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ARTICLE INFO ABSTRACT

Keywords:
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Degeneration of the locus coeruleus (LC) is recognized as a critical hallmark of Parkinson’s disease (PD). Recent
studies have reported that noradrenaline produced from the LC has critical effects on brain functional organi-
zation. However, it is unknown if LC degeneration in PD contributes to cognitive/motor manifestations through
modulating brain functional organization. This study enrolled 94 PD patients and 68 healthy controls, and LC
integrity was measured using the contrast-to-noise ratio of the LC (CNR) calculated from T1-weighted magnetic
resonance imaging. We used graph-theory-based network analysis to characterize brain functional organization.
The relationships among LC degeneration, network disruption, and cognitive/motor manifestations in PD were
assessed. Whether network disruption was a mediator between LC degeneration and cognitive/motor impair-
ments was assessed further. In addition, an independent PD subgroup (n = 35) having functional magnetic
resonance scanning before and after levodopa administration was enrolled to evaluate whether LC degeneration-
related network deficiencies were independent of dopamine deficiency. We demonstrated that PD patients have
significant LC degeneration compared to healthy controls. CNRyc was positively correlated with Montreal
Cognitive Assessment score and the nodal efficiency (NE) of several cognitive-related regions. Lower NE of the
superior temporal gyrus was a mediator between LC degeneration and cognitive impairment in PD. However,
levodopa treatment could not normalize the reduced NE of the superior temporal gyrus (mediator). In conclu-
sion, we provided evidence for the relationship between LC degeneration and extensive network disruption in
PD, and highlight the role of network disorganization in LC degeneration-related cognitive impairment.
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of noradrenaline in the brain and is involved in cognitive and motor
impairment in PD (Betts et al., 20192019; Espay et al., 2014). Over

1. Introduction

Parkinson’s disease (PD) is a common neurodegenerative disease
characterized by degeneration of dopaminergic neurons in the sub-
stantia nigra (Kalia and Lang, 2015). In addition to this, studies have

recent decades, a major emphasis has been placed on the symptom-
related brain alterations caused by dopamine deficiency. How the
brains of PD patients alter as a result of noradrenergic deficiency is

largely unknown.
Dysregulation of the LC-noradrenaline system has been implicated

reported a 20%-90% loss of locus coeruleus (LC) cells in PD patients
(Oertel et al., 2019; Giguere et al., 2018). The LC is the principal source

Abbreviations: BC, Betweenness centrality; CG, Cingulate gyrus; CNRyc, Contrast-to-noise ratio of locus coeruleus; Cun, Cuneus; DC, Degree centrality; FMG,
Middle frontal gyrus; FuG, Fusiform gyrus; HC, Healthy control; H-Y, Hoehn-Yahr stage; IPL, Inferior parietal lobule; INS, Insular gyrus; LC, Locus coeruleus; LED,
Levodopa equivalent daily dose; MoCA, Montreal Cognitive Assessment; NE, Nodal efficiency; OcG, Occipital gyrus; PD, Parkinson’s disease; PCL, Paracentral lobule;
PoG, Postcentral gyrus; PrG, Precentral gyrus; SFG, Superior frontal gyrus; STG, Superior temporal gyrus; UPDRS, Unified Parkinson’s Disease Rating Scale.
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in numerous cognitive and behavioral symptoms of neurodegenerative
diseases (Betts et al., 20192019; Gelbard-Sagiv et al., 2018; Kelberman
et al., 2020). Research has suggested that the modulatory effects of the
LC-—noradrenaline system on behavior is closely linked with neuronal
activity, consistent with the abundant projections from the noradren-
ergic neurons to other regions of the brain (Mather and Harley, 2016).
This view has been confirmed both in mice models and humans: LC
noradrenaline contributes to the reconfiguration of functional commu-
nication between brain regions (Gelbard-Sagiv et al., 2018; Zerbi et al.,
2019). Pupil dilation, governed by noradrenergic and cholinergic sys-
tems, is also associated with brain functional connectivity (DiNuzzo
etal., 2019; Mridha et al., 2021). Brain functional connectivity has been
demonstrated to mediate the effect of a noradrenaline reuptake inhibitor
on executive function in PD patients (Borchert et al., 2019). Whereas
previous studies demonstrated the influence of the LC-noradrenaline
system on cognitive performance, it is still largely unknown how LC
degeneration in PD patients affects that system’s interaction with other
brain regions (Kelberman et al., 2020). It is of interest to explore the
interaction between LC and other brain regions, and its connection with
clinical manifestations further. Seed-based functional magnetic reso-
nance imaging (fMRI) studies have reinforced the link between the LC
and other brain regions, and its implications in cognitive processing (for
areview, see (Liu et al., 2017). However; the small size of the LC and the
low spatial resolution of fMRI limits our exploration (Liu et al., 2017).

