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Abstract

Background Magnetic resonance (MR) relaxometry is of
increasing scientific relevance in neurodegenerative disor-
ders but is still not established in clinical routine. Sev-
eral studies have investigated relaxation time alterations in
disease-specific areas in Parkinson’s disease (PD), all us-
ing manually drawn regions of interest (ROI). Implement-
ing MR relaxometry into the clinical setting involves the
reduction of time needed for postprocessing using an in-
vestigator-independent and reliable approach. The aim of
this study was to evaluate an automated, atlas-based ROI
method for evaluating T2* relaxation times in patients with
PD.

Method Automated atlas-based ROI analysis of quantita-
tive T2* maps were generated from 20 PD patients and
20 controls. To test for the accuracy of the atlas-based ROI
segmentation, we evaluated the spatial overlap in compar-
ison with manually segmented ROIs using the Dice simi-
larity coefficient (DSC). Additionally, we tested for group
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differences using our automated atlas-based ROIs of the
putamen, globus pallidus, and substantia nigra.

Results A good spatial overlap accuracy was shown for the
automated segmented putamen (mean DSC, 0.64 + 0.04)
and was inferior but still acceptable for the substantia nigra
(mean DSC, 0.50 + 0.17). Based on our automated defined
ROI selection, a significant decrease of T2* relaxation time
was found in the putamen as well as in the internal and ex-
ternal globus pallidus in PD patients compared with healthy
controls.

Conclusion Automated digital brain atlas-based approaches
are reliable, more objective and time-efficient, and therefore
have the potential to replace the time-consuming manual
drawing of ROIs.

Keywords Parkinson’s disease - Magnetic resonance
imaging - Relaxometry - Region of interest - Dice
similarity coefficient

Introduction

Parkinson’s disease (PD) is the second most common neu-
rodegenerative disease, estimated to occur in approximately
1 % of individuals over 60 years of age, with 4.1-4.6 million
people affected worldwide [1]. Although loss of dopamin-
ergic neurons due to accumulation of aggregated o-synu-
clein in the substantia nigra (SN) is a prerequisite for the
pathological confirmation of the disease, the pathological
lesions are much more extensive and involve a number of
ascending projection pathways in the brainstem and specific
areas of the neocortex [2].

Despite rigorous research efforts, patient management
and clinical research are still impeded by suboptimal meth-
ods for diagnosis, i.e., the lack of reliable and applicable
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Table 1 Demographic and clinical data

Groups n (Female/male) Age in years mean DD in years mean UPDRS III mean H&Y stage mean
(= SD) (£ SD) (£ SD) (= SD)

HC 8/12 66.8 £7.0 - -

PD 8/12 66.9 £ 8.2 9.1+£59 42.29 = 15.45 3.03+0.8

HC healthy controls, PD patients with Parkinson’s disease, n number, SD standard deviation, DD disease duration, UPDRS III motor part of
Unified Parkinson’s Disease Rating Scale in medical OFF condition (data of 17 patients; in the remaining three the data were not possible to
obtain), H&Y Hoehn and Yahr stage is displayed in medical OFF condition (data of 17 patients; in the remaining three the data were not possible

to obtain)

in vivo biomarkers [3]. Since magnetic resonance imaging
(MRI) is a noninvasive and widely available imaging tool,
MRI-based techniques are increasingly used in the ongoing
search for sensitive and reliable biomarkers in PD. As al-
tered levels of iron concentration were found in the basal
ganglia and in the SN in patients with PD [4], MRI mapping
techniques using T2* relaxation times are postulated to be
promising imaging tools for diagnosis and especially for
the assessment of disease progression in PD. During a 3-
year evolution of PD, a recent study showed increased R2*
(=1/T2%*) in the SN and in the putamen, without significant
changes in controls [5].

All studies investigating relaxation times to quantify in
vivo the signal alterations of disease-specific areas in PD
used manually drawn regions of interest (ROIs) [5-10]. An
exact manual definition of a specific anatomical structure is
time consuming. As was shown in the previously mentioned
studies, more and more frequently small spheres are placed,
resulting in arbitrary region coverage.

Therefore, the aim of the present study was to assess an
automated, investigator-independent, atlas-based ROI ap-
proach for evaluating T2* relaxation changes in disease-
specific brain regions in patients with PD.

Methods

The study included 20 PD patients and 20 age- and gender-
matched healthy controls. All study patients fulfilled the
standard UK Brain Bank criteria for PD (see Table 1 for
demographic and clinical data of the subjects). Addition-
ally, all study participants had to fulfill the common criteria
for performing MRI. Subjects with concomitant brain dis-
eases such as ischemic stroke, tumor, or severe cerebral
microangiopathy were excluded from this study.

