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ABSTRACT: Background: Parkinson’s disease
(PD) causes a loss of neuromelanin-positive, noradrener-
gic neurons in the locus coeruleus (LC), which has been
implicated in nonmotor dysfunction.

Objectives: We used “neuromelanin sensitive” magnetic
resonance imaging (MRI) to localize structural disintegration in
the LC and its association with nonmotor dysfunction in PD.
Methods: A total of 42 patients with PD and 24 age-
matched healthy volunteers underwent magnetization
transfer weighted (MTw) MRI of the LC. The contrast-to-
noise ratio of the MTw signal (CNRyr,) was used as an
index of structural LC integrity. We performed slicewise
and voxelwise analyses to map spatial patterns of struc-
tural disintegration, complemented by principal component
analysis (PCA). We also tested for correlations between
regional CNRy T, and severity of nonmotor symptoms.
Results: Mean CNRyr,, of the right LC was reduced in
patients relative to controls. Voxelwise and slicewise analyses
showed that the attenuation of CNRyt,, Was confined to the
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right mid-caudal LC and linked regional CNRy, to non-
motor symptoms. CNRym, attenuation in the left mid-caudal
LC was associated with the orthostatic drop in systolic blood
pressure, whereas CNRy,, attenuation in the caudal most
portion of right LC correlated with apathy ratings. PCA identi-
fied a bilateral component that was more weakly expressed
in patients. This component was characterized by a gradient
in CNRwyty along the rostro-caudal and dorso-ventral axes of
the nucleus. The individual expression score of this compo-
nent reflected the overall severity of nonmotor symptoms.

Conclusion: A spatially heterogeneous disintegration of
LC in PD may determine the individual expression of
specific nonmotor symptoms such as orthostatic dys-
regulation or apathy. © 2022 The Authors. Movement
Disorders published by Wiley Periodicals LLC on behalf
of International Parkinson Movement Disorder Society.
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Parkinson’s disease (PD) leads to a wide range of
nonmotor symptoms, including sleep disturbances,
depression, anxiety, apathy, cognitive impairment, and
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autonomic dysfunction.! Orthostatic hypotension is a
prevalent autonomic symptom affecting 30% to 58%
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are also frequent in PD, with a prevalence of approxi-
mately 40% and 35%, respectively.>* The locus
coeruleus (LC) is a paired nucleus in the dorsolateral
pontine tegmentum consisting of approximately 50,000
pigmented noradrenergic neurons>® that plays a role in
the regulation of sleep and arousal, executive function,
memory consolidation, motivation, and decision mak-
ing as well as autonomic function.””® In PD, the LC is
severely affected by the progressive accumulation of
Lewy bodies and neurodegeneration,”'® and neu-
rodegeneration of the LC has been linked to nonmotor
symptoms such as rapid eye movement sleep behavior
disorder (RBD), mild cognitive impairment, depression,
and orthostatic hypotension.'!'¢

The LC was traditionally viewed as a unitary
nucleus processing the same type of information across
its structure, distributing a uniform message across its
efferent projections.””!” More recent research has rev-
ealed a topographical organization of neurons based
on target structures with forebrain projecting neurons
located rostrally and neurons projecting to the basal
ganglia, cerebellum, and spinal cord located in the
middle and caudal parts of the nucleus'®' with
corresponding functional modules across the struc-
ture.” Yet, there is to date little information on
whether neurodegeneration in PD affects the LC in a
uniform manner.

Neuromelanin-sensitive magnetic resonance imaging
(MRI) has been introduced as a sensitive means of
assessing PD-related changes in the substantia nigra
and LC.?*** Neuromelanin MRI renders the LC visible
as a paired, elongated, hyperintense structure along the
floor of the fourth ventricle in the upper pons, and
voxel intensities have been shown to be closely associ-
ated with the number of neuromelanin-rich neurons in
the LC.>* Recently, magnetization transfer weighted
(MTw) imaging was introduced, providing better LC
contrast-to-noise ratio (CNR) compared with conven-
tional turbo spin echo sequences.”> A recent study
investigating LC integrity in PD using MTw MRI
showed spatial inhomogeneity in the pattern of neu-
rodegeneration with decreased CNR in the caudal part
of the nucleus, but not in middle or rostral parts.*?

