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Abstract Increased deposition of a-synuclein in Parkin-
son’s disease (PD) is known to be prominent in the
brainstem and discussed to be clinically relevant for motor
and non-motor features. Whether structural magnetic res-
onance imaging is capable to detect degraded tissue
microstructure caused by increased deposition of o-syn-
uclein at this predilection site in PD remains unclear. We
hypothesize that microstructural degradation in the brain-
stem leads to a reduced T1 contrast provoking standard
tissue segmentation engines to misclassify tissue as addi-
tional grey matter in regions predominantly composed of
white matter. High-resolution T1-weighted three-dimen-
sional magnetization prepared rapid gradient echo
(MPRAGE) imaging at 3 Tesla in fifty-two PD patients
with mild-to-moderate disease severity and in forty age-
and gender-matched healthy controls was performed. A
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dedicated computerized algorithm that comprises standard
tissue segmentation in combination with a statistical test
was set up that evaluates grey matter composition on voxel
level. The algorithm detected a single significant cluster of
voxels with enhanced grey matter (cluster volume is
1,368 mm®, p < 0.05 corrected for false discovery rate) in
the pontomedullary junction of the brainstem in PD
patients as compared to healthy controls. Furthermore,
absolute grey matter volume was significantly higher in the
brainstem of the PD group compared to healthy controls.
We conclude that this cluster may reflect a-synuclein
induced microstructural brainstem pathology in PD.

Keywords Parkinson’s disease - Pontomedullary
junction - T1-weighted magnetic resonance imaging - Brain
tissue segmentation

Introduction

Classical Parkinson’s disease (PD) is a progressive neuro-
degenerative disorder defined by bradykinesia, rigidity, rest
tremor, and postural instability in advanced stages. Recently,
the clinical spectrum of PD has been expanded to comprise
non-motor symptoms including hyposmia, pain, mood dis-
orders such as anxiety or depression, and sleep disturbances
like rapid-eye-movement behavior disorder [1]. These non-
motor features often precede motor symptoms and might,
therefore, be indicative of early disease or valuable for
identifying at risk patients. Several of these motor and non-
motor features such as dyskinesias [2], depression [3] or
pain [4] are related to pathology in the pontomedullary
junction where ao-synuclein aggregates in PD [5, 6].

To date no reliable imaging markers for structural
brainstem pathology in PD based on standard magnetic
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resonance (MR) imaging exist [7]. One reason for this is that
brainstem imaging is challenging due to distortions in the
magnetic field caused by neighboring air cavities and pul-
satile motion of the brain related to the cardiac and respi-
ratory cycle. Another reason is that intraneuronal o-
synuclein-based Lewy body inclusions are currently not
detectable using high-field or non-contrast-enhanced MR
imaging [8]. This notwithstanding, growing evidence sug-
gests a relationship between MR signal changes and cellular
brainstem pathology in PD. Using T1-weighted neuromel-
anin MR imaging, for example, a reduced signal intensity in
the locus coeruleus was demonstrated in late PD patients [9].
Signal reduction directly correlated with the amout of neu-
romelanin-containing neurons in autopsied brains [10].

The first study demonstrating in vivo that conventional
T1-weighted MR imaging is able to detect white matter
(WM) atrophy in the pontomedullary junction in mild-to-
moderate PD was performed by Jubault and colleagues
using voxel-based morphometry [11].

We hypothesize that tissue with high a-synuclein load is
expected to appear slightly darker than the surrounding
WM in Tl-weighted MR images because a-synuclein
accumulation causes a cascade of multiple intracellular and
potentially extracellular pathogenetic effects including
mitochondrial, lysosomal and synaptic dysfunctions [12].
These effects which commonly result in neuronal death are
subsumed as o-synuclein induced microstructural degra-
dation [5]. Microstructural tissue degradation induces
prolonged T1 relaxation times translating into a darker
appearance of WM. We refer to the altered tissue property
as ‘reduced WM contrast’ (RWC) in T1-weighted images.
RWC might be difficult to detect by visual inspection, but
can potentially be accessed using fully automated image
analyses. If a segmentation engine is applied which is
designed to classify normal tissue, RWC regions are
expected to be partially misclassified as grey matter (GM).
In our approach this misclassification is not considered as a
defect of the segmentation algorithm, but rather a facili-
tator to determine the lesion size. Hence no attempt was
made to correct for this misclassification. A recent publi-
cation demonstrated that T1-hypointense multiple sclerosis
lesions can be detected using the same principle [13].