The LC of humans can be visualized using magnetic resonance im-
aging (MRI) (Watanabe et al., 2019; Sasaki et al., 2008). The signal in-
tensity calculated from T1-weighted MRI or magnetization transfer
weighted MRI has been successfully used to evaluate the degeneration of
LC neurons in vivo (Liu et al., 2017; Watanabe et al., 2019; Li et al.,
2019; Chen et al.,, 2014). In this study, using recent methods, the
contrast-to-noise ratio of the LC (CNRy) calculated from T1-weighted
MRI was used to measure the integrity of the LC (Li et al., 2019; Wang
et al., 2018). To characterize the functional organization of the brain, a
widely used graph-theory-based network analysis was conducted. This
approach was suitable to capture the complex functional alterations
involving the interactions between multiple areas (Koshimori et al.,
2016). Several local graph measures; including nodal degree centrality
(DC), nodal betweenness centrality (BC), and nodal efficiency (NE),
characterize the capacity and efficiency of information transfer, and are
widely used in PD studies (Koshimori et al., 2016; Guan et al., 2019;
Aracil-Bolanos et al., 2019). Effective functional organization of the
brain is considered the foundation of cognitive and motor performance
(Herrington et al., 2017; Hou et al., 2020; Gratton et al., 2019). Previous
studies have strongly linked impaired functional organization in the
temporal; prefrontal; and motor cortex to dysfunctional cognition and
motor function in PD patients (Hou et al., 2020; Berman et al., 2016;
Hou et al., 2018). Clarifying the complex relationships among LC
degeneration; brain functional reorganization, and clinical manifesta-
tions might advance our knowledge of neuropathological changes in the
LC, and might provide neuroimaging evidence for the importance of
noradrenergic replacement therapy in PD patients (Oertel et al., 2019;
Schindlbeck and Eidelberg, 2018).

Furthermore, the dopaminergic system has extensive neuron inner-
vation and partly overlaps with the noradrenergic system (e.g., in the
prefrontal cortex and sensorimotor cortex) (Benarroch, 2018).
Numerous studies have reported the modulatory effect of levodopa on
motor-related functional networks (Shine et al., 20192019; Akram,
2017; Shen et al., 2020). Therefore; clarifying whether LC degeneration-
related network attributes are independent of dopamine deficiency
might add to our knowledge on the impact that LC degeneration has on
functional networks.

In summary, the aim of our study was to 1) assess the relationships
between LC degeneration, brain network topology, and clinical mani-
festations in PD patients; 2) explore the potential mediating effect that
network disruption in LC degeneration has on cognitive/motor impair-
ments; and 3) clarify the effect that levodopa administration has on
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changes to LC degeneration-related networks.