Here, we used ultra-high-field (7 tesla [T]) MTw MRI
to investigate the extent of LC neurodegeneration in PD
at high spatial resolution and its relationship with non-
motor symptoms.

We hypothesized that patients would show a reduced
MTw signal in the LC reflecting the neuronal loss of
noradrenergic neurons. We expected the signal reduc-
tion in the LC to scale with the severity of nonmotor
symptoms. Furthermore, we explored the spatial resolu-
tion of 7T MRI to identify spatial gradients of struc-
tural disintegration and how they are related to
NONMOtor symptoms.

Methods

Participants

We recruited 49 patients with PD and 27 healthy,
age-matched controls (HCs) as part of a larger study
investigating brainstem changes in PD. Seven patients
were excluded because of contraindications to MRI,?
unreported neurological conditions,' incidental find-
ings,' and poor scan quality.? Three HCs were
excluded because of unreported neurological condi-
tions? and poor scan quality.! Patients were recruited
from the Movement Disorders outpatient clinic at the
Department of Neurology, Copenhagen University
Hospital Bispebjerg (Copenhagen, Denmark) and pri-
vate practice neurology clinics based in the Copenhagen
region. All participants in the PD group were required
to have a clinical diagnosis of PD assessed by a neurol-
ogist and to fulfill the Movement Disorder Society clini-
cal diagnostic criteria for “clinically established PD” or
“clinically probable PD”.*® Exclusion criteria were preg-
nancy or breastfeeding, history of other neurologic or
psychiatric diseases, pacemaker or other implanted elec-
tronic devices, and claustrophobia. The PD group
spanned a large range in terms of disease duration (0-
17 years) and time since symptom onset (1-18 years)
and included patients with mild to moderate disease
(Hoehn and Yahr stages 1-3). HCs were recruited by
online advertisements, were required to be aged
18 years or older with no history of neurologic or psy-
chiatric disease, and did not fulfill any of the exclusion
criteria mentioned previously.

The study was approved by the Regional Committee
on Health Research Ethics of the Capital Region of
Denmark (record identification: H-18021857). All par-
ticipants gave their written informed consent to partici-
pate in the study. The study was preregistered at
ClinicalTrials.gov (identifier: NCT03866044).

Study Procedures

Participants underwent a neurological examination to
exclude participants exhibiting symptoms of any neuro-
logical condition other than PD. Patients’ motor and
nonmotor symptom severity was assessed in the on
state (on their usual dopaminergic treatment) using the
Unified Parkinson’s Disease Rating Scale (UPDRS) and
the Non-Motor Symptom Scale (NMSS).?”*® Patients’
blood pressure was measured in the supine position fol-
lowing a 5-minute rest period after which a series of
consecutive measurements were made for a period of
3 minutes upon standing up.?’ The maximum change
in systolic blood pressure was recorded as a measure of
orthostatic hypotension. Apathy and depression were
assessed in all participants using the Lille Apathy Rat-
ing Scale (LARS) and Beck’s Depression Inventory-II
(BDI-II).?°%% In addition, we registered age and sex as
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well as patients’ disease duration, time since onset of
motor symptoms, and medication status.

Magnetic Resonance Imaging

MRI of the brain was performed with a Philips
Achieva 7T scanner (Philips, Best, the Netherlands)
equipped with a 32-channel Nova head coil (Nova Med-
ical Inc., Wilmington, MA). We scanned patients in the
on medication state to limit tremor-related movement.
Dyskinesia was not observed in any of the patients dur-
ing the scanning session. We acquired T1-weighted
(T1w), high-resolution (1-mm isotropic) magnetization
prepared rapid gradient echo images with a field of view
covering the entire head (200 x 288 x 288 voxels), echo
time/repetition time = 2.2/4.9 milliseconds, and acquisi-
tion time = 3:30 minutes. To assess the integrity of the
LC, we acquired MTw images using a three-dimen-
sional, high-resolution (voxel size, 0.4 x 0.4 x 1.0 mm)
ultra-fast gradient echo sequence aligned to the anterior
commissure-posterior commissure (AC-PC) line with a
field of view covering the midbrain and rostral pons

(640 x 640 x 34 voxels), echo time/repetition
time = 4.1/8.1 milliseconds, flip angle = 7 degrees, two
averages. Magnetization transfer saturation was

achieved by applying 16 block-shaped prepulses at a

TABLE 1  Demographics of the study population

Healthy, age-matched

COERULEUS

CHANGES IN PD: A 7T MRI STUDY
frequency offset of 2 kHz (flip angle = 278 degrees,
duration = 10 milliseconds), acquisition time =
8 minutes. We also acquired T1w images with identical
acquisition parameters for coregistration purposes, but
with a zero-degree flip angle for the off-resonance

prepulses.