The aim of the present study was to explore the feasi-
bility and accuracy of standard T1-weighted MR imaging
equipped with a novel computerized algorithm to detect
microstructural brainstem pathology in PD.

Patients and methods
Participants

Sixty-eight inpatients with classical PD according to the
United Kingdom (UK) PD Brain Bank criteria were
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consecutively enrolled and examined by movement disor-
ders specialists. We excluded patients with cerebrovascular
disorders, a history of traumatic brain injury, dementia
(Mini-Mental State Examination (MMSE) score <23) or
other neurologic or systemic diseases. Fifty-two PD
patients [mean age 65.3 £ 8.9 (40-77) years] fulfilled
inclusion/exclusion criteria. The Unified PD Rating Scale
(UPDRS) was performed in the ‘on’ and ‘off’ condition
[14]. For the off condition, L-dopa was withdrawn at least
12 h before scoring. Long-acting dopamine agonists were
replaced by L-dopa equivalent doses 3-5 days prior to
clinical testing. The modified Hoehn and Yahr score was
used to assess PD related disease severity [15].

A normative database was assembled comprising forty
healthy controls [mean age 62.5 & 11.6 (41-86) years].
Each eligible control subject was thoroughly examined by
an experienced neurologist to ensure that no asymptomatic
PD patient was included.

Image acquisition

Images of PD patients and healthy controls were acquired
with a 3 Tesla MR scanner (Siemens Skyra) using a
standard MR protocol. The protocol comprises a high-
resolution three-dimensional TI1-weighted MPRAGE
imaging sequence providing enhanced tissue contrast. The
following  settings were wused: TR = 1,900 ms,
TE = 2.46 ms, TI =900 ms, flip angle = 9°. Slice
thickness was 0.94 mm and pixel size was 0.94 mm for
both directions.

Image processing pipeline

The algorithm comprises a standard tissue segmentation
engine in combination with a voxelwise statistical test that
detects disproportions of tissue in regions predominantly
composed of WM.

Tissue segmentation

MR images were segmented and stereotactically normal-
ized to the Montreal Neurological Institute (MNI) space
using the combined segmentation and registration approach
implemented in the SPMS8 software package (release April
2009; Wellcome Trust Centre for Neuroimaging, London,
UK). Prior tissue probability maps for GM, WM and
cerebrospinal fluid (CSF) were deployed to assist seg-
mentation and registration, which were generated from a
population of 662 healthy elderly subjects [16]. Maps
feature an isotropic resolution of 1 mm approximately
matching the resolution of the images to be segmented.
For all analyses, we used the default settings of the
unified segmentation engine: A mixture of Gaussians to
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model intensity distributions of GM, WM, CSF and ‘1-
GM-WM-CSF’ was deployed. The number of Gaussians
was 2, 2, 2, and 4, respectively. Further parameters were:
25 mm for the cutoff of three-dimensional discrete cosine
transform basis function for spatial warping, very light
regularization (0.0001), and 60 mm width for the Gaussian
smoothness of the intensity bias field. The unified seg-
mentation approach yielded three stereotactically normal-
ized tissue maps (GM, WM, and CSF) with a voxel volume
of 1 mm® and intensities between 0 and 1. The determinant
of the Jacobian of the transformation field was applied
locally to ensure that the volume was preserved after ste-
reotactical normalization. The tissue maps were further
processed by applying a CSF mask to compensate for
misclassification at the interface between CSF and bone
[17]. Total GM, WM and CSF volumes were estimated by
summation of all voxel values of the respective tissue map
multiplied by the voxel volume, representing the total
intracranial volume (TIV).

Voxelwise statistical test

For RWC detection a voxelwise statistical test was con-
figured to test GM enhancement in regions that are pre-
dominantly composed of WM. These regions are defined
by voxels of a prior tissue probability map [16], for which
WM probability is equal or greater than 0.5. A respective
binary mask, denoted subsequently as WM mask, was
derived which renders one for a voxel belonging to this
voxel set. All other voxels of the mask were set to zero.
Voxelwise statistical tests were performed on stereotacti-
cally normalized GM tissue maps restricted to voxels
belonging to the WM mask with an isotropic voxel grid
with grid size of 2 mm. The voxel volume was 0.008 ml.
Voxelwise statistical tests produced parametric maps with
the same dimension and voxel volume.

