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Christopher E. J. Doppler,'?> Martin B. Kinnerup,* Corinna Brune,? Ezequiel Farrher,* Matthew
Betts,>%7 Tatyana D. Fedorova,? Jeppe L. Schaldemose,? Karoline Knudsen,? Rola Ismail,? Aline
D. Seger,'? Allan K. Hansen,? Kristian Ster,> Gereon R. Fink,?> David J. Brooks,>®° Adjmal
Nahimi,? Per Borghammer®" and Michael Sommerauer!-23"

"These authors contributed equally to this work.

Abstract

Previous studies have reported substantial involvement of the noradrenergic system in Parkinson’s
disease. Neuromelanin-sensitive MRI sequences and PET tracers have become available to
visualize the cell bodies in the locus coeruleus and the density of noradrenergic terminal
transporters. Combining these methods, we investigated the relationship of neurodegeneration in
these distinct compartments in Parkinson’s disease. We examined 93 subjects (40 healthy controls
and 53 Parkinson’s disease patients) with neuromelanin-sensitive turbo spin-echo MRI and
calculated locus coeruleus-to-pons signal contrasts. Voxels with the highest intensities were
extracted from published locus coeruleus coordinates transformed to individual MRI. To also
investigate a potential spatial pattern of locus coeruleus degeneration, we extracted the highest
signal intensities from the rostral, middle, and caudal third of the locus coeruleus. Additionally, a
study-specific probabilistic map of the locus coeruleus was created and used to extract mean MRI
contrast from the entire locus coeruleus and each rostro-caudal subdivision. Locus coeruleus
volumes were measured using manual segmentations. A subset of 73 subjects had !"C-MeNER
PET to determine noradrenaline transporter density, and distribution volume ratios of
noradrenaline transporter-rich regions were computed. Parkinson’s disease patients showed
reduced locus coeruleus MRI contrast independently of the selected method (voxel approaches: p
< 0.0001, p < 0.001; probabilistic map: p < 0.05), specifically on the clinically-defined most
affected side (p < 0.05), and reduced locus coeruleus volume (p < 0.0001). Reduced MRI contrast
was confined to the middle and caudal locus coeruleus (voxel approach — rostral: p = 0.48, middle:
p <0.0001, and caudal: p <0.05; probabilistic map — rostral: p = 0.90, middle: p <0.01, and caudal:

p < 0.05). The noradrenaline transporter density was lower in Parkinson’s disease patients in all
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examined regions (group effect p <0.0001). No significant correlation was observed between locus
coeruleus MRI contrast and noradrenaline transporter density. In contrast, the individual ratios of
noradrenaline transporter density and locus coeruleus MRI contrast were lower in Parkinson’s
disease patients in all examined regions (group effect p <0.001). Our multimodal imaging approach
revealed pronounced noradrenergic terminal loss relative to cellular locus coeruleus degeneration
in Parkinson’s disease; the latter followed a distinct spatial pattern with the middle-caudal portion
being more affected than the rostral part. The data shed first light on the interaction between the
axonal and cell body compartments and their differential susceptibility to neurodegeneration in
Parkinson’s disease, which may eventually direct research toward potential novel treatment

approaches.
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Introduction

The locus coeruleus (LC) is the primary source of noradrenergic innervation in the brain and
comprises clusters of 30,000-50,000 pigmented neurons located bilaterally in the dorsal pons.!=
The pigmentation of the LC (and that of the substantia nigra) is due to accumulating neuromelanin,
a byproduct of catecholaminergic neurotransmitter metabolism, which forms paramagnetic
complexes with iron.’

Despite the small size of the LC, i.e., about 15 mm?, its axons are highly arborized,® providing
numerous cortical and subcortical connections.” Consequently, the LC is involved in modulating
many physiological processes, including sleep-wake regulation, attention and arousal, cognition,
pain, blood-pressure regulation, and neuroinflammation.®!3 Noradrenergic dysfunction has been
reported in both Parkinson’s disease and Alzheimer’s disease.?!416 Neuropathological studies have
identified the LC as particularly susceptible to pathology, and its degeneration may occur early
during both Alzheimer’s disease and Parkinson’s disease. %!

Recent advances in neuroimaging allow investigating different compartments of the noradrenergic
system in vivo. Using neuromelanin-sensitive MRI sequences, the paramagnetic pigment in the LC
cell bodies can be visualized.!'® Given the reduction of this signal in patients with Alzheimer’s
disease and Parkinson’s disease,'%?° neuromelanin can be considered a potential biomarker for LC
cell body integrity.?! Efferent noradrenergic projections have also been shown to degenerate in
Parkinson’s disease. Their terminals can be visualized using PET with 'C-MeNER, a reboxetine
analogue that binds specifically to noradrenaline transporters located at the terminal sites.!>!622.23
It remains to be investigated how terminal degeneration relates to LC neuronal cell loss in
Parkinson’s disease. Evidence from the dopaminergic system suggests that striatal terminal
pathology precedes and exceeds degeneration of nigral cell bodies in Parkinson’s disease,
supporting a “dying-back” mechanism of neurodegeneration.?*” This mechanism of axonal
pathology may well be common to degeneration of other monoaminergic neurotransmitter systems
and the topographic organization of the LC could have implications for a disease-specific pattern
of neuronal degeneration as neurons in the rostral LC project to the forebrain including the
hippocampus, whereas those located in its middle and caudal portions project to the basal ganglia,
cerebellum, and spinal cord.?®-3! In support of this view, histopathological studies in Alzheimer’s
disease and Parkinson’s disease suggest that cellular degeneration of the LC might follow a disease-

specific rostro-caudal pattern. The caudal part of the LC, which seems to be spared from
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neurodegeneration in Alzheimer’s disease,’’ is prone to neurodegeneration in Parkinson’s
disease.*

We hypothesized a distinct spatial pattern of LC disintegration with more significant degeneration
of its caudal than its rostral portion in Parkinson’s disease patients as visualized by neuromelanin-
sensitive MRI. Concerning the relationship of LC cell body degeneration and terminal dysfunction,
we predicted a pronounced noradrenergic terminal loss in Parkinson’s disease consistent with an
uncoupling between terminals and axons. To this end, we analyzed 93 datasets of Parkinson’s
disease patients and healthy controls (HC) who had undergone multimodal imaging combining

neuromelanin-sensitive MRI and ''C-MeNER PET.