Image Processing

Postprocessing of the MRI data and calculation of
CNR maps followed the procedure described in a
recent study with healthy participants.®*

Using the Advanced Normalization Tools (ANTs)
software (http://stnava.github.io/ANTs/), images were
first corrected for low-frequency spatial intensity inho-
mogeneities, coregistered and subsequently normalized
to template space by rigid-body, affine, and nonlinear
registration.>> High-resolution images were trans-
formed to individual participants’ T1w space for evalu-
ation of registration accuracy. Tlw reference images
were normalized to a study-specific T1w template and
finally to the Montreal Neurological Institute (MNI)
0.5-mm International Consortium for Brain Mapping
(ICBM) 152 T1w asymmetric template®® by rigid-body,
affine, and nonlinear registration. Finally, MTw and
T1w images were transformed to MNI template space

Patients with Parkinson’s P

controls (n = 24) disease (n = 42) value

Sex, male/female 16/8 23/19 0.493
Age, years 71.5 (43.0-80.0) 67.5 (38.0-84.0) 0.557
Handedness, left/right/ 4/20/0 2/39/1 0.180

ambidextrous
Disease duration, years — 3.66 (0.250-17.3) —
Time since symptom onset, years = 6.06 (0.980-18.3) =
Moditfied Hoehn and Yahr stage = 2 (1-3) =
Levodopa equivalent dose, = 479 (100-2140) =

mg/day
Most aftected side, right/left = 17/25 =
UPDRS-III - 234 +£9.27 -
NMSS = 31 (3-118) =
MoCA 28 (23-30) 28 (17-30) 0.393
BDI-II 3 (0-11) 8 (0-20) 0.001
LARS —25.5 £ 4.93 —22.4 £ 6.09 0.028

Range (=33 to —14)

Range (=32 to —7)

Data are given as n, mean % standard deviation, or median (range). Between-group differences was assessed using the Student ¢ test for normally distributed data and the

‘Wilcoxon rank-sum test when normal distribution could not be assumed. Between-group differences in sex distribution and handedness were assessed using Pearson’s chi-squared

test with Yates’ continuity correction and Fisher’s exact test, respectively.

Abbreviations: UPDRS-III, Unified Parkinson’s Disease Rating Scale Part III; NMSS, Non-Motor Symptom Scale; MoCA, Montreal Cognitive Assessment; BDI-II, Beck’s

Depression Inventory II; LARS, Lille Apathy Rating Scale.
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by combining the transformation parameters obtained
from within-subject coregistration with the transforma-
tion parameters and warp field obtained from the nor-
malization steps.

CNRyTw maps were calculated from normalized
MTw images by subtracting the mean signal intensity
(SI) of a 4 x 4 x 4 mm cubic reference region placed
centrally in the pontine tegmentum (PTref) and dividing
by the standard deviation (sd) of this reference region:
CNRyTw = (SI — meanpryes)/sdprres. We chose to quan-
tify LC contrast relative to the standard deviation of
the reference region instead of the mean signal as the
standard deviation provides a better estimate of the
noise in the imaging data.>*

MADELUNG

A. Group difference in overall LC CNR.

A region of interest (ROI) for the LC was defined
based on a probabilistic LC atlas constructed from 7T
MTw images from 53 healthy participants (age range,
52-84 years; mean, 66 years).>* The liberal version of
this atlas (5% probability) was chosen to allow for
interindividual difference of the spatial extent of the
LC. Because the atlas also included hyperintense
voxels forming the border of the fourth ventricle, we
created a binary mask applying threshold-based seg-
mentation of the brainstem using the MNI 0.5-mm
ICBM152 T1w, nonlinear, asymmetric template. We
effectively excluded hyperintense border voxels by
masking out voxels outside the segmented brainstem
(Supplementary Fig. S1). Mean CNRy,, was

