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Abstract

Dementia as one of the most prevalent diseases urges for a better understanding of
the central mechanisms responsible for clinical symptoms, and necessitates improve-
ment of actual diagnostic capabilities. The brainstem nucleus locus coeruleus (LC) is a
promising target for early diagnosis because of its early structural alterations and its
relationship to the functional disturbances in the patients. In this study, we applied
our improved method of localisation-based LC resting-state fMRI to investigate the
differences in central sensory signal processing when comparing functional connec-
tivity (fc) of a patient group with mild cognitive impairment (MCI, n = 28) and an age-
matched healthy control group (n = 29). MCI and control participants could be differ-
entiated in their Mini-Mental-State-Examination (MMSE) scores (p < .001) and LC
intensity ratio (p = .010). In the fMRI, LC fc to anterior cingulate cortex (FDR
p < .001) and left anterior insula (FDR p = .012) was elevated, and LC fc to right tem-
poroparietal junction (rTPJ, FDR p = .012) and posterior cingulate cortex (PCC, FDR
p = .021) was decreased in the patient group. Importantly, LC to rTPJ connectivity
was also positively correlated to MMSE scores in MCI patients (p = .017). Further-
more, we found a hyperactivation of the left-insula salience network in the MCI
patients. Our results and our proposed disease model shed new light on the func-
tional pathogenesis of MCI by directing to attentional network disturbances, which
could aid new therapeutic strategies and provide a marker for diagnosis and predic-

tion of disease progression.
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1 | INTRODUCTION

Dementia is one of the most prevalent and compelling diseases arising
in the 21st century (Cao et al., 2020; Prince et al., 2013) with an
expected number of 135 million patients worldwide in 2050
(Robinson et al., 2015). There is urgent need for an improvement of
understanding of the underlying mechanisms in the brain responsible
for clinical symptoms, and improvement and extension of diagnostic
capabilities (Lorking et al, 2021; McCarthy et al, 2018; Tsoi
et al., 2015). Especially, an early diagnosis is crucial for a timely inter-
vention aiming at preventing disease progression and at alleviating of
symptom severity (Barnett et al., 2014; Crous-Bou et al., 2017;
Robinson et al., 2015). In this respect, the small bilateral brainstem
nucleus locus coeruleus (LC) gains increasingly attention because of
both its functionality related to dementia symptoms and its known
early structural alterations in dementia (Betts et al., 2019; German
et al.,, 1992; Samuels & Szabadi, 2008; Tomlinson et al., 1981). The
disturbances in LC structure appear in line with early clinical symp-
toms and long before classical structural alterations like volume loss
of temporal lobes can be detected in magnetic resonance imaging
(MRI; Olivieri et al., 2019; Takahashi et al., 2015). Both mild cognitive
impairment (MCI) and Alzheimer disease (AD) studies could show an
increase of plaques accumulating within the LC, and the relationship
of those molecular changes was correlated to the early symptoms and
the progression of the disease (Elman et al., 2021; Markesbery, 2010;
Tomlinson et al., 1981). Furthermore, the signal intensity of the LC as
seen in specialised MRI sequences correlates to the LC noradrenaline
cell count (Keren et al., 2015), and was found to be directly aligned to
disease severity (Betts et al., 2019; Clewett et al., 2016; Dordevic
etal, 2017; Liu et al., 2020).

Beyond assessing structural alterations, functional methods can
provide insight into the disturbances in brain networks related to
dementia, improve the understanding of the impact of the structural
changes within and between the affected brain areas, and may sup-
port the early diagnosis of the disease even before structural distur-
bances become evident. One important capacity of human behaviour
that is heavily affected in MCI patients is human attention: Dementia
patients are characterised by difficulties in activities of daily living
such as spatial orientation, concentration, and planning, especially in
the early stages of dementia, which may often have been overlooked
(Bradford et al., 2009; Coughlan et al., 2018; Sanders et al., 2014;
Saunders & Summers, 2011). Those symptoms underlie impairments
in visuospatial attention, sustained attention, and executive function-
ing, respectively—which constitute the major facets of attention net-
work functions (Baddeley et al., 1999; Berardi et al., 2005; Brandt
et al, 2009; Costa et al., 2020; Faust & Balota, 1997; Redel
et al., 2012; Waninger et al., 2018).