2. Methods
2.1. Participants

This study was approved by the Medical Ethics Committee of the
Second Affiliated Hospital of Zhejiang University School of Medicine. All
participants signed informed consent forms in accordance with the
Declaration of Helsinki. This study recruited 101 idiopathic PD patients
from the Neurology Department of the Second Affiliated Hospital of
Zhejiang University School of Medicine. PD was diagnosed by an
experienced neurologist (B.Z.) according to the UK Parkinson’s Disease
Society Brain Bank diagnostic criteria (Hughes et al., 1992). For PD
patients, clinical assessments and MRI scans were performed during OFF
states (at least 12 h after withholding PD medication). Disease severity
was assessed using the Unified Parkinson’s Disease Rating Scale
(UPDRS) and according to Hoehn-Yahr (H-Y) stage. Cognitive status
was assessed using the Montreal Cognitive Assessment (MoCA) scale.
Seventy-two HC individuals with an MoCA (Hong Kong version) score >
22 were recruited from the community (Yeung et al., 2014). Subjects
with a history of head injury, neurological surgery, intracranial mass,
cerebrovascular disorders, or other neurological and psychiatric dis-
eases, were excluded in this study. Participants with mean framewise
displacement >0.2 mm during MRI scanning were also excluded.
Therefore, we included 94 PD patients and 68 HC individuals in the final
analysis.

Studies examining whether LC degeneration-related network attri-
butes are modulated by levodopa are important. An independent PD
subgroup that underwent UPDRSIII assessment and fMRI scanning
before and after levodopa administration was also enrolled in this study
(Dirkx et al., 2019). Specifically, these evaluations were conducted
during the OFF state and repeated 1 h after administration of 200 mg L-
dopa and 50 mg benserazide (ON state). fMRI scans and clinical
assessment during OFF and ON states were both conducted on the same
morning. To rule out potential factors for levodopa resistance (e.g.,
gastro-intestinal malabsorption), (Dirkx et al., 2019) patients with
greater than 20% improvement in UPDRSIII score after levodopa
administration were enrolled (n = 35). This group was termed the
“PDgyp” group.

2.2. MRI scanning

All imaging data were acquired on a 3-tesla MRI scanner (Discovery
MR750, GE Healthcare). The head of each participant was stabilized
with foam pads. Earplugs were provided to reduce audible noise during
scanning.

Three-dimensional T1-weighted (3D T1) images were acquired using
a fast spoiled gradient-recalled sequence: echo time (TE) = 3.036 ms;
repetition time (TR) = 7.336 ms; inversion time = 450 ms; flip angle
(FA) = 11°; field of view (FOV) = 260 x 260 mmz; matrix = 256 x 256;
voxel size = 1 mm x 1 mm,; slice thickness = 1.2 mm; number of slices =
196 (sagittal); scanning time = 5 min 53 s.

LC imaging was performed using a T1-weighted fast spin echo
sequence: TE = 18.6 ms; TR = 600 ms; FA =77°; FOV = 220 x 220 mrnZ;
matrix = 512 x 512; voxel size = 0.43 mm x 0.43 mm; slice thickness =
3 mm; slice gap = 0 mm; number of slices = 17 (axial). Scanning
coverage was set from the top of basal ganglia to the bottom of the
medulla oblongata; scanning time = 10 min 27 s.

Resting-state blood oxygen level-dependent MRI (rs-fMRI) data were
acquired using a gradient-recalled echo-echo planar imaging sequence:
TE = 30 ms; TR = 2000 ms; FA = 77°; FOV = 240 x 240 mmz; voxel size
=3 mm x 3 mm; matrix = 64 x 64; slice thickness = 4 mm; slice gap =
0 mm; number of slices = 38 (axial); time points = 205; scanning time =
7 min.
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2.3. CNR; calculation

An author (C.Z.), who was blinded to the subjects’ information,
performed two manual measurements with a time interval of one month.
The intraclass correlation coefficient for the intra-rater agreement was
0.827. A radiology expert (Weiwen Zhou, also blinded to the subjects’
information) was invited to perform one manual measurement. The
intraclass correlation coefficient for the inter-rater agreement was
0.856. Manual measurements were processed using ITK-SNAP (https://
sourceforge.net/projects/itk-snap/).