B. Group average (MT-weighted images).
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FIG. 1. Overall group difference in LC CNRyr,, and correlations with nonmotor symptom severity. Patients had lower mean CNRyr,, in the right LC
compared with age-matched healthy volunteers, ts7, = —2.96 (P = 0.002) (A). The reduction in CNRyy is visualized in group average MTw maps (B).
Mean CNRyr, of the left LC correlated with othostatic change in systolic BP. No significant correlations were found for overall nonmotor symptom
severity (NMSS), depressive symptoms (BDI-Il score), or apathy (LARS) following multiple comparisons correction (C). BDI-Il, Beck’s Depression Inven-
tory Il; BP, blood pressure; CNR, contrast-to-noise ratio; CNRyw, contrast-to-noise ratio of the magnetization transfer weighted signal; HC, healthy,
age-matched controls; LARS, Lille Apathy Rating Scale; LC, locus coeruleus; MT, magnetization transfer; MTw, magnetization transfer weighted signal;
NMSS, Non-Motor Symptom Scale; PD, Parkinson’s disease. [Color figure can be viewed at wileyonlinelibrary.com]
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extracted from the masked bilateral LC ROI as well as
from every slice from the rostral to the caudal most
extent of the LC ROI in the z-direction for each side
separately.

LOCUS COERULEUS

Statistical Analyses

Statistical analyses were performed using R (version
4.0.4; R Foundation for Statistical Computing, Vienna,
Austria) and Python (version 3.7.9; Python Software
Foundation, Wilmington, DE). Between-group differ-
ences were tested using independent-samples ¢ tests of
mean CNRy1y, values of right and left LC, mean
CNRy1w values of left and right LC per slice, and
single-voxel CNRy1 values. One-tailed correlation
analyses were performed to test our hypotheses that LC

A. Slicewise contrast-to-noise ratio.

CHANGES IN PD: A 7T MRI STUDY
CNR would correlate negatively with overall nonmotor
symptom severity (NMSS), apathy (LARS), and depres-
sion (BDI-II) and positively with an orthostatic drop in
systolic blood pressure in patients. Correlations were
assessed for the mean CNRy;,, of bilateral LC and
slicewise and voxelwise CNRyrw-values to explore at
which rostro-caudal levels CNRyy attenuation was
associated with nonmotor symptom severity. One-tailed
Pearson’s product moment correlation coefficient and
one-tailed Spearman’s rho were calculated as appropri-
ate. Statistical significance was accepted at a threshold
of P < 0.05 family-wise error (FWE) corrected. Cluster-
level inference was used to explore the spatial extent of
between-group differences and correlations with non-
motor symptom severity. After images had been

upsampled and normalized to 0.5-mm template space,

B. Group difference.
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FIG. 2. Rostro-caudal, slicewise differences in LC CNRyt, and correlations

T T T T T 1 T T
-0.6-0.30.0 0.3 0.6 -0.6-0.30.0 0.3 0.6
rho

T T T T T T T L]
-0.6-0.30.0 0.3 0.6 -0.6-0.30.0 0.3 0.6
rho

with nonmotor symptom severity. (A) By extracting the slicewise LC

CNRytw along the rostro-caudal extent of the nucleus, we found lower CNRyr,, values in the caudal part of the right LC in patients with
PD. Groupwise average CNRyT,, values are vizualized by fitting a local polynomial regression function. (B) Per-slice t statistic and significance level are
presented. Red bar indicates slices at which CNRyt, was significantly lower (family-wise error [FWE]-adjusted P < 0.05). LC CNRyr,, values were

found to correlate with (E) apathy and (F) orthostatic hypotension. Red bars in

dicate slices at which CNRy,, correlated with the severity of nonmotor

symptoms (dashed = unadjusted P < 0.05, solid = FWE-adjusted P < 0.05). No correlations were observed for NMSS (C) or BDI-Il scores (D). BDI-II,
Beck’s Depression Inventory Il; BP, blood pressure; CNR, contrast-to-noise ratio; CNRytw, contrast-to-noise ratio of the magnetization transfer
weighted signal; HC, healthy, age-matched controls; LARS, Lille Apathy Rating Scale; LC, locus coeruleus; NMSS, Non-Motor Symptom Scale; PD,

Parkinson’s disease. [Color figure can be viewed at wileyonlinelibrary.com]
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they were masked with the same LC mask used in the
previous analyses and subsequently smoothed with a 1-
mm full width at half maximum Gaussian kernel, after
which we applied threshold-free cluster enhancement
(TECE; extent (E) = 0.5, height (H) = 2, and six neigh-
borhood connectivity) with 10,000 permutations to
correct for multiple comparisons and included age as a
regressor of no interest.’” Inference on TFCE statistics
were restricted to voxels within the LC mask. The moti-
vation behind masking and smoothing was to allow us
to examine spatial distributions of signal loss while pre-
serving sensitivity in the analysis.