The LC is directly related to the clinical alteration and networks
found here: It is involved in sustained attention and vigilance, and fur-
ther in the selection of relevant sensory signals within the alerting,
frontal and dorsal attention networks (Aston-Jones & Cohen, 2005a;
Corbetta et al., 2008; Périn et al., 2010). Beyond and bound to the LC,
the salience network is widely described as the relevant entity to
transfer information of the relevance of sensory signals to the frontal

brain to guide decision processes (Aston-Jones & Cohen, 2005b;
Seeley, 2019). Within the salience network, the insula receives infor-
mation about the quality of internal and external world signals and
transfers those signals to the anterior cingulate cortex (ACC). The
ACC as the frontal-brain hub for decision making, then controls the
LC in its electrophysiological behaviour in respect to the behavioural
relevance of those signals (Aston-Jones & Cohen, 2005b). The LC—in
dependence of the ACC control—can then enhance sensory signals in
all the brain by promoting noradrenaline spillover to a wide range of
target cells, and selectively enhance memory, reaction, and conscious-
ness (Berridge & Foote, 1991; Berridge & Waterhouse, 2003).

Still, there are limitations in investigating those functional rela-
tionships between brain regions—especially, the LC is a very small
nucleus and could benefit from improved methods when measuring
functional MRI (fMRI). In our previous work, we advanced the mea-
surement of the LC functional connectivity (fc) signal by previous
delineation of the nucleus based on its neuromelanin contrast and
extraction of the blood-oxygen-dependent (BOLD) signal at the exact
intraindividual position of the nucleus in the brainstem (Liebe
et al., 2020).

In the following study, we investigated the rs-fc of the LC com-
paring a group of MCI patients and a group of age-matched healthy
control participants. For measurement of the BOLD signal, we applied
our improved method of LC fc measurement. We expected distur-
bances in the LC network and salience network in the MCI patients,
and predicted, that those networks would be related to behavioural
measures of the mini-mental state examination (MMSE), which is the
score that is most widely validated and assessed in dementia patients
(Arevalo-Rodriguez et al., 2015), and broadly investigated in conjunc-
tion with fMRI studies (Balthazar et al., 2014; Cha et al., 2013; Liao
et al., 2018; Yokoi et al., 2018; Zheng et al., 2019).

We aim to advance the understanding of how brain networks are
affected in MCl and to show a practical use case for the application of

improved methods in terms of LC fc.

2 | MATERIALS AND METHODS

21 | Study design and ethical approval

This study was designed as cross-sectional with one factor: group
(control, MCI). All measurements took place from February 2019 to
March 2020 in Magdeburg at two sites—namely, the German Center
for Neurodegenerative Diseases and the Department of Neurology of
the Otto von Guericke University Clinic. Ethical approval (165/18)
was obtained from the ethics committee of the Otto von Guericke

University—Medical Faculty, Magdeburg, Germany.

2.2 | Participants

Patients aged between 50 and 85 years were recruited between
February 2019 and March 2020 from the memory clinic at the
Department of Neurology of the Otto von Guericke University Clinic,
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Magdeburg, Germany (Figure S2). The diagnosis of MCI had been
established by an experienced neurologist of the memory clinic
according to the NINCDS-ADRDA criteria (McKhann et al., 1984).
Their MMSE scores were at minimum 20 or higher. Patients were
excluded from the study if they had any systemic neurological, ortho-
paedic, cardiologic, or metabolic disease, tattoo or metal-based
implants in the body, a brain operation which would affect MRI analy-
sis, or uncorrected reduced visual ability. In total, 28 patients were
tested and were age- and gender-matched with healthy participants
of the control group; there was no significant difference in age
between the patient (n = 28, 73.3+7.5years [range 51-85],
14 females) and control (n = 29, 71.8 + 8.1 years [range 50-85],
15 females) groups (p = .496). The participants of the healthy control
group had an MMSE score of 27 or higher.