Patients were individually matched to healthy controls
using a multidimensional matching approach [11]. Com-
patible controls were drawn from a larger pool of healthy
subjects while simultaneously minimizing pair-wise differ-
ences in age and sex. The resulting groups did not differ
in their mean age (p = 0.970) or in the underlying age dis-
tribution (Levene test, p = 0.448). Furthermore, all pairs
comprised individuals of the same sex (Table 1).
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All subjects were interviewed regarding their previous
medical history. In the PD group, disease duration, lev-
odopa equivalent dose (LED) [12], Hoehn and Yahr (HY)
[13] stages, and the motor part of Unified Parkinson’s Dis-
ease Rating Scale (UPDRS III) [14] were recorded, the
latter two being assessed without dopaminergic medication
(OFF condition) in 17 of 20 patients (Table 1). For the
remaining three patients, it was not possible to obtain these
parameters.

The study was approved by the local research ethics com-
mittee and all subjects gave written informed consent prior
to participation.

Image Acquisition

Image acquisition was performed on a 3-T MRI scanner
(Magnetom TRIO, Siemens Medical Solutions, Erlangen,
Germany) using a 12-channel head coil for reception. In
addition to the standard fixing device of the head coil, foam
pads were used to reduce involuntary head movements.
For mapping the T2* relaxation time we used a 2D gra-
dient echo sequence with 25 slices, which were acquired
at five different echo times (6.82, 12.04, 18.00, 25.00, and
33.00 ms) with TR = 422 ms, FOV = 220 x 220 mm?, ma-
trix = 132 x 132, slice thickness = 4 mm, and a total scan
duration of 7 min. For spatial transformation, additional
MP-Rage images (T1-weighted 3D dataset) were acquired
with a voxel size of 1.0 x 1.0 x 1.0 mm, TE = 2.14 ms,
TR = 2,200 ms, TI = 1,100 ms, and a flip angle of 12°.

Image Postprocessing

Postprocessing of imaging data was performed using
SPMS8  (http://www.fil.ion.ucl.ac.uk/spm/software/spm8/).
T1-weighted anatomical images were segmented using
the VBMS8 toolbox (http://dbm.neuro.uni-jena.de/vbm/
download/). Deformation field parameters for nonlinear
transformation into the stereotactic Montreal Neurological
Institute (MNI) space were derived from the DARTEL
approach [15] implemented in VBMS (using the provided
MNI template of the IXI-550 cohort).

The T2* signal amplitudes were fitted to a monoexpo-
nential decay with Matlab functionality. The resulting spa-
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Fig. 1 Illustration of hand-drawn region of interest (ROIs; red) and
automated generated ROIs (green) of the putamen (a) and the substan-
tia nigra (b) on six different axial slices of an individual T1-weighted
image in MNI space (position on z-axis in mm = -13.5, -10.5, 7.5,
—4.5, -1.5, 0) of a study participant with a representative DSC (0.67
for the putamen bilaterally, 0.50 for the left SN, and 0.52 for the right
SN). ¢ T2* values in milliseconds (ms) in each ROI (mean + standard
deviation) in patients with Parkinson’s disease (PD) and healthy con-
trols (HC). For group analyses, left and right regions were merged.
SN substantia nigra, PUT putamen, GPe external globus pallidus, GPi
pallidus. **p < 0.01, *p < 0.05, °p = 0.066

tial maps of T2* relaxation times in individual space were
transformed into stereotactic MNI space using the DAR-
TEL deformation fields (see previous paragraph). Spatially
normalized images were resampled to a resolution of 1.5 x
1.5 x 1.5 mm?. For group analyses, T2* relaxation times
were extracted and median-aggregated based on ROIs for
the left and right substantia nigra (SN), putamen, as well
as internal and external globus pallidus (GPi and GPe), as
predefined in the WFU PickAtlas (http://fmri.wfubmc.edu/
software/PickAtlas; Fig. 1a). For these analyses, left and
right regions were merged.

To test for the spatial overlap accuracy, we additionally
performed manual delineation of individual ROIs for the
SN and the putamen bilaterally, based on the T2*- and T1-
weighted images of each participant. The spatial overlap of

atlas-based and manually drawn ROIs was analyzed using
the Dice Similarity Coefficient (DSC) [16]. Finally, we
performed group analyses with the manually extracted T2*
relaxation times of the putamen and the SN.

Results

The spatial overlap accuracy of atlas-based ROIs with man-
ually drawn ROIs analyzed with the DSC showed good re-
sults regarding the putamen (mean DSC, 0.64 + 0.04) and
inferior but still acceptable DSC results for the SN (mean
DSC, 0.50 £ 0.17).