In an exploratory analysis, we identified distributed
patterns in the CNRyrw-maps over the LC search
space using principal component analysis (PCA). To
this end, we z scored CNRys1w-maps and applied PCA
across participants. We focused on the three first com-
ponents that explained most variance in the data
(52.7% variance explained). We assessed between-
group differences in principal component (PC) loadings
for each PC using two-tailed independent-samples

A. Voxelwise group difference.

PD group < HC group

Orthostatic change in systolic BP

t tests and investigated if loadings correlated with clini-
cal scores in the PD group using two-tailed Spearman
rank correlations.

Results

Clinical Data

The PD group and control group did not differ in age
(z = 548, P = 0.557) or sex (x> = 0.471, P = 0.493;
Table 1), but patients had significantly higher BDI-II
scores (z = 263.5, P = 0.001) and LARS scores
(ts6.6 = —2.26, P = 0.028) compared with HCs. Of
42 patients, 17 had orthostatic hypotension, showing a
systolic pressure drop of 220 mmHg or diastolic pres-
sure drop of >10 mmHg, as defined by the Consensus
Committee of the American Autonomic Society and the
American Academy of Neurology. Of these 17 patients,
one met the criterion of a diastolic pressure drop of
>10 mmHg, nine met the criterion of a systolic pressure
drop of >20 mmHg, and seven had both systolic and

B. Voxelwise correlations with non-motor severity.

Apathy (LARS) score

R L R

L R L

0.95 FWE-corrected 1-p (p <0.05) 1.00

FIG. 3. Voxelwise differences in LC CNRytw and correlations with nonmotor symptom severity. Between-group difference in LC CNRy,, was assessed
voxelwise by applying threshold-free cluster enhancement. Patients had reduced CNRyr, in a cluster of voxels in the right caudal LC (A). Voxelwise
correlation with nonmotor symptom severity was assessed in the PD group. Orthostatic change in systolic BP correlated with CNRyt, values in a clus-
ter in the left caudal LC, and apathy correlated negatively in a cluster in the right caudal LC (B). Correlations were tested with age as a regressor of no
interest. Maps are thresholded at FWE-adjusted P < 0.05. Top panels visualize the locations of significant clusters on interpolated three-dimensional
renderings. BP, blood pressure; CNRyry, contrast-to-noise ratio of the magnetization transfer weighted signal; FWE, family-wise error rate; HC,
healthy, age-matched controls; L, left; LARS, Lille Apathy Rating Scale; LC, locus coeruleus; PD, Parkinson’s disease; R, right. [Color figure can be

viewed at wileyonlinelibrary.com]
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diastolic pressure drop above the limits. Two HCs were
treated with antihypertensive treatments in the form of
B-1-receptor antagonists, and nine patients were on
antihypertensive treatments, including B-1-receptor
antagonists (n = 4), diuretics (n = 3), and angiotensin-
converting enzyme inhibitors or calcium channel
blockers (n = 3) as either monotherapy (n = 2) or in
combination (n = 7).

Structural Disintegration of the LC

Patients had lower mean CNRy1y values in the right
LC than the HCs (¢57, = —2.96, P = 0.002), whereas
the left LC CNRyy values were not significantly dif-
ferent from the HCs (#4507 = —0.69, P = 0.25). The
group data are illustrated in Figure 1A. We found no
significant correlations between mean CNRy, in the
LC and the severity of overall nonmotor symptoms
(NMSS). Mean CNRyty, values in left LC correlated
positively with the orthostatic drop in systolic blood
pressure (Fig. 1C). Patients with low mean CNRyp1y
values in the left LC exhibited larger systolic blood
pressure decreases than patients with high mean
CNRy1w values (p = 0.42, uncorrected P = 0.003,
FWE-corrected P = 0.037). This inverse relationship
was still significant after the exclusion of patients
receiving antihypertensive treatment (Supplementary
Fig. S3D). A similar trend was observed for the right

A. Group difference in principal component loadings.

COERULEUS
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CHANGES IN PD: A 7T MRI STUDY
LC. Patients with low mean CNRyt,, values in the
right LC showed a trend toward an association with
higher apathy ratings. Otherwise, no significant correla-
tions were found between the overall LC CNRy1w
values and other clinical variables such as depression
scores, disease duration, time since symptom onset, and
levodopa equivalent dose (Supplementary Fig. S3A,B).

