1 for detailed demographic and clinical data).

MRI Acquisition Protocol and Data Reconstruction

All subjects were scanned on a 3 T MRI system (Trio; Siemens Magnetom; Erlangen,
Germany) with an eight-channel phased-array head coil. T1- and T2- weighted sequences
were obtained for structural information. T1-weighted images were acquired using a
magnetization-prepared rapid gradient echo sequence with TR/ TE = 1540/2.34, Field of
View (FOV) = 256 mm, matrix = 256 x 256, slice thickness = 1 mm, slice number = 176,
voxel size = 1 x 1 x 1 mm3, whereas T2-weighted images were acquired using a fast-spin-
echo sequence with TR/TE = 2,500/316 and the same resolution settings as T1-weighted
images. T2*-weighted images (for QSM and R2*) were acquired by using a multi-gradient-
echo sequence with eight echoes (TE ranging from 6.2 to 49.6 ms and an equal interval of
6.2 ms), TR =55 ms, flip angle = 15 °, FOV = 240 mm, matrix=256 x 256, slice thickness =
2 mm, slice number = 64, voxel size = 0.9 x 0.9 x 2 mm?3. Quantitative susceptibility
mapping maps were generated by using the morphology-enabled dipole inversion (MEDI)
with nonlinear formulation method.1521 A head position fixation device installed in the head
coil was used to reduce potential head motion. Image quality was evaluated by an MRI
technologist during the scan and deemed to be free of severe motion artifacts. R2* images
were estimated by nonlinear curve fitting of the complex mono-exponential equation
(S(TE)=Sye RexTEg 20 TE) ysing the Gauss-Newton algorithm. The precision of the
estimated R2* in the midbrain was assessed by Cramer-Rao lower bound analysis, using an
analytical formula provided in Raya et al.22 The Cramer-Rao lower bound of the mean R2*
was 0.72 £ 0.67, indicating high-precision estimation.
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Image Postprocessing

Image processing was performed using ANTS 1.9 (http://picsl.upenn.edu/software/ants) and
3D Slicer (version 6.3.1, http://wwwv.slicer.org/). First, T1-weighted images were skull
stripped, using an automatic tissue classification algorithm in 3D Slicer.23 Then, QSM and
R2* images were skull stripped and normalized to the Montreal Neurological Institute
template. The normalization procedure was done in two steps: (1) all QSM and R2* images
first were co-registered to individual T1-weighted images using an affine registration
algorithm with normalized mutual information as the similarity metric and magnitude
images at first echo time (6.2 ms) as the moving images; at this stage brain masks also were
applied to obtain skull-stripped R2* images (QSM had been skull stripped in the
susceptibility estimation step, using MEDI); (2) individual T1-weighted images were co-
registered to the Montreal Neurological Institute template, using a nonrigid registration
algorithm with a cross-correlation similarity metric.24 The QSM and R2* images were
brought directly to the template space by applying a concatenated transformation saved
during the registration steps, using a b-spline interpolation to reduce low-pass filtering
effects attributable to multiple resampling. The normalized QSM and R2* images were used
to perform both voxel-based analysis (VBA) and region-of-interest (ROI) analysis.

Voxel-Based Analysis

Voxel-based analysis was conducted using SPM12 running under Matlab R2014b
(MathWorks, Sher-born, MA, USA). Normalized images were filtered using a 4-mm full-
width-at-half maximum Gaussian filter before comparison. General linear models with
group as the main effect, age and sex as covariates, and QSM or R2* values as the dependent
variable were fit at each voxel to generate statistical parameter maps. A stringent Bonferroni
correction was used for familywise error rate correction within a 40 x 30 x 15 mm?3
midbrain region containing the SN. To further protect against type | error at the cluster level,
the minimum cluster size was set to 50 voxels.2>:26

Region-of-Interest Analysis

Region of interest analyses were conducted to elucidate the overall effects of iron changes in
the SNpc. To avoid interrater reliability issues and increase generalizability of the study, the
ROI was defined in normalized space instead of individual subject space. The mean T2-
weighted image from controls in normalized space was used as the reference image for the
SNpc definition. The rationale for choosing the mean T2-weighted image for the SNpc
definition was to avoid bias toward either QSM or R2*. The SNpc was defined in six slices
from superior to inferior, starting from the middle of the red nucleus. A 4 x 10-mm kidney-
shaped region between the red nucleus and the hypointensity band (in T2-weighted images,
between the red nucleus and the boundary of the cerebellar peduncle) was identified as the
SNpc (as in Fig. 1).827 Mean QSM and R2* values of the SNpc from both left and right
sides were calculated for individual subjects from unfiltered normalized QSM and R2*
images.
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Statistical Analysis