Materials and methods

Study design and participants

We pooled data from two studies on Parkinson’s disease from Aarhus University, in which we
conducted ''C-MeNER PET and neuromelanin-sensitive MRI.!> In total, 40 HC and 53 Parkinson’s
disease patients had neuromelanin-sensitive MRI assessments and were eligible for analysis. Of
those, a subgroup of 26 HC and 47 Parkinson’s disease patients also had !'C-MeNER PET imaging.
Inclusion criteria comprised a diagnosis of Parkinson’s disease according to the Movement
Disorder Society (MDS) consensus criteria,* a Montreal Cognitive Assessment (MoCA) score
greater than 22, and a normal structural brain MRI scan. Exclusion criteria were dementia,
psychiatric disorders including depression operationalized by an increased score on the Geriatric
Depression Scale (GDS-15), neurological disorders besides Parkinson’s disease, and medication
interfering with the noradrenaline transporters, particularly selective serotonin-noradrenaline
reuptake inhibitors and tricyclic antidepressants. Inclusion and exclusion criteria were identical for
HC apart from a diagnosis of Parkinson’s disease. One patient was treatment-naive. The other
patients were either taking levodopa, dopamine agonists, MAO B inhibitors, or a combination
thereof. Total levodopa-equivalent daily doses (LEDD) were calculated as recommended.>* Motor
symptoms were quantified after 12 hours of medication abstinence: in a subset of 25 patients, the
Unified Parkinson’s disease Rating Scale part III (UPDRS III) was applied; for the other 28
patients, the updated MDS-UPDRS III was used. To facilitate comparisons, the older UPDRS III
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values were converted to match with the MDS-UPDRS III system using the approach suggested
by the MDS.3>

Asymmetry of Parkinson’s disease motor symptoms was assumed if (1) the difference of UPDRS
right- minus left-side items was >4 and (2) matched the side of onset. Otherwise, laterality was
considered as indifferent.’® For statistical analysis, the “most affected side” of the LC was the side
contralateral to the body side with higher motor burden, i.e. ipsilateral to the greatest nigrostriatal
denervation.

All subjects were recruited through advertisements in newspapers and the Danish Parkinson’s
disease magazine, and collaborating neurological clinics. Following the Declaration of Helsinki,

the local ethics committee approved the study, and all subjects gave written informed consent.

Neuromelanin-sensitive MRI

We acquired 2D axial turbo spin-echo (TSE) T1-weighted sequences in all subjects. Due to limited
scanner availability, subjects were scanned on two scanners with slightly different scanning
protocols: 46 subjects (18 HC and 28 Parkinson’s disease patients) were scanned on a Siemens
MAGNETOM Trio using a 32-channel head coil (repetition time/echo time: 600 ms/10 ms, 16
averages, voxel size: 0.4 x 0.4 x 1.8 mm?, distance factor 10%), and 47 subjects (22 HC and 25
Parkinson’s disease patients) were scanned on a Siemens MAGNETOM Prisma using a 32 channel
head coil (repetition time/echo time: 825 ms/18 ms, 16 averages, voxel size: 0.4 x 0.4 x 1.8 mm?,
distance factor 10%). Populations from both scanners did not differ regarding age, sex, and
Montreal Cognitive Assessment (MoCA) scores (all p > 0.05). Due to ethical reasons and to reduce
movements within the scanner, which would particularly be problematic for imaging small
brainstem structures like the LC, Parkinson’s disease patients were scanned in medication ON state.
There is evidence from animal studies that administration of levodopa might foster the
accumulation of neuromelanin.?” However, these effects are expected to be relatively long-lasting
rather than fluctuating between medication states.

Planes were acquired perpendicular to the dorsal brainstem. To account for inhomogeneities in the
transmit/receive coil profiles of the different scanners, TSE images were bias field-corrected using
FMRIB's Automated Segmentation Tool (FAST)?® available in the FMRIB Software Library v6.0
(FSL).>® As it is currently unclear how the approach for quantifying neuromelanin MRI contrast in

the LC may influence results,?! we used two complementary approaches: (A) delineation of voxels
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with the highest intensity within bilateral larger “LC searching volumes of interest (VOIs)”,
comparable to previously published LC quantifications in Parkinson’s disease,!>!64041 and (B)
creation of a probabilistic map of the LC within a study-specific template to quantify mean LC
MRI contrast as described in recent aging and Alzheimer’s disease studies (Fig. 1).2442