Changes in MTw Contrast of the LC Along Its
Rostro-Caudal Axis

Slicewise comparison revealed that patients had lower
mean CNRy1y, values in the caudal part of the LC than
the HCs (Fig. 2A). The between-group difference was sig-
nificant in the right middle and caudal LC, including
slices at z coordinates 91 to 102 (FWE-adjusted P < 0.05;
Fig. 2B). CNRy1y values from slices in the left caudal
LC correlated positively with orthostatic systolic blood
pressure change (from z coordinates 86-96). A negative
correlation between CNRy;ryw values in the caudal LC
was also observed for apathy severity, but did not survive
correction for multiple comparisons (Fig. 2C).

Voxelwise analyses showed a cluster of voxels in the
right caudal LC with significantly reduced CNRyps1y
values relative to the HCs (TFCE, FWE-adjusted
P < 0.05; cluster size: 98 voxels; Fig. 3A). A cluster in
the left caudal LC showed a relationship between
regional CNRy1,, values and orthostatic drop in

C. PC2 correlations with non-motor symptoms.
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FIG. 4. Principal component analysis. Principal component analysis was applied on CNRyt, maps from all participants to investigate patterns of
disease-related changes in LC CNRyw. Loadings on PC2 reflecting a gradient along the rostro-caudal and dorso-ventral axes of the nucleus were dif-
ferent across groups (A). This gradient (visualized in B) was found to correlate with overall nonmotor symptom severity (NMSS) and a trend was
observed toward a correlation with apathy (LARS), but not with depression (BDI-Il score) or orthostatic change in systolic BP (C). BDI-Il, Beck’s Depres-
sion Inventory II; BP, blood pressure; CNRyty, contrast-to-noise ratio of the magnetization transfer weighted signal; HC, healthy, age-matched con-
trols; LARS, Lille Apathy Rating Scale; LC, locus coeruleus; NMSS, Non-Motor Symptom Scale; ns, nonsignificant; PC1, principal component 1; PC2,
principal component 2; PC3, principal component 3; PD, Parkinson’s disease. [Color figure can be viewed at wileyonlinelibrary.com]
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systolic blood pressure (FWE-adjusted P < 0.05; cluster
size: 106 voxels; Fig. 3B). The lower the CNRyp1y
values in these voxels, the higher was the drop in sys-
tolic blood pressure. In a small cluster in the right cau-
dal LC, CNRyw values were associated with apathy
severity as indexed by the LARS score (FWE-adjusted
P < 0.05; cluster size: 10 voxels; Fig. 3C). No signifi-
cant clusters were found for general nonmotor symp-
tom severity (NMSS) or depressive symptoms (BDI-II).

Principal Component Analysis

Voxelwise PCA yielded a set of orthogonal PCs
(Fig. 4B). PC1, PC2, and PC3 explained 34.84%,
9.41%, and 8.46% of the total variance, respectively.
The weights of PC1 reflected a weighted sum of
CNRyTw Over the entire LC. The spatial pattern of the
PC2 weights corresponded to a combination of rostro-
caudal and dorso-ventral gradients within the bilateral
nuclei with negative weights in caudal and dorsal parts
of the nucleus and positive weights in rostral and ven-
tral parts. We found a significant group difference in
PC2 scores with more negative mean scores in the HC
group compared with the PD group (Fjes = 9.192,
FWE-adjusted P = 0.0033), consistent with patients
having lower CNR Ty, values in the caudal parts of the
nucleus (Fig. 4A). The group difference in PC2 scores
was presumably driven by high CNRyr. values in
caudal-dorsal voxels relative to rostral-ventral voxels
in the HCs, resulting in negative loadings in the HCs.
In contrast, patients exhibited more positive loadings,
presumably reflecting an attenuated rostro-caudal gra-
dient (Supplementary Fig. S5). In the PD group, the
more positive the loadings of PC2, the higher were the
individual NMSS scores (p = 0.33, P = 0.035). A simi-
lar trend was observed toward a correlation with the
LARS score (p = 0.30, P = 0.053; Fig. 4C).