Results

Demographic data was compared between groups by using Fisher’s exact test for sex and
two-tailed t tests for age, education, and MoCA scores. Regional QSM and R2* values were
compared between patients and controls, using analysis of covariance with adjustment for
age and sex. Correlations between MRI measures (ROI-based QSM and R2* values) and
clinical data (including disease duration, LEDD, and UPDRS I, Il, and I11) were assessed by
using partial Spearman correlation coefficients adjusted by age and sex. The correlation
between imaging measures and age also was assessed by using Spearman correlation
analysis. The correlation between the two imaging measures was assessed by using Pearson
correlation analysis and coefficient of variance (CV). Logistic regressions and receiver
operating characteristic curves were used for assessing the ability of QSM and R2* to
discriminate PD from controls. Where error values are given, they are standard deviations.
An a = 0.05 was considered to be statistically significant. All statistical analyses were
performed by using SAS 9.3 (SAS Institute Inc., Cary, NC) except when conducting VBA.

Demographic Data

Demographic and clinical data are summarized in Table 1. No statistically significant
differences were seen between PD and controls regarding age, sex, education years, or
cognitive function (using MoCA), although a trend was seen for PD subjects to be slightly
older than controls. In both group comparisons and correlation analyses, age did not
significantly affect the results.

VBA Analysis

Using midbrain-focused VBA, PD subjects displayed significantly higher QSM and R2*
values in the SN (Fig. 1). The total volume (cluster size) of significant QSM change was 270
mm3, distributed in both the right (106 mm3) and left (164 mm3) midbrain. The location of
the significant area was ventrolateral to the red nucleus and dorsomedial to the SN pars
reticulata (the hypointensity band between the red nucleus and cerebral peduncle), a region
consistent with the location of the SNpc. The total volume of significant R2* change was 62
mm3, distributed only in the left lateral region of the SNpc.

ROI Analysis

Previous reports indicate that R2* values are higher in PD patients than in controls, and
consistent with this (Fig. 2), the R2* values in PD patients were higher by 15% (SNpc 32.8
+5.0 s71 for controls vs 37.8 + 4.3 s™1 for PD patients; [F = 24.35, P < 0.0001]). The SNpc
QSM values for the PD patients, however, were 37% higher than in controls (108 + 33 ppb
for controls vs 148 + 44 ppb for PD patients [F = 37.21, P < 0.0001]).

Clinical Correlates of QSM and R2* Values

As shown in Table 2 and Figure 3, no significant correlations were found between R2* and
any of the clinical measurements, although R2* in the SNpc showed a weak trend with
disease duration (P = 0.093). Conversely, QSM values in the SNpc were highly correlated
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with disease duration (P = 0.003), LEDD (P = 0.004), and UPDRS Il (P = 0.018), but not
with age, UPDRS | or I, or total UPDRS scores.

Correlation between QSM and R2*

Because both QSM and R2* measure iron content in brain tissue, they are strongly
correlated (r = 0.81, P < 0.001). Quantitative susceptibility mapping, however, presents a
much larger dynamic range (50-250, CV = 0.34) compared with R2* (25-50, CV = 0.15)
(Supplemental Data Fig. S1).

Predictive Analysis

Logistic regression analysis showed that both QSM and R2* are significant predictors for
separating PD from controls. The area-under-the-curve statistics were 0.823 for QSM and
0.788 for R2* (see Supplemental Data Fig. S2 for receiver operating characteristic curves).

Discussion

The Role of Iron and In Vivo Iron-Imaging in PD

Iron plays a pivotal role in cellular functions ranging from DNA synthesis, intracellular and
intercellular signal transduction, to oxygen transport and mitochondrial respiration.”-10.28
Excessive iron accumulation has been postulated as a causative factor in PD through iron-
induced oxidative stress and neuronal vulnerability.”10 Magnetic resonance imaging iron
imaging techniques, such as R2* and QSM, provide a potential tool to study iron pathology
in vivo in PD and understand its role in patients as the disease unfolds. The MRI signal,
however, only reflects bulk magnetic properties of local and surrounding tissue. Although a
particular MRI measurement may be correlated with iron, it can be confounded by other
factors such as calcium, lipid, or myelin content,14:29.30

Magnetic resonance imaging transverse relaxation-based techniques (R2, R2*, and R2")
have been used to estimate regional brain iron changes in PD, and consistent reports exist of
increased SN values in PD patients.®:8:12.13.31.32 Qur current R2* results are similar, and the
finding of more prominent R2* changes in the lateral SN also is consonant with prior
reports.8:13 We were not able to demonstrate, however, correlations between R2* and disease
severity measures, although a trend was seen for correlation between R2* and disease
duration. These differing results could be attributable to two factors: First, different patient
disease stages were found in two studies; the disease duration of PD subjects in the study by
Martin and colleagues® was 3.2 + 1.7 years, compared with 5.5 + 4.8 years in the current
study. Second, UPDRS 11 scores obtained in the “on” drug state were used in our study,
whereas the drug state of UPDRS 111 scores was not specified in the prior work.8