2.3 | Neuropsychological tests (CERAD-Plus)

The applied version of CERAD-Plus test-battery includes 11 subtests:
Verbal Fluency (animals in 60 s), 15-item Boston Naming Test, MMSE,
Word List Learning, Word List Recall, Word List Recognition, Con-
structional Praxis, Delayed Constructional Praxis, Clock Drawing,
Trail-Making Tests A and B and Phonemic Fluency (S-words in 60s). In
this study, the MMSE was used to assess the relationship between rs-
fc and behavioural score, since the MMSE is the most widely used
screening tool, has a high acceptance as a diagnostic instrument and
provides an overall view about patients' abilities (Arevalo-Rodriguez
et al., 2015). All patients were tested with the CERAD-Plus. In the
healthy control group, with 22 from 29 participants, the CERAD-Plus
test battery could be performed. MMSE results were compared
between MCI and control groups with a t-test of independent

samples.

24 | MRIdata acquisition

MR images were acquired on a high-field 3 T Skyra MR tomograph
with a 32-channel head array coil (Siemens Healthineers, Erlangen,
Germany). Every subject underwent structural MR, resting-state fMRI
(rs-fMRI) and neuromelanin-sensitive Turbo spin echo (TSE) sequence
acquisition in the same session.

The high-resolution T1-weighted anatomical MR image was
acquired, using a magnetisation-prepared rapid gradient-echo
sequence with the parameters as follows: echo time (TE) = 4.32 ms,
repetition time (TR) = 2500 ms, inverstion time (TI) = 1100 ms, flip
angle = 7, fields of view (FOV) = 256 mm, 192 sagittal slices, acc. Fac-
tor: grappa 2, bandwidth = 140 Hz/pixel, and isotropic voxel
size =1 mm.

For the eyes-closed rs-fMRI scans a T2*-weighted echo-planar
imaging (EPI) sequence was applied with the following parameters:
TE =30ms, TR = 2.0 s, FOV = 220 mm, 66 axial slices parallel to the
anterior-posterior commissure plane covering the whole brain

acquired in interleaved order, slice thickness = 2.20 mm, isotropic

voxel size = 2.20 mm, multiband acceleration factor = 2, acceleration
factor = grappa 2, flip angle = 80, 320 volumes in total, and scan
duration = 11 min.

Since geometric distortions are caused by magnetic field inhomo-
geneities in EPI sequences, a field map was acquired using a double-
echo gradient recalled echo sequence (TE 1/2 = 4.92 ms/7.38 ms,
TR = 660 ms, flip angle = 60, isometric voxels size of 2.2 mm,
FOV = 220 x 220 mm?, 66 slices aligned with the fMRI slices, and
scan duration = 2 min 13 s).

Neuromelanin serves as an endogenous MR contrast agent: by
shortening the longitudinal relaxation time T1, the LC becomes visible
hyperintense in high-resolution T1-weighted MRI. Thus, we acquired
a neuromelanin sensitive TSE sequence, according to the original pub-
lication 41 with the following parameters: 14 axial slices, acquisition
volume = 192 x 192 x 42 mm°, slice thickness = 2.50 mm, inter-
slice gap 0.5 mm, leading to an effective slice thickness of 3 mm,
TR = 6340 ms, TE = 10.0 ms, bandwidth = 165 Hz/Pixel, flip
angle = 180, and scan duration = 10 min 50s.

2.5 | MRIdata pre-processing

We pre-processed our data in accordance with our previous publica-
tion (Liebe et al., 2020), as we compared pipelines with extraction of
the LC signal in both subject and Montreal Neurological Institute
(MNI) space. In this study, we focussed on our advanced method of
extracting the BOLD signal from the individual LC location in every
subject and only exploratory investigated LC fc based on the MNI
space approach.