We applied a one-sided two sample ¢ test including age
and TIV as covariates to test for GM enhancements in the
PD group as opposed to the normative database of healthy
controls. Gender is not included since TIV eliminates sex
differences [18]. Prior to testing, GM tissue maps of both
groups were further aligned using a high-dimensional
elastic registration technique (DARTEL) [19]. Then, each
GM tissue map was smoothed by an isotropic Gaussian
filter with a full width at half maximum of 4 mm which is
considered as sufficient in combination with DARTEL
[18]. The test was restricted to voxels defined by the WM
mask. The cluster threshold was set to zero. Results were
considered significant for p < 0.05, corrected for multiple
comparisons using the false discovery rate (FDR) method
[20]. The generation of the resulting parametric map is
illustrated in Fig. 1.

Calculation of effect size

The ‘effect size’ for a PD patient or a healthy control was
estimated by calculating the total GM volume across WM
dominating regions of the brainstem (brainstem GM vol-
ume). The brainstem was delineated by a binary mask
derived from a probabilistic whole-brain atlas in MNI space
as described by Shattuck et al. [21]. Voxels of the stereo-
tactically normalized GM tissue map, which are within the
binary mask and for which the corresponding voxels of the
WM template feature WM > 0.5, were included (the total
volume of all included voxels was 28,400 mm3).

Statistical analysis

Differences in age between PD patients and controls were
analyzed using the Mann—Whitney U test because of
unequal variances; differences in TIV were analyzed using
a two-sided  test. Gender distribution between both groups
was analyzed with Pearson’s y” tests. For a comparison of
the effect size between PD patients and healthy controls,
one-sided ¢ test was used. Correlations of brainstem GM
volumes with disease duration and UPDRS-III (off condi-
tion) were calculated by Pearson’s correlation coefficient.
The statistical threshold was set to p < 0.05.

Results
Participants

Participant and clinical characteristics are summarized in
Table 1. There were no significant differences in baseline
parameters between PD patients and healthy controls
(Table 1).

Group analysis

The group wise comparison of GM tissue images of PD
patients and the normative database of healthy controls
yielded a single symmetrical cluster of RWC in the PD
group in the pontomedullary junction of the brainstem
(Fig. 2). The cluster was found to be significant on cluster
level (p < 0.003 FDR corrected), but not on peak level
(p = 0.154 FDR corrected). The volume of the cluster was
1,368 mm? , the MNI coordinates of the hot spot
(t score = 4.29) were (2; —30; —46). No other significant
cluster was found.

Effect size

We found that brainstem GM volume was significantly
higher in the PD group (mean 2,006 £ 682 mm®) compared
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Fig. 1 Flowchart of the image
processing pipeline. Two-step
analysis of tissue segmentation
and voxelwise statistical tests to
detect reduced white matter
contrast. The turquoise surface
illustrates the area that is
‘dominated’ by white matter
(regions with white matter >0.5
derived from prior tissue
probability maps)
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Control group (n=40)

Parkinson’s disease (n=52)

Stereotactic normalization
and segmentation

GM tissue maps
(MNI space)

WM mask (prior tissue probability for WM = 0.5)

Parametric map
(MNI space)

Voxelwise group differences
restricted to voxels
defined by WM mask
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Table 1 Participant and
clinical characteristics

AR akinetic-rigid subtype,
MMSE Mini-Mental State
Examination, MX mixed
subtype, NA not applicable,
UPDRS Unified Parkinson’s
Disease Rating Scale, TD
tremor-dominant subtype, SD
standard deviation

* P =0267, 7 P=03816,
8 p=0.755

4 Mann-Whitney U test,
® Pearson’s 12 test, “two-tailed

Parkinson’s disease

Healthy controls

patients (n = 52) (n = 40)

Age at examination, year, mean £ SD (range)® 65.3 £ 8.9 (40-77) 62.5 £ 11.6
(41-86)*