Approach A was carried out using toolboxes in PMOD 4.0: Published contours of the LC in
Montreal Neurological Institute (MNI) atlas space! were slightly enlarged to “LC searching VOIs”
that included the LC but no other structure with similarly high contrast on the TSE image. To
investigate rostro-caudal differences in LC contrast, the aforementioned “LC searching VOIs”
were additionally split into three parts of an equal rostro-caudal length in PMOD. A rectangular
background VOI was centered in the pons. The MNI atlas VOIs were co-registered to the individual
TSE images for each subject using combined inverse transformations from MNI atlas space to
anatomical T1 (derived from spatial normalization of the segmented T1 image to MNI space) and
from anatomical T1 to the TSE image (derived from a rigid transformation of the TSE to the T1
image) allowing for image analysis in native space. Following previous studies, the 12 connected
voxels with the highest intensity,*! and the 10 independent voxels with the highest intensity!> in
each “LC searching VOI” were identified by the appropriate VOI tools implemented in PMOD 4.0.
The average intensities of the resulting voxels for each side were divided by the background
intensity of the pontine VOI. With a similar approach, we identified the 5 independent voxels with
the highest intensity in each rostro-caudal section of the “LC searching VOIs”, averaged the
resulting voxels’ intensities, and divided these by the background intensity of the pontine VOI.
For approach B, we first created a study-specific probabilistic map of the LC. To this end, TSE
images were first sinc-interpolated to a near isotropic voxel size 0of 0.4 x 0.4 x 0.5 mm?3 with PMOD
4.0. On these images, two trained raters manually segmented the LC as hyperintense voxels on
either side of the dorsal pons adjacent to the fourth ventricle with ITK-SNAP.* To enable co-
registration of all TSE images to a study-specific template space, images were padded with 50
voxels in all dimensions, and a common template was created using the “buildtemplateparallel”
command from Advanced Normalization Tools (ANTSs v2.1).** Warping of the images to template
space failed in seven subjects using this approach. Three of those images were successfully warped
using FLIRT and FNIRT in FSL.3° The remaining four subjects had to be excluded from the
analysis. Manual LC segmentations were transferred to the study-specific template space using the

transformations generated during template creation. Segmentations of HC subjects in template
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space were averaged, which yielded a probability of each voxel belonging to the LC. By computing
a cumulative distribution function of the map and selecting the range for which this function
approximated a linear distribution, a threshold for map binarization was empirically set at a
minimum voxel probability of 22%.% This step mitigated the potential effects of inaccuracies in
manual segmentation and coregistration.*> The binarized map was multiplied with each TSE image
in the study-specific template space to mask the LC. Mean voxel intensities were extracted using
fslmaths and divided by the average intensity of a rectangular pontine background VOI drawn in
the template space. To enable computation of rostro-caudal differences in LC MRI contrast
consistent with approach A, the binarized map was again split into three parts of equal rostro-caudal
length along the z-axis. As another surrogate parameter for LC, we extracted the cumulative
bilateral volume of the individual segmentations of HC and Parkinson’s disease patients in native

space. Image analysis steps are summarized in Fig. 1.

11C-MeNER PET

"IC-MeNER radiosynthesis and PET image acquisition and reconstruction were performed as
described previously.?? After bolus administration of ''C-MeNER, a 90-minute dynamic PET scan
was acquired with an ECAT HRRT. All PET images were analyzed using the relevant toolboxes
of PMOD 4.0. Image frames were rigidly realigned to an average image acquired 5-10 minutes
after injection for motion correction. Corrected PET images were spatially normalized into MNI
space with individual MRI segmentation-based transformation and rigid matching of the PET
image to the corresponding anatomical MRI. We smoothed PET images with a 4 mm Gaussian
filter to optimize voxel-wise kinetic modeling. VOIs of the bilateral thalamus (high-binding) and
caudate (low-binding) from PMOD’s built-in atlas were used to start pixel-wise calculations using
the reference tissue model 2 (SRTM2) with a fixed efflux rate constant k2’ = 0.021*min"! to obtain
IC-MeNER parametric maps of distribution volume ratios (DVRs) comparable to previous
studies.!>!® These maps were non-rigidly matched to an in-house ''C-MeNER template comprising
six VOIs rich in noradrenaline transporters: the hypothalamus (left/right), red nucleus (left/right),
median raphe, and dorsal raphe (Supplementary Fig. 1). Inverse transformations were applied to
these VOIs. Furthermore, additional VOIs for the thalamus (left/right) from PMOD’s built-in atlas

were included. DVRs of these VOIs were extracted for further statistical analysis.
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Statistical analysis

We interrogated the data using RStudio (Version 1.3.959) and packages “lme4”*® and
“emmeans”.*’ Data distribution was assessed with Shapiro-Wilk tests, Q-Q plots, and density plots.
Group data are presented as mean =+ standard deviation unless otherwise stated.

Linear mixed models were used to interrogate the different analytical approaches for PET and MRI
data separately. Models were constructed using a step-up strategy, starting with an intercept-only
model and incrementally adding predictors. As ''C-MeNER DVRs and LC designations did not
differ between sides (all p > 0.05), we averaged sides for inter-group comparison to reduce the
number of statistical comparisons across groups.

For the linear mixed model analyzing MRI data covering the full LC, “LC MRI contrast” was used
as the outcome variable. Factors “group” (HC, Parkinson’s disease) and “method” (12 connected
voxels with the highest intensity, 10 independent voxels with the highest intensity, mean intensity
in the probabilistic map) were considered as fixed effects and “subject” as random effect. Due to a
considerable numeric difference of volume measures compared to voxel intensities, LC volumes
were interrogated with a separate linear model. To investigate the rostro-caudal spatial distribution
of LC MRI contrast, the respective linear mixed model was expanded using “region” (rostral,
middle, caudal) as a fixed effect. “Method” as another fixed effect, in this case, was represented by
the two different approaches (5 independent voxels with the highest intensity, mean intensity in the
probabilistic map). For linear mixed models assessing laterality in LC MRI contrasts, “side” (most
and least affected) was considered as a fixed effect.