LC masks for fMRI signal extraction were drawn by a radiologist
experienced in neuroradiology in FSLview (https://fsl.fmrib.ox.ac.uk/
fsl/) based on the neuromelanin contrast of the nucleus. For registra-
tion, binarisation, and interpolation of the mask, FSL FLIRT and
fslmaths (https://fsl.fmrib.ox.ac.uk/fsl/) were used. For details of our
method, we refer to our previous publication (Liebe et al., 2020).

The sizes of the masks were compared using fslstats (https://fsl.
fmrib.ox.ac.uk/fsl/), revealing no difference in the size between
groups (at 1 mm isotropic voxel size resolution: Controls mean = 143.6
voxels, SD = 14.60; MCl mean = 140.4, SD = 19.00; two-sample t-
test p = .475). In line with our previous publication (Liebe
et al., 2020), the masks were in the mean smaller than a commonly
used MNI space mask (216 voxels, Keren et al. 2SD mask; Keren
et al,, 2009), reflecting the improvement in individual localisation of
the nucleus compared with using a mean MNI space group mask
based on a representative population.

Detailed processing of LC intensity was published in our previous
work (Dordevic et al., 2017). In brief, before image analysis, all scans
were sinc-interpolated with a rectangular window of 11 voxels to the
in-plane resolution of 0.25 mm using FSL flirt. For quantitative evalua-
tion of the high-resolution TSE T1-weighted image, signal intensities
were measured using the FSL software library (https://fsl.fmrib.ox.ac.
uk/fsl/fslwiki; Oxford, UK). In fslview, masks were created in two sub-

sequent tomographic slices (each 2.5-mm thick) starting with the slice
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7.5 mm below the level of the substantia nigra-pars compacta and the
inferior colliculus (Figure S1). Within both slices, four masks were
manually created: (1) left LC, (2) right LC, (3) left pontine reference
region, and (4) right pontine reference region. Using functions
fslmaths and fslstats, the maximum intensity values were extracted
from each of the masks created. Finally, ratios were determined within
each slice by dividing the maximum value of the left LC with its
respective left pontine reference region and for the right LC with the
respective right pontine reference region. In this way, we obtained
two intensity ratios for each slice, one for each side; given that we
measured two subsequent slices, we acquired a total of four values
for the intensity ratios per subject. A total of three subjects had to be
excluded from this analysis because of bad image quality due to
motion artefacts. LC intensity values were compared between groups
with a t-test of independent samples. The significance threshold was
set to a p = .0125 by Bonferroni correction to the number of four
slices.

For the pre-processing of the fMRI data, the standard CONN
pre-processing pipeline, which is based on the SPM12 toolbox
Whitfield-Gabrieli & Nieto-

Castanon, 2012), was used with some modifications. The pre-

(https://www.fil.ion.ucl.ac.uk/spm/;

processing steps included simultaneous realignment, unwarp, and
field map correction of functional data, slice time correction (with
slice timings provided to SPM, as we used a multiband sequence),
ART-based outlier detection (conservative settings), and direct
functional-to-anatomical registration for every subject. We denoised
the data by regression of white matter and CSF signals, removal of
linear/quadratic trends, regression of subject motion (three-rotation
and three-translation parameters as well as their first-order temporal
derivatives), removal of motion outliers (scrubbing) and band-pass fil-
tering at 0.008-0.09 Hz. In comparison to our previous publication,
we further advanced the definition of white and grey matter anatomy
for the denoizing step by applying the Freesurfer segmentation algo-
rithm (http://surfer.nmr.mgh.harvard.edu/, as suggested by Reuter
et al., 2012) and importing the segmentation maps of grey and white
matter into CONN. The mean BOLD signal was then extracted from
the unsmoothed EPI data in the individual anatomical image subject
space within the individual LC masks created as formerly described.
This process was followed by structural and functional direct normal-
isation of the EPI images to MNI space (structural target resolution
1 mm, functional target resolution 2 mm) and smoothing with a
4 mm kernel. The extracted subject-specific, individual LC time
courses were then voxel-wise correlated to the individual whole-
brain MNI space functional data. The target regions of interest (ROls)
were defined by the default atlas implemented in CONN which
covers the whole brain (comprising the FSL Havard-Oxford Atlas;
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/) and cerebellar parcellation from
automated anatomical atlas (AAL) (Tzourio-Mazoyer et al., 2002).
Second, we extracted the LC signal from the individual unsmoothed,
MNI space registered functional volumes with a widely validated
MNI space mask (Keren et al., 2009, 2015) to show the superiority of
the subject-specific approach, as previously reported (Liebe
et al., 2020).