The LC was located in the bilateral areas of the dorsal pons sym-
metrically, adjacent to the fourth ventricle. Locations with highest signal
intensity (SI) in three contiguous slices from the level of the inferior
colliculi and extending to superior cerebellar peduncles were identified
as LC. Circular regions of interest (ROIs) were demarcated in the bilat-
eral LC and the mid-portions of the pons (PT) at the same slice (as a
contrast area) (Li et al., 2019). The ROIs were placed at the predefined
anatomical position of the LC if the signal was significantly reduced (one
HC individual and five PD patients). As shown in Fig. 1, the size of the
ROIs was 2 mm? for LC and 20 mm? for PT. The mean and standard
deviation (SD) SI in bilateral LC and PT were calculated. The CNR; ¢ was
calculated using the following equation: CNRy¢ = (SIic — Slpr) / SDpr.
Finally, the averaged CNRy¢ value from three slices on right and left
sides and three assessments were used for final analysis (Jiang et al.,
2019).

2.4. fMRI data preprocessing

fMRI data preprocessing was performed using a MATLAB-based
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software  package (https://github.com/weikanggong/Resting-state
-fMRI-preprocessing) combining the FMRIB Software Library (FSL,
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/), the BrainWavelet toolbox,
(Patel et al., 2014) and Analysis of Functional Neurolmages (AFNI,
https://afni.nimh.nih.gov/). The first 10 time points were excluded
from the analysis to allow for scanner stabilization and the participants’
adaptation to the environment. The remaining functional images were
first corrected for within-scan differences in acquisition time between
slices, followed by realignment to the middle volume to correct for
interscan head motion. Participants with a mean framewise displace-
ment >0.2 mm were excluded (Zhou et al., 2020). Subsequently, the
processed images were registered to 3D T1 images and spatially
normalized to a standard template (Montreal Neurological Institute).
Corrected images were smoothed with a Gaussian kernel of 6 x 6 x 6
mm? and wavelet despiking was then conducted. Nuisance covariates,
including white matter, cerebrospinal fluid, and 24 motion parameters,
were regressed and temporal band-pass filtering (0.01-0.1 Hz) was
applied.

2.5. Network construction

The node of brain network was defined using the human Brainne-
tome Atlas, which has 210 cortical and 36 subcortical regions (Fan et al.,
2016). This is a cross-validated atlas containing information on func-
tional and anatomical connections that is suitable for network analysis.
The network correlation matrices for each subject were obtained by
calculating the Pearson correlation coefficient between the mean time
course of each pair of nodes. Accordingly, a 246 x 246 network corre-
lation matrix was obtained for each subject. Fisher’s Z-transformation

% %k %

HCs

Fig. 1. Comparison of CNR; ¢ between the HC and PD groups. (A) Signal intensity measurements of the LC (two small red circles) and pons (a large red circles) from
an HC individual. (B) and (C) The location of the LC in continuous layers (red arrow). (D) PD patients showed significant lower CNR;c than the HC group. CNR;c:

this figure legend, the reader is referred to the web version of this article.)
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was applied for a graph theory-based network analysis.
2.6. Graph theory-based network analysis

Graph theory-based network analysis was conducted using the
GRETNA toolbox (http://www.nitrc.org/projects/gretna/), (Wang
et al., 2015) and the results were visualized using the BrainNet Viewer
toolbox (http://www.nitrc.org/projects/bnv/) (Xia et al., 2013).

In the present study, nodal attributes, including nodal DC, nodal BC,
and NE were used to determine nodal topological characteristics (Wang
et al., 2015). DC represents the number of connections between one
node and the others. A higher DC indicates greater significance of the
node in the entire network and greater capacity for communicating in-
formation (Jiang et al., 2019). BC is defined as the number of shortest
paths that go through a given node; a higher BC reflects a greater ability
to link different parts of the network (Rubinov and Sporns, 2010). NE
represents the ability of a given node to transmit information to the
other nodes in the functional network; a higher NE indicates a greater
ability to transfer information (Rubinov and Sporns, 2010).

Considering that network topological organization is significantly
determined by network sparsity, we constructed 10 weighted connec-
tivity matrices with different sparsity (5%-50% at 5% intervals) before
calculating the network attributes. It is generally considered that con-
structed networks have prominent small-world properties in the range of
5%-50% (Watts and Strogatz, 1998). In line with previous studies;
(Guan et al., 2019; Guan et al., 2019) we used the area under the curve
(AUC)—a summarized indicator—of network attributes at 10 different
sparsities to measure group differences and perform correlation analysis.