Gender, M/F® 35/17 26/14"
Handedness, R/L 50/2 39/1
Total intracranial volume, ml, mean £+ SD (range)® 1,433 + 157 1,424 + 1138
Disease duration, year, mean £+ SD (range) 11.6 £ 6.6 (0.5-30.2) NA
Age at disease onset, year, mean £ SD (range) 53.7 £ 9.8 (27.5-75.2) NA
First affected body side, R/L 23/29 NA
Subtype at disease onset, TD, AR, MX 18, 17, 17 NA
Subtype at examination, TD, AR, MX 17, 31, 4 NA
Hoehn and Yahr, mean £ SD (range) 2.6 £ 0.8 (1-4) NA
UPDRS motor score (OFF condition), mean &+ SD (range) 36.8 £ 13.0 (14-63) NA
UPDRS motor score (ON condition), mean + SD (range) 20.8 £+ 10.2 (5-52) NA
MMSE, mean + SD (range) 27.4 £+ 2.0 (23-30) NA

t test

Fig. 2 Cluster topography. Spatial localization of the cluster of
reduced white matter contrast in Parkinson’s disease compared to the
control group. The cluster of significance is located in the

to healthy controls (mean 1,715 4+ 624 mm3) (p = 0.019,
adjusted for age) (Fig. 3). Brainstem GM volume of healthy
controls correlated with age but not with TIV. Hence
brainstem GM volumes were only adjusted for age. No
clinico-imaging correlations were found between brainstem
GM volume and disease duration (r = 0.023, p = 0.871)
and UPDRS-III (» = 0.008, p = 0.955), respectively.

Discussion

The present study investigated whether microstructural
brainstem degradation in PD can be characterized using
standard 3 Tesla MR imaging as used in clinical routine.
The proposed method detected a single significant cluster
of RWC in the brainstem in PD patients compared to

pontomedullary brainstem area (p < 0.003, FDR corrected, no extend
threshold). MNI coordinates of the hot spot (¢ score = 4.29) were (2,
—30, —46)

healthy controls, anatomically matching the pontine teg-
mentum and rostral part of the medulla oblongata. These
regions are topographically congruent to the histopatho-
logically determined lesion pattern in PD patients proposed
by Braak and colleagues [6, 22]. The pontomedullary area
encompasses parts of the lower raphe nuclei, reticular
formation and coeruleus—subcoeruleus complex, which are
engaged in serotonergic, dopaminergic and noradrenergic
transmissions. Dysregulations in these areas are relevant
for a spectrum of PD motor symptoms including dyskine-
sias [2] and gait disturbance [23], but also for non-motor
features such as depression [3] and pain [4].
Conventional and advanced MR studies have recently
reported an involvement of the pontomedullary brainstem
in PD [11, 24, 25], but also in other a-synuclein patholo-
gies such as dementia with Lewy bodies or idiopathic
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Fig. 3 Effect size. Box and dotplots of grey matter volume in the
brainstem evaluated for white matter dominating regions (white
matter probability >0.5) for Parkinson’s disease patients (blue) and
healthy controls (pink). The bottom and fop of the box represent the
25-75 % percentile. The bold black line represents the median (50 %
percentile). Whiskers under and above the boxes characterize the
minimum and maximum data values

rapid-eye-movement sleep disorder [26]. Jubault and col-
leagues [11] described a comparable pattern of brainstem
abnormalities in 23 PD patients at Hoehn and Yahr stages
I-IT compared to healthy controls in a group level analysis
that corresponds very closely to our results (peak signifi-
cance in MNI space: —1, —36, —49; volume 4,287 mms).
They identified a WM volume reduction in their primary
analysis, which indirectly confirms our analysis since a
reduction of WM is normally accompanied by a relative
increase in GM due to volume preservation. However, an
associated WM reduction could not be replicated in our
study, possibly due to pronounced WM variations of the
normative database. Similarly, Scherfler et al. [26] did not
find WM atrophy in the pontomesencephalic tegmentum in
a-synuclein mediated idiopathic rapid-eye-movement sleep
disorder.