For PET data, the final model encompassed “Distribution Volume Ratios” as outcome variable,
“region” (representing the different PET VOIs) and “group” (HC, Parkinson’s disease) as fixed
effects, and “subject” as a random effect.

To investigate the relationship between noradrenaline transporter density and LC MRI contrast, we
calculated intra-individual ratios of DVR to LC MRI contrast. For each region investigated, ratios
were normalized to the mean of the HC group (i.e., leading to a group mean of 1 for HC for each
region). The linear mixed model was constructed analogously to the PET data analysis with
“scanner type” as an additional fixed effect.

“Scanner type” was included as a fixed effect in all models, and its partial correlation was
determined for all correlation analyses interrogating MRI contrasts to control for potential bias due

to different TR/TE values. Besides, gender, age, and MoCA scores were controlled for in all models
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and correlation analyses. Visual inspection of residual plots did not reveal any apparent deviations
from homoscedasticity or normality. Estimated marginal means were calculated for post-hoc
comparisons.

Further group comparisons were performed using Welch’s z-tests, Mann-Whitney tests, and chi-
square tests as appropriate. Significance was accepted at p<0.05. Correlations were computed with

Pearson’s correlation coefficient, and a Bonferroni-correction was applied due to the multiple
0.05

number of comparisons®

comparisons: significance was accepted at p,g; <

Data availability

Data are available upon reasonable request.
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Results

Groups did not differ in mean age (range: 51 - 83.5 years), but the Parkinson’s disease group
included more males than the HC group (Table 1). The subgroup of HC subjects and Parkinson’s
disease patients who underwent MRI and PET imaging had a similar age/sex distribution and
clinical characteristics compared to the entire sample (Table 1). The average MoCA score was
lower in Parkinson’s disease patients than in HC (27.8 + 2.1 versus 26.6 £ 2.2, p = 0.016) but was
still above the cut-off of 26 for Mild Cognitive Impairment (MCI) in Parkinson’s disease.*?
Investigating MRI contrast along the full extent of the LC, Parkinson’s disease patients showed a
lower contrast compared with HC subjects with every analytical method (B = -0.04; effect of
“group”: F(1, 80.313) = 14.74, p < 0.001; n,*> = 0.16) with absolute values varying between
methods (effect of “method”: F(2, 164.621) = 1870.47, p < 0.0001; n,? = 0.96; Fig. 2). Group
differences between HC and Parkinson’s disease patients were more pronounced for the approaches
investigating the 12 connected voxels (#(111) =4.80, p <0.0001; d =2.13) and the 10 independent
voxels with the highest intensity (#(111) =3.58, p <0.001; d = 1.58) but were still significant when
comparing the mean intensity of the probabilistic map (#(114) = 2.18, p < 0.05; d = 0.97)
(interaction “group” x “method”: F(2, 164.610) = 6.86, p < 0.01; n,> = 0.08). Parkinson’s disease
patients also exhibited a lower LC volume than HC (B = -3.61; effect of “group”: F(1, 80) =30.03,
p <0.0001; n,? = 0.27). All quantifications of LC contrast besides LC volume showed significant
positive inter-method correlations (all r >0.6, all p < p,4; (0.05/6 = 0.008), Supplementary Fig. 2).
Analyzing the rostro-caudal distribution of LC MRI contrast, Parkinson’s disease patients
exhibited reduced contrast in the middle (B = -0.03) and caudal (§ = -0.01) but not the rostral
sections of the LC compared to HC (effect of “position”: F(2, 408.94 = 60.33), p < 0.0001; n,> =
0.23; interaction “group” x “position”: F(2, 408.94 = 7.48, p < 0.001; n,? = 0.04; Fig. 3). Both
methods used to analyze the spatial distribution of the contrast along the rostro-caudal axis revealed
similar results (probabilistic map - HC versus Parkinson’s disease, rostral: /308) =0.13, p = 0.900;
d =0.03, middle: #308) =2.70; p < 0.01, d = 0.74, caudal: #308) =2.57, p <0.05; d = 0.70, Fig.
3A; voxel approach - HC versus Parkinson’s disease, rostral: #298) = 0.71, p = 0.476; d = 0.19,
middle: #(298) = 4.33, p < 0.0001; d = 1.16, caudal: #(298) = 2.20, p < 0.05; d = 0.59, Fig. 3B).
Absolute values returned by the different methods also differed significantly (effect of “method”:
F(1, 414.68) = 1939.67, p < 0.0001; n,*> = 0.82); however, contrast values for each rostro-caudal
section were positively correlated across methods (all r > 0.3, all p < p,g; (0.05/3 = 0.017)). LC
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MRI contrasts did not differ between the clinically-defined most and least affected side when
interrogating the entire probabilistic map (effect of “side”: F(1,24) = 3.84, p = 0.06; n,*> = 0.14;
Fig. 4A) but its sections along the rostro-caudal axis (effect of “side”: F(1,120) = 4.35, p <0.05;
np? = 0.03; Fig. 4B). Post-hoc comparisons revealed lower contrast specifically for the middle
sections of the most affected side (#(120) = 2.25, p <0.05; d = 0.63).