The atlas-based derived T2* values presented in this
study (putamen, 34.2 + 4.4; GPe, 23.5 = 4.3; GPi, 234 +
4.1; SN mean, 25.9 + 6.5) were within the range of previ-
ously reported T2* values [5-10]. A multivariate ANOVA
on the T2* relaxation times in the four specified anatomical
regions as dependent variables did not show a significant
main effect but a trend for the between-subject factor group
(p = 0.071). Subsequent univariate testing revealed that pa-
tients with PD showed, in comparison with the individually
matched healthy controls, significantly reduced T2* relax-
ation times in the putamen (p = 0.048), GPi (p = 0.006),
GPe (p = 0.004), and a trend thereof in the SN (p = 0.066;
Fig. 1b). These findings were confirmed using the man-
ually segmented T2* relaxation times within the putamen
and SN (p = 0.037 and p = 0.113, respectively).

Discussion

In the present study we evaluated an investigator-indepen-
dent atlas-based ROI method to obtain individual T2* re-
laxation times within PD-specific brain regions.

First, atlas-based putaminal ROIs showed good spatial
alignment with the manually defined ROIs in the same in-
dividuals (mean DSC, 0.64 + 0.04), whereas the DSC ana-
lyzes of the SN was inferior, but still acceptable (mean DSC
0.50 = 0.17) (Fig. 1). Additionally, T2* relaxation values
of the atlas-based ROIs were within the range of previously
reported values [5—10].

When comparing healthy controls versus patients with
PD, T2* relaxation rates were significantly different in the
putamen as well as in the globus pallidus (GPi and GPe),
while the result within the SN just missed the significance
threshold, and is therefore reported as a trend only. The
following group comparison of the manually derived T2*
relaxation rates confirmed the significant finding within the
putamen, as well as the nonsignificant finding within the
SN, although the patients of the present study were more
strongly affected than in other studies. Therefore, we hy-
pothesize that this lack of significant SN differences might
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primarily be due to the inferior spatial resolution of the
T2*-weighted sequence used with a rather high slice thick-
ness of 4 mm. An additional reason might be the fact that
in this study the whole SN was segmented, which is dif-
ferent to previous studies, in which spheres were placed in
the middle of the ROI and/or subregions of the SN were
segmented [5, 8-10].

The inferior coverage accuracy of the atlas-based SN
ROI shown with the manually delineated SN could be ex-
plained by the fact that the SN is a rather small, anatomi-
cally heterogeneous structure, located within the brainstem,
again a structure with a relatively small cross-sectional di-
mension, and with a relatively poor local magnetic field
homogeneity causing image distortion and lower signal-
to-noise ratios (SNR) [17]. This, together with the fact
that there is still no reliable automated method available
to exactly delineate substructures of the SN, indicates that
hand-drawn ROIs might remain the most reliable segment-
ing method for the SN.

Interestingly, a very recent relaxometry study showed
that quantitative R2* (=1/T2*) relaxometry within the basal
ganglia is able to serve as a reliable biomarker of disease
progression in patients with PD. Longitudinal variation of
relaxation rates observed in the putamen of patients with PD
correlated significantly with clinical biomarkers of disease
worsening, while results within the SN failed [5].

Regarding this, the automated ROI approach, as pre-
sented in our study, could be a valuable tool especially in
longitudinal PD studies. Determination of clinically in-
teresting ROIs using an automated atlas-based approach
provides a reliable individual anatomical region coverage,
which is essential for longitudinal studies, is investigator
independent, and leads to a significant reduction in time
needed for postprocessing. That the reduction of time
needed for postprocessing is of major interest becomes ap-
parent when considering that the most recent ROI-based
studies use small spheres in the center of the region in-
stead of delineating the whole structure of interest. The
total time needed for individual atlas-based postprocessing
was less than 2 min, regardless of how many ROIs are
included. A limitation regarding time effectiveness is the
indispensable need for a visual inspection to exclude pos-
sible misregistration.

As already mentioned, a limitation of this study is the
T2* multi-echo sequence used with a rather high slice thick-
ness. Especially in areas heavily affected by field inho-
mogeneities (e. g., the brainstem) additional improvement
might be achieved by applying a magnetic field inhomo-
geneity correction as described previously [18, 19]. An-
other option for measuring the iron content within dis-
ease-specific brain regions could be quantitative SWI using
a field estimation method [20, 21]. However, this was not
in the scope of this work.
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In conclusion, the present study confirmed the potential
of a fully automated, investigator-independent, atlas-based
ROI approach, as presented in this study, especially when
evaluating supratentorial brain structures.
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