2.7. Statistical analysis

Statistical analysis was conducted using the Statistical Package for
the Social Sciences (SPSS), version 22. Group comparisons of de-
mographic and clinical data were assessed using the two-sample T-test
or chi-squared test, as appropriate. CNRy ¢ and network attributes were
analyzed using the general linear model (GLM) with age, gender, and
education as covariates. Bonferroni correction was used for multiple
comparisons of nodal attributes between HC and PD groups (p < 0.05/
246 = 0.0002 was considered significant). Partial correlation analysis
was performed for CNRy¢, damaged network attributes, and clinical
variables (UPDRS III and MoCA) in the PD group. Age, gender, and
education were used as covariates, and p values < 0.05 were considered
significant.

Finally, mediation analysis was used to test whether LC
degeneration-related clinical features can be explained by network
disruption (the mediator). These analyses were performed using SPSS
with 10,000 bootstraps. A standard three-variable path model was used.
Age, gender, and education were used as covariates of no interest.

3. Results
3.1. Demographic, clinical and CNRy¢ characteristics

The demographic, clinical, and CNRy¢ characteristics are summa-
rized in Table 1. No significant difference was found between the HC and
PD groups in age and education. The two groups were statistically
different in terms of gender, which was regressed out in the group
comparison. The PD group showed significantly lower CNRic (p <
0.001; Fig. 1D) and MoCA score (p = 0.001; Table 1) than the HC group.

3.2. Group comparisons of network attributes between HC and PD

Compared with the HC group, the PD group had significantly lower
DC of the superior frontal gyrus (SFG), middle frontal gyrus (FMG),
precentral gyrus (PrG), postcentral gyrus (PoG), paracentral lobule
(PCL), and cingulate gyrus (CG). Lower NE of vast regions, including the
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Table 1
Demographic and clinical characteristics.
HC (n = 68) PD (n = 94) p value

Age 60.75 £+ 7.41 60.64 + 8.69 0.931
Gender (M/F) 29/39 57/37 0.024*
Education 8.24 + 3.31 8.27 + 4.38 0.952
Disease duration - 3.92 + 2.49 -
Duration of drug administration - 2.94 + 2.54 -
LED - 435.00 + 303.30 -
UPDRS I - 1.34 £1.51 -
UPDRS II - 6.82 + 4.15 -
UPDRS III - 17.23 + 10.62 -
H-Y - 2.05 + 0.56 -
MoCA 24.86 + 2.59 22.80 +5.21 0.001*
CNR; ¢ 1.97 + 0.65 1.60 £ 0.44 <0.001*

HC: Healthy control; PD: Parkinson’s disease; LED: Levodopa equivalent daily
dose; UPDRS: Unified Parkinson’s Disease Rating Scale; H-Y: Hoehn-Yahr;
MoCA: Montreal Cognitive Assessment; CNR;c: Contrast-to-noise ratio of the
locus coeruleus.

Mean value and standard deviation were shown. p < 0.05 is considered as sig-
nificant, and marked as *.

superior frontal gyrus (SFG), middle frontal gyrus (FMG), precentral
gyrus (PrG), postcentral gyrus (PoG), paracentral lobule (PCL), inferior
parietal lobule (IPL), cingulate gyrus (CG), superior temporal gyrus
(STG), fusiform gyrus (FuG), insular gyrus (INS), cuneus (Cun), and
occipital gyrus (OcG) were also found in the PD group (Fig. 2 and
Supplementary Table 1). In addition, DC and NE of these regions were
stably lower in the PD group under 10 different sparsities (Supplemen-
tary Fig. 1). No difference was found in BC between the PD and HC
groups. Therefore, BC was excluded from further correlation analyses.