To be able to sub-specify connectivity results of our main pipeline
in a secondary analysis, we additionally sub-segmented the brain
based on the parcellation of Glasser et al. (2016) to gain insights into
functionally relevant subregions: We processed the T1 images using
the FreeSurfer pipeline (Fischl, 2012) version 7.0 with default parame-
ters, with ROls defined according to the HCP MMP 1.0 atlas (Glasser
et al,, 2016). The output of every subject was checked visually by
viewing the subcortical segmentation and the white and pial surfaces
using the freeview FreeSurfer tool. The resulting segmentations
(aparc- and aseg-files) comprised all cortical and subcortical regions
(180 atlas regions on each cortical hemisphere, plus 19 subcortical
regions [2 x 9 plus brainstem]), which resulted in a total of 379 nodes
as target ROls. By using the MRtrix (Tournier et al., 2019) tools mrcalc
and mrtransform, the individual segmented LC region masks were
integrated into the parcellation image. The parcellation image was
then used to extract timecourses of the individual segmented LC brain
regions and individual segmented target ROIs within the same CONN
pre-processing pipeline as delineated above from the unsmoothed EPI
data within the individual anatomical image subject space.

2.6 | fMRI—statistical analysis

Equations for our calculation of seed-to-voxel analysis within CONN
(Whitfield-Gabrieli & Nieto-Castanon, 2012) are reported in the Sup-
plementary Material of our previous publication (Liebe et al., 2020).
For all analyses, the cluster defining threshold was set to a threshold
of p <.001 at voxel level. Only clusters below a threshold of a False
Discovery Rate corrected (FDR) p < .05 were reported to be signifi-
cant in the seed-to-voxel analysis.

Whole sample LC connectivity was reported after conducting a
one-sample t-test. We additionally investigated the whole sample LC
connectivity with a F-test combining the separate effects of MCl and
control groups (contrast [1 1]) to visualise the differences in LC group
connectivity (any-effects analysis).

Since changes in left parahippocampal connectivity of LC were
previously highlighted in MCI patients (Engels et al., 2020; Jacobs
et al., 2015), we extracted the beta-values of the two clusters in the
left parahippocampal gyrus, which were significantly connected to the
LC in the whole sample assessment, and compared the group effects
with a two-sample t-test in SPSS. Since two clusters were investi-
gated, we adjusted the result according to the Bonferroni correction.

This hypothesis-driven assessment was followed by a one-way
Analysis of Covariance (ANCOVA) covariate control analysis contrast-
ing seed-based anatomical LC fc of MCI and control groups at whole
brain level, while controlling for LC intensity values (slice r1, which dif-
fered MCI and Control groups).

Subnuclei ROI-to-ROI analysis was applied on a constrained sub-
set of regions (left frontal opercular [FOP]2, FOP3, FOP4, FOP5, AAl,
ACI, Al, POI1, POI2, and lg; for definition see Glasser et al., 2016)
representing the left insula region that was found significant in the
main test to sub-specify the result. LC to left insula subnuclei connec-

tivity was FDR p < .05 corrected on seed-level with a one-sided
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(positive) test (two-sample t-test with factor group), after permutation
testing was performed (1000 iterations). Within-left insula connectiv-
ity was investigated FDR p < .05 corrected on analysis-level with a
two-sided test (two-sample t-test with factor group), to account for
multiple testing of all subnuclei without previous hypothesis, after
permutation testing was performed (1000 iterations).