''C-MeNER DVRs were significantly lower in Parkinson’s disease patients compared to HC across
all noradrenaline transporter rich regions (B =-0.15; effect of “group”: F(1,65)=22.84, p <0.0001;
np> = 0.26, pontine raphe: #(224) =2.80, p <0.01; d = 0.85, dorsal raphe: #(224) =4.32, p < 0.0001;
d =1.32, red nucleus: #(224) =3.31, p <0.01; d = 1.01, hypothalamus: #(224) = 3.60, p < 0.001; d
=1.10, thalamus: #224) =2.42, p <0.05; d = 0.74; interaction “group” x “region” F(4,272) = 0.81,
p=0.519; n,2=0.01; Fig. 5).

In Parkinson’s disease patients, noradrenaline transporter density across all five regions sampled
showed no correlation with LC MRI contrast along the full extent of the LC regardless of which of
the four methods was used (all p > 0.3, all |r] < 0.16, p,s = 0.05/20 = 0.0025; Fig. 6 and
Supplementary Fig. 3A). There was also no association between noradrenaline transporter density
and MRI contrast measures along the rostro-caudal axis of the (all p > 0.02, all || < 0.35, pag; =
0.05/30 = 0.0006, Supplementary Fig. 3B). Partial correlations with age, gender, and MoCA score
were accounted for by both correlation analyses. There was no linear association with disease
duration for both LC MRI contrast and noradrenaline transporter density (Supplementary Fig. 4).
To further investigate the relationship between noradrenaline transporter density and LC MRI
contrast in Parkinson’s disease patients, we calculated ratios of ''C-MeNER PET DVR to LC MRI
contrast. For each region investigated, the individual ratio was normalized to the mean of the HC,
1.e., aratio below 1 indicated that noradrenaline transporter density loss exceeded LC MRI contrast
deprivation. This was the case for Parkinson’s disease patients as they showed a significantly lower
ratio compared to HC (B = -0.07; effect of “group™: F(1,61) = 14.69, p < 0.001; n,*> = 0.19). This
reduction was between 7 and 12 % when using the LC contrast defined from the probabilistic map,
and consistent for all regions (pontine raphe: #(193) = 1.99, p <0.05; d = 0.64, dorsal raphe: #193)
=3.45,p<0.001;d=1.11, red nucleus: #(193) = 2.58, p < 0.05; d = 0.83, hypothalamus: #193) =
3.56, p < 0.001; d = 1.15, thalamus: #(193) = 2.10, p < 0.05; d = 0.68; effect of “region” and
interaction “group” x “region”: both F(4,260) = 0.88; p = 0.474; n,> = 0.01, Fig. 7). The same held

true when using the two voxel-based LC MRI contrast measures where reductions between 15 -
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22% were observed (10 independent voxels with highest intensity - = -0.18; effect of “group”:
F(1,64) = 78.81, p < 0.0001; n,?> = 0.55, effect of “region” & interaction “group” X “region”:
F(4,272)=0.67, p =0.611; n,*> = 0.01, pontine raphe: #209) = 5.66; d = 1.77, dorsal raphe: #(209)
= 6.90; d = 2.15, red nucleus: #209) = 6.09; d = 1.90, hypothalamus: #(209) = 7.00; d = 2.18,
thalamus: #209) = 5.67; d = 1.77, all regions: p < 0.0001; 12 connected voxels with highest
intensity: B = -0.16; effect of “group”: F(1,64) = 60.09, p < 0.0001; n,> = 0.48, effect of “region”
& interaction “group” x “region”: F(4,272) = 0.69, p = 0.597; n,> = 0.01, pontine raphe: #(212) =
4.82; d = 1.50, dorsal raphe: #212) = 6.09; d = 1.89, red nucleus: #212) = 5.26; d = 1.63,
hypothalamus: #(212) = 6.18; d = 1.92, thalamus: #212) = 4.83; d = 1.50, all regions: p < 0.0001).
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Discussion

We assessed two compartments of the noradrenergic system using multimodal in vivo imaging in
a large sample of healthy controls (HC) and Parkinson’s disease patients: the terminals with !'C-
MeNER PET - specific for noradrenaline transporters - and the cell bodies with TSE MRI -
sensitive to neuromelanin content. Parkinson’s disease patients showed a highly significant
decrease of both imaging markers consistent with postmortem and in vivo data on noradrenergic
perturbations in Parkinson’s disease.!323-3241:4952 Applying fine-mapping of the LC MRI contrast
along its rostro-caudal axis revealed a distinct spatial pattern of LC degeneration in Parkinson’s
disease in the middle and caudal LC with relative sparing of the rostral third. Decreased LC MRI
contrast was pronounced for the middle section of the clinically-defined most affected side. We
also studied the association of these markers of noradrenergic terminal function and LC cell body
integrity but did not find a linear correlation. Instead, terminal deterioration measured with ''C-
MeNER PET exceeded cell body disintegration measured with neuromelanin-sensitive MRI by 10
- 20%, suggesting predominant terminal damage of the noradrenergic system in Parkinson’s

disease.

Uncoupled degeneration of terminals and cell bodies in Parkinson’s

disease

An increasing body of evidence - mainly deduced from studies of the dopaminergic system -
indicates axonal degeneration as a central part of Parkinson’s disease pathology, which is
differentially regulated from cell body death.?#2333-33 It is well-recognized that Parkinson’s disease
pathology preferentially affects neuronal populations possessing long and hyperbranched axons,
including dopaminergic nigrostriatal neurons, cholinergic neurons of the pedunculopontine nucleus
and the dorsal motor nucleus of the vagus, as well as noradrenergic neurons in the LC.!736:57
Estimates of the terminal fields proposed that one dopaminergic neuron from the substantia nigra
is connected to up to 75000 striatal neurons,’® and a similar large arborization of projections is
reported for LC neurons.” It seems probable that maintenance of such a complex structure of
axonal arborization leads to high energetic costs to the neuron, and cellular insults arising from,
e.g., the abnormal a-synuclein aggregation characterizing Parkinson’s disease will have a