Discussion

Using ultra-high-field MTw MRI, we were able to
pinpoint how PD affects the structural integrity of the
LC. Structural disintegration was not homogeneously
expressed in LC, as evidenced by an accentuated
CNRyTw loss in its caudal part. We also found an
association between regional structural disintegration
and the individual expression of nonmotor symptoms.
The stronger CNRy 1w was reduced in the left caudal
LC, the larger was the orthostatic drop in blood pres-
sure. The stronger CNRy 1, was reduced in the right
caudal LC, the higher were patients’ apathy ratings.

Overall Reduction of the Neuromelanin-
Sensitive Signal in the LC

The reduction of mean LC CNRy1yw in PD confirms
previous MRI studies performed at high field strength

and has also been shown in patients with RBD who are
at high risk of developing PD.!!-!3:16:20-2238 Thjig robust
and replicable reduction of LC contrast on neuromelanin-
sensitive MRI images provides an in vivo indication of the
loss of pigmented LC neurons demonstrated in postmor-
tem histological studies.'®*”*! In our study as well as pre-
vious neuroimaging studies, the attenuation of CNRy 1w
did not correlate with disease duration or motor severity.
Accordingly, 16 of 17 postmortem studies failed to show
an association between LC neuronal loss and disease
duration.*"** Therefore, we conclude that neuromelanin-
sensitive MRI of the LC captures an aspect of PD-related
neurodegeneration, which does not scale with disease
duration or motor severity and is not attributable to
dopaminergic neuronal loss and nigrostriatal dysfunction.

Spatial Gradient of Signal Loss in the LC

Voxelwise and slicewise analyses showed a clear
rostro-to-caudal gradient in CNRpsryw. CNRyry was
only consistently reduced in the caudal parts of the LC,
especially on the right side relative to the HCs. This is
in agreement with a recent high-field MRI study in
which contrast was attenuated in patients with PD in
the middle and caudal parts of the LC, but not the ros-
tral part.*> A recent ultra-high-field MRI study reported
the same spatial attenuation of CNRyTy in slices and
voxels of the caudal part of the LC.** PCA identified a
bilaterally expressed spatial component of CNRyp1y
values that was more weakly expressed in patients. This
component was characterized by a gradient in
CNRy1w along the rostro-caudal and dorso-ventral
axes of the nucleus. Together, these MRI findings pro-
vide converging evidence that the PD-related structural
alterations revealed by neuromelanin-sensitive MRI are
more pronounced in the caudal parts of the LC charac-
terized by a low density of neuromelanin-containing
neurons.” This notion contrasts with postmortem stud-
ies mostly reporting a uniform neuronal loss over the
entire LC,>**%%648 4]though some postmortem studies
reported some degree of spatial inhomogeneity with
greater neuronal loss in the middle and caudal
parts.>?*%*2 A possible explanation for this apparent
discrepancy between MRI and histopathologic findings
is that CNRy1y, may not only be affected by the magni-
tude of cell loss but also by dysfunctional neuromelanin-
positive cells that have not yet undergone apoptosis.
Unexpectedly, we found an asymmetry in LC CNRy1
in both patients and HCs, with participants having
lower values in the left hemisphere. We attribute this
finding to a left-right field inhomogeneity.

Structure-Function Relationship

The clusters in the caudal LC showing the strongest
attenuation in CNRyryw coincided with clusters that
showed a structure-dysfunction relationship for specific
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nonmotor symptoms. The demonstration of an associa-
tion between neuromelanin MRI contrast and specific
nonmotor symptoms in PD extends previous MRI work
showing a link between the neuromelanin-sensitive
MRI signal in LC and RBD, mild cognitive impairment,
and depressive symptoms.'>'*!> Our finding that a
low CNRyTyw in the right caudal LC scales with the
individual expression of apathy confirms and extends a
recent 7T MRI study showing a correlation between
LC integrity and apathy in a pooled cohort of patients
with  PD and progressive supranuclear palsy.**
Together, these findings support a role of noradrenergic
dysfunction in the development of apathy in PD, which
needs to be elucidated in future studies.