3.3. Relationships between the CNRy ¢, nodal attributes, and clinical data
in PD patients

In the PD group, the CNRy¢ was positively correlated with the MoCA
score (R = 0.215, p = 0.041; Fig. 3A). The CNRy was positively asso-
ciated with the NE of several cognitive-related regions (Fig. 3B)
including the right STG (R = 0.292, p = 0.005), right INS (R = 0.259, p
= 0.013), right Cun (R = 0.276, p = 0.008), and left Cun (R = 0.274,p =
0.009). We also observed significant positive correlations between the
CNR; ¢ and the NE of the sensorimotor cortex, including the left PrG (R
= 0.299, p = 0.004) and left PoG (R = 0.229, p = 0.013; Fig. 3B). The p
values were not significant after Bonferroni correction, but remained
significant after false discovery rate correction.

In addition, the NE of the right STG (R = 0.287, p = 0.006) and right
INS (R = 0.234, p = 0.026) were significantly correlated with MoCA
score (Fig. 3C). Therefore, we conducted a mediation analysis to test
whether the NEs of the right STG and right INS were statistical mediators
between LC degeneration and cognitive decline. Mediation analysis with
10,000 bootstraps demonstrated that the relationship between CNRy¢
and MoCA is totally mediated by the NE of STG (Fig. 3D).

3.4. The specificity of network disruption associated with LC degeneration

The PDg,, group (n = 35) showed no significant difference in age,
gender, and education when compared with HC (n = 68) and PD groups
(n = 94). Compared with the HC group, the PDg}, group showed a lower
MoCA score (p = 0.047). No significant difference was found in disease
duration, duration of drug administration, levodopa equivalent daily
dose, and UPDRS I, UPDRS II, UPDRS III, H-Y and MoCA scores between
two the PD groups (Supplementary Table 2).

The PDgy,p group showed significantly lower nodal attributes in the
above regions than the HC group (Supplementary Table 3). These results
were highly consistent with the comparison between HC and PD groups.
There was no difference in the above nodal attributes between PDgy}, and
PD groups (Supplementary Table 3), which indicated a high
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Fig. 2. Differences of network attributes between HC and PD groups. HC: Healthy control; PD: Parkinson’s disease; DC: Degree centrality; NE: Nodal efficiency; L:
Left; R: Right; SFG: Superior frontal gyrus; PoG: Postcentral gyrus; CG: Cingulate gyrus; FMG: Middle frontal gyrus; PrG: Precentral gyrus; PCL: Paracentral lobule;
FuG: Fusiform gyrus; IPL: Inferior parietal lobule; PoG: Postcentral gyrus; INS: Insular gyrus; Cun: Cuneus; OcG: Occipital gyrus; STG: Superior temporal gyrus.
Green/orange means HC > PD. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

homogeneity between the two groups. The PDgy}, group showed signif-
icantly higher DC of the right SFG (p = 0.022) and left PrG (p = 0.046),
and NE of the right SFG (p = 0.044). These regions are located in the
frontal and sensorimotor cortex, which are considered dopaminergic
innervated brain regions (Akram, 2017). However; the NE of STG
(mediator) showed no increase after levodopa administration, indi-
cating that the mediator was specific for LC noradrenaline, and inde-
pendent of dopamine (p = 0.096; Supplementary Table 3).

4. Discussion

This study investigated the relationships among LC degeneration,
network disruption, and cognitive impairment in a large sample of PD
patients. We confirmed the relationship between LC degeneration and
cognitive impairment in PD patients, which had been reported by a
recent study with moderate sample size (Prasuhn et al., 2021). We
further highlight the role of network disorganization in LC
degeneration-related cognitive impairment.

4.1. LC degeneration and cognitive impairment in PD patients

Braak and Del Tredici confirmed that the LC is degenerated at the
early stages of PD owing to the Lewy pathology (Braak and Del Tredici,
2017). In line with previous studies; (Ohtsuka et al., 2013; Kitao et al.,
2013) we detected significant LC degeneration in PD patients. Moreover;
we found that LC degeneration was associated with cognitive decline in
our PD group. The relationship between LC and cognition have been
described in previous cognitive neuroscience studies (Clewett et al.,
2018; Clewett et al., 2016; Clewett, 2019). In PD studies; previous study
reported that PD dementia was associated with the loss of noradrenergic
neurons in the LC; (Del Tredici and Braak, 2013) pharmacological
research shows that inhibiting noradrenergic neurotransmission
reduced cognitive performance of PD patients (Cash et al., 1987).
Consistent with that, recent MRI studies demonstrated the relationship

between LC degeneration and cognitive impairment in PD patients (Li
et al., 2019; Prasuhn et al.,, 2021). The present study confirms the
relationship between LC degeneration and cognitive impairment in a
large sample size of PD patients; and suggests that therapies targeted to
the noradrenergic system might be clinically significant (Feinstein et al.,
2016).