substantial impact on the particularly elaborate axonal compartment.
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Surprisingly, comparative histopathological studies of the terminals and cell bodies in Parkinson’s
disease remain scarce. Kordower and colleagues® examined 28 brains of Parkinson’s disease
patients at various disease stages and reported an uncoupling of degenerative processes in the
dopaminergic system. There was a severe decrease of optic density of tyrosine hydroxylase and
dopamine transporter positive axons in the striatum in early Parkinson’s disease, which then
stabilized. In contrast, neuromelanin and tyrosine hydroxylase positive cells at the level of the
substantia nigra showed only mild reductions with more significant declines in later disease
stages.%” These results are supported by a meta-analysis performed by Cheng and colleagues.?*
They concluded that at the time of Parkinson’s disease diagnosis, dopamine terminal loss in the
striatum exceeds cell body loss in the substantia nigra by a similar percentage to that revealed in
our study - and that this phenomenon persists in later stages.>* Moreover, in Parkinson’s disease
animal models, including rodents and primates, utilizing various toxic injuries and genetic
modifications, terminal dysfunction typically precedes and exceeds cellular death in the
dopaminergic system.?%61-65 Agoregates of pathological a-synuclein can directly interfere with
intracellular transport mechanisms, including trafficking along the axon to the terminals, resulting
in impaired communication and homeostatic regulation from the cell body, eventually uncoupling
the two compartments.®® In Parkinson’s disease, the dopaminergic and noradrenergic neurons
might be considered ’sick-but-not-dead’, as proposed by Goldstein.®” Thus, surviving cells still
incorporate neuromelanin pigment in their somata while showing severe functional impairment

leading to a significantly trimmed axonal arborization described as ‘dying-back’.?*

To the best of our knowledge, this is the first multimodal comparative in-vivo imaging study
assessing the relationship between markers of noradrenergic terminals and cell bodies in
Parkinson’s disease patients. Our data are comparable to previous reports of the dopaminergic
system. In those studies, various techniques for quantifying dopaminergic terminals were used,
including dopamine transporter ligands for single-photon emission computed tomography
(SPECT)>»%72 and PET” as well as different quantifications of substantia nigra integrity,
including neuromelanin-sensitive MRI,%%7%73 off-target binding to neuromelanin by the tau PET
marker flortaucipir,®> and postmortem cell counts.5%7%7! Three of the seven studies included mixed
cohorts and combined Parkinson’s disease patients with patient samples without a dopaminergic
deficit.®-7! These studies found a significant correlation between measures of somatic and terminal

compartments but were driven by group effects of subjects with dopaminergic degeneration versus
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subjects with an intact dopamine system. In studies restricted to patients with Parkinson’s disease
and other movement disorders with degeneration of the dopaminergic system, results turned out to
be more heterogeneous. The majority of these studies showed no clear association between nigral
neuromelanin and dopamine terminal function. Saari and colleagues®® (including patients with
multisystem atrophy, progressive supranuclear palsy, and Parkinson’s disease and incorporating
neuropathological assessment) and Hansen and colleagues did not find a significant correlation
between these parameters. In a recent study of Martin-Bastida et al,” correlation of striatal
dopamine transporter PET with substantia nigra neuromelanin-sensitive MRI was only seen in the
clinically more affected side of Parkinson’s disease patients. In contrast, Isaias et al.”?> reported a
strong association. In comparison to the studies mentioned above, we investigated a sample more
than twice as large using different approaches to quantify LC neuromelanin content. We assume

that the combination of these factors leads to a high validity of our results.

Summarizing postmortem and in vivo results of the dopaminergic system in Parkinson’s disease,
these data do not support a clear linear linkage of degeneration of the terminal and cell body
compartments. Relating the estimations of terminal deterioration, measured with ''C-MeNER PET,
and cell body disintegration, measured with neuromelanin-sensitive MRI, we conclude that
pronounced axonal damage exceeds somatic damage of the noradrenergic system in Parkinson’s

disease.

Spatial pattern of LC degeneration

Even though the LC is tiny, comprising only tens of thousands of neurons, recent evidence suggests
that it has a sophisticated spatial organization, allowing various physiological engagements.®” A
modern view of the LC presumes that it encompasses a complex combination of converging and
diverging afferents and efferents. Some of its afferents innervate a substantial fraction of the LC,
permitting generalized activation of the entire nucleus, while other afferents display highly specific
cell-to-cell connections and activate only selected neurons.”* Similarly, some of its efferent
connections project to many brain regions and others to discrete terminal fields.”> More complexity
is added when these two different connectivity patterns coincide within the same cell in the LC.”
This particular microstructure of the LC is a crucial factor distinguishing the noradrenergic from

the dopaminergic nigro-striatal system in which striatal terminal fields of nigral regions show a
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relatively fixed spatial arrangement.*>’® Hence, comparison of LC cell density (as potentially
measured with neuromelanin-sensitive MRI of the LC) and noradrenergic terminals in different
brain regions (as investigated with noradrenaline transporter PET) might only be the first step to

assess the relation of these compartments of the noradrenergic system in vivo.