An involvement of non-dopaminergic nuclei of the
midbrain and of the pontine reticular formation in early PD
patients (disease duration 4.0 £ 2.3 years) was also map-
ped by WM decrease in T1 intensities, affecting the level
of the pontomesencephalic junction [25]. Using a novel
MR method based on adiabatic R1,, and modified magne-
tization transfer mapping, Tuite et al. [27] analyzed a
4-mm paramedian brainstem slice and showed that the
medullary parts of the raphe complex are more affected
than the rostral parts in nine PD patients compared to ten
healthy controls. Characterizing the neurochemical corre-
lates of the pontomedullary damage in mild-to-moderate
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PD, 7T 'H-MR spectroscopy implies alterations of GAB-
Aergic transmission in these areas, which may represent a
biomarker for disease staging in the future [24].

Following our hypothesis, RWC might reflect a subtle
degenerative process in brainstem tissue triggered by the
extensive accumulation of o-synuclein-immunoreactive
Lewy bodies, which are hallmarks of PD pathology [5].
The overexpression of o-synuclein clearly results in neu-
ronal death mediated by different pathways (e.g. macro-
autophagy, autophagy of mitochondria, and axonal and
synaptic structural alterations) [12]. However, as a limita-
tion, to date no published work exists demonstrating a
direct relationship between a-synuclein load and consecu-
tive tissue alterations compared to T1 signal intensity,
including studies from animal and phantom imaging.
Although the novel approach seems to be particularly
sensitive to detect a-synuclein induced microstructural
pathology, direct evidence for this conjecture is lacking. A
comparison between in vivo and post mortem MR
microscopy in PD brains may be one strategy to overcome
this challenge.

The computerized algorithm in this study deploys voxel-
based morphometry using a non-standard configuration:
Following a standard tissue segmentation engine, the sta-
tistical test to detect RWC was restricted to voxels con-
taining a minimum of 50 % WM extracted from a
population based WM atlas [16]. The design was originally
developed for the detection of TI1-hypointense multiple
sclerosis lesions in deep WM regions (e.g. voxels with a
minimum of 85 % WM in an average population) [13]. By
accepting voxels with 50 % or more WM content, i.e.
dominance of WM, a large part of the brainstem is sear-
ched by the algorithm. It has to be explained that GM
microstructures such as brainstem nuclei are assumed to be
smaller than a voxel (8 mm® voxel volume) and may thus
be masked by partial volume effects in WM dominating
areas. On an individual level, a-synuclein accumulation
and consecutive cellular pathology prolong T1 relaxation
times leading to RWC. Technically, the algorithm inter-
prets RWC as ‘additional’ GM and ‘less” WM and subse-
quently compares GM content between two groups. From
the pathophysiological point of view, RWC in the brain-
stem most probably represents an identifiable imaging
marker connected to a-synuclein pathology. Whether RWC
is caused by o-synuclein accumulation isolated in brain-
stem nuclei or by surrounding WM tissue in terms of an o-
synuclein propagation can not be resolved with the current
setup.

The degree of brainstem pathology, however, is inde-
pendent from global clinical scores such as disease dura-
tion or severity of motor disability, which is in line with
former studies [11]. According to the negative clinico-
imaging correlations, the lesion pattern might be
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interpreted as a pure on—off criterion. However, it has to be
considered that PD is a heterogeneous disease and many
patients may not follow the classical PD staging scheme
proposed by Braak (Braak hypothesis). In a neuropatho-
logically verified UK cohort (Cambridgeshire and Not-
tingham) only 51 % corresponded to the Braak hypothesis,
whereas a high proportion of cases showed a distribution of
a-synuclein pathology predominantly affecting the amyg-
dala (29 %) or the cortex, but not the lower brainstem
(17 %) [28]. Comparable results from the UK PD Society
Tissue Bank demonstrated o-synuclein pathology pre-
dominantly affecting the substania nigra and nucleus
basalis of Meynert, but did not support the existence of a
medullary induction site in PD. In detail, 47 % of the PD
patients did not fulfill the predicted rostral-to-caudal spread
of a-synuclein pathology [29]. On the other hand, there are
also reports of advanced stages of a-synuclein pathology in
the brainstem without parkinsonism [30]. Thus, the staging
scheme is not consistent in all PD courses [31].

In conclusion, data presented here suggest that micro-
structural degradation in the pontomedullary brainstem can
be detected by a novel computerized algorithm using
standard 3 Tesla MR imaging as commonly deployed in
clinical routine. Prospective studies are required to validate
the presented brainstem marker, particularly in prodromal
PD stages and in other a-synuclein pathologies such as
dementia with Lewy bodies.
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