The positive correlation between attenuated CNRy 1
in the left caudal LC and orthostatic drop in systolic
blood pressure in patients with PD is a novel finding,
extending previous lines of research into noradrenergic
dysfunction in PD. A recent PET study found that the
distribution volume ratio of the noradrenaline trans-
porter PET-tracer 11C-methylreboxetine (MeNER) in
the LC and hypothalamus correlated with orthostatic
change in systolic blood pressure, but only when includ-
ing healthy participants in the analysis.'> In support of
our finding, a neuromelanin-sensitive MRI study per-
formed in healthy participants found a negative correla-
tion between LC contrast and high-frequency heart rate
variability in older adults.*” The association of loss of
LC integrity, noradrenergic dysfunction and orthostatic
hypotension, and abnormal heart rate variability could
be explained by a loss of LC-mediated inhibition of the
parasympathetic modulation of the heart by the vagus
nerve.>*? Co-occurrence of the degeneration of LC neu-
rons and peripheral postganglionic sympathetic neu-
rons>>* could also explain the association with
orthostatic hypotension. Taken together, these findings
support the notion that noradrenergic neurodegeneration
in LC makes a critical contribution to the development
of orthostatic hypotension in PD.

Finally, recent studies in patients with Alzheimer’s
disease and PD suggest that LC degeneration might
be associated with cognitive impairment in these neu-
rodegenerative disorders.>>*® We did not plan to
investigate this association and did not collect any
data on cognitive performance apart from the Mon-
treal Cognitive Assessment (MoCA). Unfortunately,
we did not observe any relationship between MoCA
scores and CNRyry of the LC (Supplementary
Fig. S6). Furthermore, we did not observe any rela-
tionship between LC CNRy1, and motor severity
(Supplementary Fig. S6). Disintegration of the LC
has been shown to be present in individuals with
RBD.'""'* Unfortunately, we did not include clinical
measures of RBD in our study, and thus it was
impossible to assess the relationship between RBD
and LC disintegration in our study.”

COERULEUS

CHANGES IN PD: A 7T MRI STUDY

Strengths and Limitations

A strength of this study is the use of tailored data
acquisition and analysis protocols. First, the high in-
plane spatial resolution of the MTw images minimized
partial volume effects. Second, we leveraged a cor-
egistration and normalization procedure published by
Ye and colleagues (Supplementary Fig. S7),>* which
secures accurate coregistration and normalization, and
visually verified that normalization results were accu-
rate. This is critical as the LC is a small nucleus and
even minor normalization and coregistration errors can
introduce undesired variability in the results. Third, we
excluded hyperintense voxels at the border of the
fourth ventricle that do not belong to the LC.

The neurobiological mechanisms contributing to
neuromelanin MRI contrast is a matter of ongoing
debate.>>”*8 Furthermore, MTw MRI is not specific to
neuromelanin-rich structures, and hyperintensity is also
observed in the periaqueductal gray, which has low
neuromelanin content.’” It is therefore important to note
that although the contrast on neuromelanin-sensitive
MRI likely reflects the number of neuromelanin-positive
LC neurons,** attenuation of CNR 1 might not reflect
the magnitude of LC neuronal loss or noradrenergic
denervation of LC targets. Our MTw acquisition had
limited spatial resolution in the slice direction, which
could lead to partial volume effects in extreme ends of
the nucleus. CNR was consistently higher in the right
LC compared with the left LC, and mean CNRyty,
values were only significantly lower in the right LC in
patients. The notion of a right-left asymmetry is not
supported by postmortem studies.***>¢%¢1 Spatial varia-
tions in the Bl-field between vendors may account for
this apparent asymmetry. Previous neuroimaging studies
have found a similar asymmetry with higher right LC
contrast in studies using Philips scanners and higher left
LC contrast in studies using Siemens scanners.’®¢2¢*
This right-left asymmetry in neuromelanin-sensitive con-
trast might have limited the sensitivity to detect a
between-group difference in the left LC.

Antihypertensive treatment was not withdrawn before
blood pressure measurements. Excluding patients on
antihypertensive treatment did not influence our conclu-
sions regarding the association between LC contrast and
orthostatic systolic blood pressure change.

Conclusion

Our results show that neuromelanin-sensitive MTw
MRI at ultra-high-field strength can map spatial gradi-
ents of structural disintegration in the LC, showing a
preferential involvement of the caudal portion of LC in
PD and a clear relationship between reduced structural
integrity of caudal LC and orthostatic dysregulation
and apathy. @
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