QSM and lIts Clinical Implication in PD

Quantitative susceptibility mapping (QSM) is a potentially superior method of measuring
iron in vivo because it reflects quantitative susceptibility of local tissues instead of the
combined transverse relaxation and local field inhomogeneity indicated by R2*. This new
contrast provides the possibility of detecting new information about iron and its role in PD
pathology. Despite the promise QSM holds for measuring the dynamic processes of iron in
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vivo,* it has not been applied widely to measure PD-related iron deposition and
progression. Using a 7T MRI scanner, Lotfipour et al.1” reported increased susceptibility in
the SNpc of a small group of nine early-stage PD patients (average disease duration, 2
years). Barbosa et al.18 reported consistently increased susceptibility in the SNpc in PD (n =
20) compared with controls (n = 30), also using a 3T scanner. The latter study, however,
provided little information regarding clinical correlations with QSM measurements. In
addition, Barbosa et al'8 used the first three echoes of a four-echo sequence to estimate R2*,
and a truncated k-space division approach for QSM reconstruction. Conversely, we used an
eight-echo sequence for estimating R2* (this provides higher SNR than 3 echoes), and also
used the MEDI approach that is known to be more accurate than truncated k-space division
for QSM.14 This may explain why the current image quality is superior to that of Barbosa et
al,18 and why the current areas under the curve for discriminating PD from controls by R2*
(0.788) and QSM (0.823) are also superior to Barbosa et all® (0.65 and 0.77, respectively).
Why the reported R2* value for controls in the SNpc (47.7 s71) by Barbosa et al'8 was much
higher than ours (32.8 s™1) or previous R2* work is unclear.8-12 Despite many technical
differences, however, the results of our study are consistent with those of Barbosa et al8 in
both group mean differences and discriminant power to distinguish PD from controls using
QSM measurements; this strongly suggests that QSM is superior to R2*.

Our study applied QSM to study nigral iron-related changes in PD patients, using both
voxel-based and ROI analyses in normalized space, and compared these results with those
made using R2* measurements. Voxel-based analysis of the midbrain revealed significant
QSM changes in PD located in the dorsomedial area of the whole SN close to the red
nucleus, a region that corresponds to the SNpc defined in pathological work.1:27:33 R2*,
however, showed significant changes only in a much smaller region of the left lateral SNpc.
In addition, QSM showed much stronger correlations with clinical measurements than R2*.
Together, these data suggest that QSM sensitively measures nigral change in PD, has
stronger correlations with clinical measures than R2*, and holds the potential to be a better
progression marker for PD.

Like recent work,® we compared the results of QSM with that of R2* and confirmed that
QSM provides similar results to R2*, but with a greater signal. The current study extended
the prior QSM studies of PD in three ways: First, the use of the VBA method allowed us to
reveal the exact spatial location of PD QSM changes in the midbrain. Using VBA and ROIs
defined in normalized space, our study avoids the intrinsic inter- and intra-rater reliability
problems in traditional ROI-based approaches. Second, the broader distribution of disease
durations in a relatively large PD patient group included in our study (ranging from 1 to 18
years) enabled us to capture the associations between QSM changes and disease severity
measures. Third, we correlated the imaging measures with clinical measures that led to
clinical implications for QSM. Unlike R2* in the SNpc, we demonstrated that SNpc QSM
was correlated with UPDRS |1 scores, the activities of daily life related to motor
performance, but not with UPDRS | (nonmotor activities of daily life) or UPDRS lII
(clinician-scored motor performance) scores. This is particularly relevant because UPDRS
I11 measures motor performance at the time of the examination and is influenced by patient’s
drug treatment status.34 The UPDRS I is focused more on nonmotor function that generally
is assumed to be associated with extranigral pathology. The UPDRS I1, however, evaluates
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motor performance in daily life over the past week based on questionnaire, and it is thought
to be a more sensitive measure for disease motor progression.34:35 We also observed a
significant correlation between LEDD and QSM. Because LEDD typically increases with
disease duration, it may reflect the correlation between disease duration instead of drug
dosage. In addition, because both the MRI and clinical evaluation of patients were
performed in the “on-medication” state in the current study, QSM/R2* and their correlations
with clinical measures in the “off-mediation” state in PD patients need further investigation
to compare with that in the “on-medication” state. Theoretically, iron content in brain tissue
may not be affected by acute levodopa administration; however, no data are available to test
this hypothesis, and further study is warranted.