4.2. LC integrity is associated with network disruption in the cognitive-
related cortex

Significantly decreased nodal attributes were found in extensive
cortical regions, which means that PD patients have less connectivity
and lower efficiency of information transmission (Hillary and Grafman,
2017; Fang et al., 2017). These results further confirmed and extended
existing knowledge on widespread functional disorganization (Knudsen
et al., 2018).

In this study, we demonstrated that decreased LC integrity was
significantly associated with the lower efficiency of the cognitive-related
cortex, including the STG, INS, and Cun. Lower NEs of STG and INS were
correlated with worse cognitive performance. It is known that the
LC-noradrenaline system projects into multiple cortical domains (Bari
et al., 2020). Previous studies have shown that LC activation induced
increases in the connectivity of temporal and insular gyri (Zerbi et al.,
2019; Bouret, 2019). Postmortem studies have confirmed that a defi-
ciency of LC noradrenaline was most prominent in the temporal lobe of
Alzheimer’s disease patients (Nazarali and Reynolds, 1992). The vi-
suospatial function-related cuneus also has abundant functional con-
nectivity to the LC (Zhang et al., 2016). Therefore; these findings
highlight the importance of LC integrity on the topological organization
of the cognitive-related cortex.

Furthermore, we found that reduced NE of the right STG was a
mediator between decreased LC integrity and cognitive impairment in
PD patients. Also, levodopa replacement therapy could not improve the
NE of the right STG. Similarly, two studies have reported the modulatory
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Fig. 3. Correlation analysis among CNR|c, network attributes, and MoCA score in PD group. (A) CNR;¢ was significantly correlated with MoCA score in the PD
group. (B) CNR;¢ was significantly correlated with the network attributes of cognitive- and motor-related regions in the PD group. (C) Network attributes of two
cognitive-related regions were associated with MoCA score in the PD group. (D) Mediation analysis showed that reduced NE of the STG was a mediator between LC
degeneration and cognitive decline. CNRc: Contrast-to-noise ratio of the locus coeruleus; MoCA: Montreal Cognitive Assessment; PD: Parkinson’s disease; DC:
Degree centrality; NE: Nodal efficiency; STG: Superior temporal gyrus; INS: Insular gyrus; IPL: Inferior parietal lobule; Cun: Cuneus; PrG: Precentral gyrus.

effect of atomoxetine, a selective noradrenaline reuptake inhibitor, on
functional network organization (both left and right STG were involved)
in PD patients (Borchert et al., 2019; Rae et al., 2016). Although we only
demonstrated a mediating effect in the right side; future study should
further confirm whether there is lateralization in the mediating effect.
Our previous study also demonstrated that temporal atrophy plays a key
role in the process of cognitive deterioration in PD (Zhou et al., 2020).

Finally, we demonstrated that the NE of the STG could not be
modulated by levodopa administration. This finding further suggested
that the linking among LC integrity, STG disorganization, and cognitive
impairment might be independent of the dopaminergic system. This
finding was also supported by one of the latest studies, which suggested

that SN degeneration correlates with motor dysfunction, whereas LC
degeneration is related to cognitive impairment in PD patients (Prasuhn
etal., 2021). However, it is worth noting that confidence in the negative
result (levodopa challenge test) might be less because of the small
sample size of that study. Other neurotransmitter systems (e.g., seroto-
nergic, cholinergic) might be involved in cognition-related pathways
(O’Callaghan and Lewis, 2017). Investigating the effects of interactions
among dopaminergic; noradrenergic, serotonergic, and cholinergic
systems in a large sample of PD patients would be a significant
development.