The notion of a defined LC microstructure is supported by accumulating evidence of focal changes
caused by neurodegenerative diseases. In a seminal study from 1992, German and colleagues??
reported disease-specific patterns of LC neurodegeneration. Parkinson’s disease patients exhibited
cell loss targeting the caudal parts of the LC, whereas Alzheimer’s disease patients (and subjects
with Down's syndrome) showed a sparing of this subregion.>? Sparing of the caudal LC was
recently replicated using neuromelanin-sensitive MRI in Alzheimer’s disease patients at various
disease stages.?® The rostral LC would appear to have a role in mediating memory performance
based on LC MRI findings.* We found reduced MRI contrast specifically in the caudal parts of the
LC but relative sparing of the rostral parts in our cognitively intact Parkinson’s disease sample.
Whether Parkinson’s disease patients with significant memory deficits show reduced MRI contrast

in the rostral LC section too warrants future investigation.””

Recent studies have shown associations between neuromelanin content of the substantia nigra and
clinical features of Parkinson’s disease like laterality.*>’> We extend these findings by presenting
first evidence for an association between a disintegration of the LC and motor symptom side,
suggesting that the LC and the substantia nigra show the greatest level of degeneration on the same
side of the brainstem. This finding was predicted by the recently proposed “a-synuclein Origin and
Connectome Model (SOC Model)”, which provides a framework particularly for the laterality of

motor (and non-motor) symptoms in Parkinson’s disease. 78

Technical remarks on LC MRI quantification

The most appropriate method for quantifying neuromelanin-sensitive MRI signals from the LC has
not yet been agreed?!, and its optimal localization is still debated.”®-3° In Parkinson’s disease, more
than half a dozen different quantification approaches have been suggested, although these methods
converge with regard to normalizing LC MRI contrast to a reference region in adjacent pontine
tissue. We, therefore, tested four different approaches of LC delineation, including contrast-based

and volumetric measures as well as atlas-based and manual approaches. All quantifications

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901 Support (434) 964 4100

Page 18 of 42

1Z0Z AINf 90 U J8sn Yaylol|gigiesiusz ‘Hqws yollenp wnijuezsbunyosiod Aq | 5521 £9/9EZ0BME/UIRIG/SE0 "0 L /I0p/8]01lB-00UBAPR/UIRIG/WOD dNO"OIWSpeo.//:Sd1y Wolj papeojumoq



Page 19 of 42

Brain

provided comparable results between groups and were highly correlated with each other,

suggesting that the choice of method did not significantly impact our findings.

Limitations

We used two different quantifications to estimate the integrity of each cellular compartment and
cannot rule out unequal contrast behaviors of PET and MRI, e.g., due to differential sensitivities
of these approaches. This is an intrinsic issue for all multimodal (imaging) studies, which also
relates to comparisons of antemortem imaging data and postmortem quantifications. However,
several studies have reported that LC MRI contrast is concordant with histological assessments of
LC integrity.!203¢ [ vitro studies with autoradiography and blocking studies have shown highly
specific binding of ''C-MeNER to noradrenaline transporters confirming its ability to quantify the

transporter density with PET imaging validly.87-%

Another limitation is that we merged two MRI datasets acquired with different scanners and
scanning protocols. This approach might have increased the variance across groups. However,
samples were comparable concerning the subjects recruited and their demographic characteristics.
Additionally, the scanner type was set as a covariate in all statistical models. Extending the
correlation analysis by partial correlations with different scanner types did also not change the

results significantly.

Investigating the association between non-motor symptoms and the integrity of different
compartments of the noradrenergic system would be of great interest. For the two independent data
sets using multimodal imaging of the noradrenergic system that were pooled for this study, no
homogenous evaluation of non-motor symptoms was available. Still, we have considered
significant deviations in GDS-15 and MoCA scores as exclusion criteria. Parkinson’s disease
patients had a lower MoCA score compared to healthy controls. This finding might be expected as
our sample of Parkinson’s disease patients had a mean disease duration of five years. We
considered individual MoCA scores as a covariate in all statistical models and in the correlation
analyses to account for this potential confound. For a detailed investigation of the association of
non-motor symptoms and imaging parameters of the noradrenergic system, a systematic variation
of these factors between groups would be needed. However, this question cannot be sufficiently

addressed with our sample.
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Our data are compatible with a “dying-back™ pattern within the noradrenergic system, a pattern
that has also been proposed for the dopaminergic system in neurodegenerative diseases. However,
other mechanisms, e.g. adaptive processes of the noradrenaline transporters increasing synaptic

availability of noradrenaline, might play a role and warrant further investigation.

Conclusions

Using a multimodal imaging approach combining !'C-MeNER PET and neuromelanin-sensitive
MRI, we found that the noradrenergic system shows a distinct pattern of degeneration in
Parkinson’s disease: more pronounced dysfunction of terminal compared to somatic structures
(expressed as PET/MRI ratio) and preferential degeneration of the caudal compared to the rostral
parts of the LC. Future studies, including comparisons of in vivo imaging findings with a
histopathologic assessment of the different cellular compartments, are warranted to shed more light
on the interaction between the axonal and cell body compartments and their differential
susceptibility to Parkinson’s disease neurodegeneration. Additionally, comparative studies in other
neurodegenerative conditions like Alzheimer’s disease might elucidate whether pronounced axonal
damage is specific to Parkinson’s disease or a fundamental principle of neurodegeneration. Such
knowledge may direct research into potential novel treatment strategies specifically targeting the

most affected structures.
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Figure legends

Figure 1: Schematic depiction of the processing pipeline. TSE images of healthy controls (HC)
and Parkinson’s disease (PD) patients in native space were bias-field corrected. The locus coeruleus
(LC) was manually segmented to extract its volume (red box) and to build a sample-specific
probabilistic map, which was then used to extract the mean voxel intensity along the full extent of
the LC and additionally of its parts subdivided along the rostro-caudal axis (orange box). In a
second approach, the voxels with the highest intensity within larger “LC searching volumes of
interest (VOIs)” were identified, again for the full LC (12 connected voxels, 10 independent voxels)
and along the rostro-caudal axis (5 independent voxels of rostral, middle, and caudal part) (blue
box). Pontine VOIs are shown in white.