Technical Advances and Limitations

Summary

Most previous efforts focused on imaging iron content in the SN using MRI were done using
ROI approaches,:8:11.12.32.36 31though a few studies have used a voxel-based approach to
analyze R2* images.31:37 The traditional region-based approach has the advantage of
precisely defining the anatomical structure for each individual subject. It is limited, however,
by the time-consuming labeling process and inconsistent definition of anatomy across
studies. In the current study, all image analyses were carried out in normalized brain space
without any human rater involvement, similar to the approach adopted in Ofori et al.38 This
avoids the possibility of introducing bias that may arise from human engagement.
Quantitative susceptibility mapping, compared with the R2* contrast, is a more direct
parameter for quantifying local iron content by deconvolving the tissue susceptibility field
and reducing the nonspecific susceptibility due to surrounding tissue.1# In our study, QSM
showed a much larger dynamic range compared with R2*. This may explain why the QSM
signal provides higher sensitivity in terms of both detecting SNpc changes in PD and
correlating with disease severity measures compared with R2* in the current study.

The current study, however, has several limitations. First, despite the technical advantage of
using QSM to quantify iron in vivo, the QSM signal also may be affected by a number of
other factors such as calcium, lipid, or myelin content.24 Moreover, the exact type of iron
reflected by QSM is unclear. For example, QSM does not separate the exact iron types
(heme or non-heme iron) or report on ferritin- versus non—ferritin-bound iron. We also
cannot address the cellular compartmentalization (neurons or microglia) of the iron in the
SNpc, a critical factor if the imaging is to be related to cellular or molecular mechanisms.
Further studies are needed to investigate the exact relationship between QSM and its
histopathological correlates. Second, although this is by far the largest of the QSM studies in
PD, our study is cross-sectional in nature. Future studies with larger sample sizes and
longitudinal follow-up will be essential to capture the dynamic changes of QSM during PD
progression.

QSM had higher sensitivity for delineating PD-related changes in the SNpc and correlates
far better with clinical parameters than R2*. This suggests that QSM might hold promise as
a new biomarker for studying iron-related pathology in PD and for monitoring disease
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progression. Further longitudinal studies, along with histopathological correlates, are needed

an

Supplement

d may provide insight into the role of iron in the pathophysiology of PD.

ary Material

Refer to Web version on PubMed Central for supplementary material.
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FIG. 1.
Voxel-based t-maps thresholded at P < 0.05 (after voxelwise Bonferroni correction) show

increased iron content in both QSM (columns 1 and 3) and R2* (columns 2 and 4). (A-J)
Axial sections through the midbrain in descending order as indicated on the sagittal section
(top left). The significant maps from QSM mimic the location of the substantia nigra pars
compacta (SNpc), namely, ventrolateral to the red nucleus and dorsomedial to subtantia
nigra pars reticulata (SNr). The SNr is defined by the hypointensity band (in T2-weighted
image) between the red nucleus and cerebral peduncle. The anatomical relationship between
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1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Du et al.

Page 13

the SNpc and neighboring structures are illustrated at a normalized mean T2-weighted
image from control subjects (top middle). Abbreviations: RN, red nucleus; SNpc, substantia
nigra pars compacta; SNr, substantia nigra pars reticulata; STN, subthalamus nucleus; Inf.,
inferior; Sup., superior.

Mov Disord. Author manuscript; available in PMC 2017 February 17.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Duetal. Page 14

QSM (ppb) R2* (1/s)
200 - 60
* % %
160 - I I %k %k k
45 - | |
120 -
30 -
80 -
40 - 15
0 - 0 -
Control PD Control PD

FIG. 2.
Comparison of the SNpc QSM and R2* values between PD and controls. The units for QSM

are parts per billion (ppb). Error bars are standard errors of the mean.
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Correlations between MRI and clinical measures
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Correlations between MRI and clinical measures. QSM is correlated significantly with
disease duration, UPDRS I, and levodopa equivalent daily dosage (LEDD).
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TABLE 1
Demographic and clinical information
Control (n=47) PD(n=47) P-value
Female/male, n 24/23 25/22 1.000
Age, y, mean (SD) 62.2 (8.8) 65.8 (10.1)  0.074
Education, y, mean (SD) 15.4 (3.7) 14.4 (3.8) 0.193
MoCA 25.8 (2.6) 248(39)  0.139
Disease duration, y, mean (SD) — 5.5(4.8) —
UPDRS I, mean (SD) — 9.1(6.5) —
UPDRS II, mean (SD) — 8.8 (7.5) —
UPDRS 111, mean (SD) — 21.8 (15.2) —
Total UPDRS, mean (SD) — 39.6 (24.8) —
LEDD, mean (SD) — 679 (487) —

Data represent the mean (SD), except for sex.

Page 16

Disease duration was calculated as years since diagnosis; MoCA, Montreal Cognitive Assessment; UPDRS I, non-motor experience of daily living;
UPDRS I1, motor experience of daily living; UPDRS IIl, motor examination; LEDD, levodopa equivalent daily dosage; Total UPDRS, UPDRS | +

UPDRS Il + UPDRS IlI.
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