Left-insula salience network connectivity (based on the CONN
predefined left insular salience network mask, see Table 52) was then
investigated with a two-sample t-test on whole-brain level comparing
MCI and control groups.

To compare regressions of MMSE scores between groups on a
whole brain seed-to-voxel basis, one-way ANCOVA covariate interac-
tion was assessed for LC and salience network seed-based connectiv-
ity (first factor LC or salience network fc of MCI and Control groups,
second factor MMSE scores of MCl against Control groups).

Since MMSE scores were positively correlated to LC—right lat-
eral occipital cortex (LOC) connectivity investigating the whole sam-
ple on whole-brain level, beta-values of significant change of LC—
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right LOC difference between MCI and control groups were
extracted, outliers removed (2 SD above or below the mean), and
Pearson correlated to MMSE scores (positive directed one-side test,
Figure 3c). In the bar graphs of Figures 2, 3 and 4, h values were
reported as a measure of effect size. The h values represent the mean
Fischer transformed pairwise correlations between the source region
(LC or left insula salience network seed) and the significant whole-
brain voxel clusters.

3 | RESULTS

3.1 | Behavioural results

The MMSE scores significantly differed between MCI and Control
groups, as expected with lower scores of the MCI patients in the
MMSE (MCI mean = 25.79, SD = 2.409; Control mean = 28.91,
SD = 1.019; p < .001, Figure 1a).

: (©)

R2 LC intensity
S

Ml Control Ml

L2 LC intensity

Ml Control Ml

(a) Behavioural data and LC intensity results. MCl and control groups significantly differed in the mini-mental state examination

(MMSE) scores. (b,c,e,f) In the four positions of locus coeruleus (LC) neuromelanin signal extraction, MCI patients showed lower intensity ratios in
region r1 (b) compared with healthy control participants (p = .010). (d) We found a significant correlation between the signal intensity of r1 and

MMSE scores (MCI group p = .040)
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FIGURE 2 Baseline findings of localisation-based LC functional connectivity to the whole brain. (a) The whole brain analysis over all
participants reveals strong LC (green) connectivity to brainstem, cerebellum, parahippocampal gyrus and insula bilateral (red). (b) An any-effects
analysis reveals differences of LC connectivity in the mild-cognitive impairment (MCI, blue) group compared with age-matched control group (red)
in respect to the left insula, left ventral parahippocampal gyrus and right lateral occipital cortex (LOC)

3.2 | LCintensity results

In one of the four extracted positions of LC signal intensity, the ratio
differed between age-matched control and MCI groups, and was
found significant when controlling for all slices investigated (slice r1;
MCI mean = 1.15, SD = 0.07; Control mean = 1.20, SD = 0.05;
p = .010, Figure 1b). Furthermore, there was a significant positive cor-
relation between the signal intensity of this slice and the MMSE
scores of the MCl group (r = 0.357, p = .04, Figure 1d).

3.3 | fMRILC connectivity

First, we averaged the results of all participants to investigate the
overall LC fc as a whole. The LC was connected with the surrounding
brainstem, the cerebellum, the parahippocampal gyrus bilateral and
with left and right insula (Figure 2a). An any-effect analysis revealed
the same effects, but additionally showed the relevance of the right
LOC in the general LC connectivity within the two groups (Figure 2b).
Furthermore, the comparison of LC connectivity to the respective
regions with significant LC interaction showed the general tendency
of the MCI group to exhibit difference in LC fc to the LOC and the

insular cortex (Figure 2b).

3.4 | fMRILC connectivity group differences
Comparing the MCI and control group LC fc on the whole brain
level, we found increased fc from the LC to the left insula (FDR
p = .012) and ACC/paracingulate cortex (FDR p <.001), and
reduced fc from the LC to the right LOC (FDR p = .012) and to
the dorsal posterior cingulate cortex (PCC; FDR p = .021;
Figure 3a,b).