Abbreviations: ANTs = Advanced Normalization Tools, FSL = FMRIB Software Library, FAST
= FMRIB's Automated Segmentation Tool, TSE = turbo spin-echo.

Figure 2: Four different MRI neuromelanin assessments of the locus coeruleus. Dot plots
showing individual mean voxel intensity of the 12 connected voxels with the highest intensity,
mean voxel intensity of the 10 independent voxels with the highest intensity within “searching
volumes of interest”, and mean voxel intensity extracted using a study-specific probabilistic map
in healthy controls (HC, black) and Parkinson’s disease patients (PD, grey). Right panel:
Cumulative bilateral locus coeruleus (LC) volumes in mm? derived from manual LC segmentations
of individual subjects. Horizontal lines represent the mean of each group (*: p < 0.05, ***: p <

0.001, ****: » < 0.0001).

Figure 3: MRI neuromelanin contrast along the rostro-caudal axis of the locus coeruleus
assessed using two different methods. Dot plots depicting (A) individual mean voxel intensity of
healthy controls (HC, dark colors) and Parkinson’s disease patients (PD, light colors) extracted
from neuromelanin-sensitive MRI images using a probabilistic map subdivided in rostral (blue),
middle (pink), and caudal (yellow) parts and (B) individual mean voxel intensity of the five
independent voxels with the highest intensity within “searching volumes of interest” subdivided

along the rostro-caudal axis of the locus coeruleus. Horizontal lines represent the mean of each
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group. Colour-coding is analogous to rostro-caudal delineations of the locus coeruleus as in figure

1 (*: p < 0.05, **: p<0.01, ****: p < 0.0001).

Figure 4: MRI neuromelanin contrast of the locus coeruleus in Parkinson’s disease patients
differentiating between most and least affected side. Dot plots showing (A) individual mean
voxel intensity of the entire probabilistic map and (B) subdivided along the rostro-caudal axis of
the locus coeruleus. Horizontal lines represent the mean of each side. Color-coding for the different
subdivision is analogous to rostro-caudal delineations of the locus coeruleus as in figures 1 and 3

(*: p < 0.05).

Figure 5: 'C-MeNER DVRs of healthy controls and Parkinson’s disease patients. Averaged
'1C-MeNER distribution volume ratios (DVR) in noradrenaline transporter rich regions of healthy
controls (HC, black) and Parkinson’s disease patients (PD, grey). Horizontal lines represent the

mean of each group (*: p <0.05, **: p <0.01, ***: p <0.001, ****: p <0.0001).

Figure 6: Correlation of '"C-MeNER DVR and MRI neuromelanin contrast of the locus
coeruleus extracted from the study-specific probabilistic map. Scatterplots showing !'C-
MeNER DVR and mean voxel intensities for Parkinson’s disease patients (PD, grey) and healthy
controls (HC, black). The correlation was computed using Pearson’s correlation coefficient
considering partial correlations with age, gender, scanner type, and MoCA score. Values in

brackets denote correlation coefficients and p-values irrespective of these covariates.

Figure 7: Normalized ratio of ''C-MeNER DVRs in noradrenaline transporter-rich regions
to MRI neuromelanin contrast of the locus coeruleus extracted from the study-specific
probabilistic map. Ratios were calculated intraindividually for healthy controls (HC, black) and
Parkinson’s disease patients (PD, grey) and normalized to the HC mean per region. Horizontal

lines represent the mean of each group (= 1 for HC in all regions) (*: p <0.05, ***: p <0.001).
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Table 1 Demographic and clinical characteristics of included subjects

HC PD
(:Ilescg) (:”:PSDO) P (MRI + PET) (MRI + PET) p
(n = 26) (n = 47)
Age [years] 66.0 + 6.8 662 +£82 0.6522 66.5+ 6.8 66.2 + 84 0.8492
Sex [male/female] 17/22 35/15 0.022° 13/13 32/15 0.020°
MoCA 278 +21 266 +22 0.016° 274 +22 268 +22 0.186°
GDS-15 03+0.7 11+16 <0.012 03+05 10+16 0.0412
E';e;igcf/&em:yi? acquisiion of - - - 459+ 104.8 412+ 1116 0.784°
Disease duration [years] - 48 +37 - - 50+37 -
Hoehn & Yahr stage - 24+06 - - 24+05 -
Most affected side
[left/right/indifferent] i 7719/24 i i 771921 i
LEDD [mg] - 5545 + 3572 - - 540.2 + 364.1 -
treatment-naive [n] - 1 - - 1 -
MDS-UPDRS TII¢ - 354 +10.7 - - 343 +11.1 -

Values depicted as mean + standard deviation. Bold numbers indicate significant differences. GDS-15 = 15-item Geriatric Depression Scale, HC = healthy
control subjects, LEDD = Levodopa-equivalent daily dose, MoCA = Montreal Cognitive Assessment, PD = Parkinson’s disease patients, PET = Positron

emission tomography, MDS-UPDRS Il = Movement Disorder Society — Unified Parkinson's disease Rating Scale part IIL.

aNon-parametric Mann-Whitney-Test.

5Chi-square test.

“In a subset of 25 patients, the Unified Parkinson's disease Rating Scale part Il (UPDRS III) was used. Values were converted to the MDS-UPDRS 1II system

using the approach suggested by the Movement Disorder Society.*
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