Our findings imply that LC degeneration may contributes to func-
tional disorganization, which in turn causes cognitive impairment in PD
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patients. These findings extend our knowledge about the modulatory
effect of the noradrenergic system in cognitive impairment in PD.
Compared with the irreversible degeneration of the LC, functional
network attributes might be effective indicators for monitoring the
response of noradrenergic therapies.

4.3. LC degeneration associated with network disruption in the
sensorimotor cortex

We also demonstrated a significant positive association between LC
integrity and the NE of the sensorimotor cortex, including PrG and PoG.
The sensorimotor cortex receives abundant innervation from LC
noradrenergic neurons (Benarroch, 2018). It is reasonable to suggest
that LC degeneration contributes to sensorimotor cortex disorganiza-
tion. However; no direct correlation was found between LC degenera-
tion and motor performance (UPDRS III score). Although no significant
linear correlation was found between LC degeneration and UPDRS III,
experimental evidence from animal studies has suggested that LC
neuron loss enhances neurodegeneration of the nigrostriatal dopami-
nergic system and aggravates motor disturbance (Fornai et al., 1996;
Ferrucci et al., 2002). On account of the complex innervation of the
sensorimotor cortex, we assumed that there is an interaction between
the dopaminergic and noradrenergic systems in the sensorimotor cortex
(Sara, 2009). This assumption was partly supported by our findings:
reduced nodal attributes of the sensorimotor cortex could be normalized
by levodopa; which implies that the dopaminergic system is also linked
with the sensorimotor cortex. A previous study also suggested that
dopaminergic deficiency contributes to disorganization of the sensori-
motor cortex, and that administration of levodopa can normalize it
(Akram, 2017).

Nevertheless, the negative findings between LC integrity and motor
dysfunction do not mean that they are independent. We demonstrated a
significant relationship between LC degeneration and functional orga-
nization of the motor cortex. In addition, we demonstrated a significant
relationship between LC degeneration and motor response to levodopa
in recent published paper (Zhou et al., 2021). Therefore; the interactions
between the dopaminergic and noradrenergic systems require further
investigation.

5. Limitations

One of the limitations of our study is the small size of the PDg}, group
receiving levodopa administration. It would be useful to validate the
current findings at a higher resolution and using isotropic LC imaging,
because a slice thickness of 3 mm, as used in our study, is susceptible to
partial volume effects (Priovoulos et al., 2018). In addition, a recent
study suggested that the high signal intensity in the LC was largely
attributable to the density of intracellular water protons but not the
neuromelanin (Watanabe et al., 2019). Although the signal intensity was
useful in evaluating the integrity of the LC; (Watanabe et al., 2019) it is
important to confirm the present findings using more direct methods (e.
g., positron emission tomography, measures of noradrenergic trans-
porter levels). In this study, the CNRy¢ have no age-relationship, which
is inconsistent with previous study (Clewett et al., 2016). This may
impact the correlation analysis in which age is included as covariate.
Therefore; the relationship between LC and cognition should be inter-
preted cautiously. It should also be noted that the correlations between
CNR;¢c and network attributes did not hold after strict Bonferroni
correction. This indicates that the power might be relatively low, and
future studies utilizing LC imaging with higher resolution or positron
emission tomography for confirming the relationship between LC
degeneration and network organization will be meaningful. Gender was
not perfectly matched in the PD and HC groups, although we included it
as a covariate in the statistical analysis. Finally, the relationship between
LC degeneration and cognitive impairment in different domains should
be assessed in the future.

Neurolmage: Clinical 32 (2021) 102873

In conclusion, this study provided evidence for the relationship be-
tween LC degeneration and extensive network disruption in PD patients.
And the network disorganization may play an important role of in LC
degeneration-related cognitive impairment. These findings highlight the
necessity of an adjuvant therapy that targets the noradrenergic system,
and that functional organization might be a potential indicator for
monitoring the response of noradrenergic therapies.
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