Based on the previous findings from Jakobs et al. (Engels
et al., 2020; Jacobs et al., 2015), we additionally focussed on the LC-
left parahippocampal connectivity, and could find a reduced connec-
tivity of the LC to the left ventral parahippocampal gyrus in the MCI
patients (p = .042).

3.5 | ROI-to-ROI subnuclei analysis

To further specify our main finding of LC-insula connectivity changes,
we analysed the connectivity of the LC signal in an ROI-to-ROI analy-
sis to the Glasser-parcelled left insula. LC connectivity decrease was
found in the left anterior ventral insular (FDR p = .03), and within the
insula a connectivity decrease was found between left anterior agra-
nular insula and left FOP5 (FDR p = .006).
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FIGURE 3 Differences of locus coeruleus (LC, green) resting-state functional connectivity (rs-fc) between mild-cognitive impairment (MCI)
and age matched control group. (a,b) the LC rs-fc of the MCI patients was higher (red) to the ACC (FDR p < .001) and left insula (FDR p = .012),
and lower (blue) to the posterior cingulate cortex (PCC, FDR p = .021) and right lateral occipital cortex (LOC, FDR p = .012). (c) Significant
correlation of LC-temporoparietal junction (TPJ) connectivity and MMSE scores in the MCI group (p = .017). (d) Proposed model of impaired

information processing in MCI patients based on the results of this study

3.6 | Relationship of LC fc to MMSE scores

LC fc to right LOC was positively correlated to MMSE scores in the
MCI patients on whole brain level (FDR p = .003), which means that
patients with higher LC LOC connectivity could better preserve their
behavioural scores. We also extracted the beta-values of the LC fc
to the LOC ROI shown to differ in the LC fc between MCI and con-
trol groups (Figure 3a,b) and could demonstrate a significant positive
correlation to the MMSE scores in MCI patients (p = .017; Figure 3c
for correlation of extracted beta-values of MCI patients to LC
LOC fc).

3.7 | Salience network group differences

Since we found the left insula involved in the fc differences and based
on previous research, we investigated the fc differences between MCI
and control group regarding the left insula—salience network. The
MCI and control groups differed in their fc to the bilateral cerebellum
(right cerebellum FDR p = .025, left cerebellum FDR p = .049) and
the left frontal pole (FDR p = .028; Figure 4b).

3.8 | fMRILC and salience network connectivity
group differences in respect to the MMSE

For the whole sample MMSE correlation to LC fc, we found significant
clusters in the right LOC (FDR p < .001), the frontal pole left (FDR
p = .013) and right precuneus (FDR p = .036). Comparing the MCI
and control groups in terms of their relationship to the MMSE, we
found more negative fc to the LC to the left frontal pole (FDR
p = .007), middle/superior temporal gyrus (FDR p = .007) and the left
hippocampus and parahippocampal gyrus (FDR p = .013) in the MCI
patients in correlation to higher MMSE scores (Figure 4a). The relation
of MMSE and left-insula salience network connectivity differed to big
clusters of the frontal brain involving the frontal pole bilaterally, the
superior frontal gyrus bilaterally and the paracingulate gyrus bilaterally
(all FDR p < .001), the left middle and inferior temporal gyrus (FDR
p < .001; Figure 4c). Post hoc tests revealed that those effects were
driven by strong negative correlation of left and right frontal pole left-
insular connectivity to MMSE in the MCI group (FDR p <.001);
whereas in the control group strong positive correlations were found
to the superior frontal gyrus and paracingulate gyrus, which were not
found in the MCI group.
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(a) Difference of relationship of the mini-mental state examination (MMSE) between MCI and control group in locus coeruleus (LC,

green) functional connectivity (fc), where the hippocampal region, the frontal pole and the left temporal cortex differ in their correlation to the
score. (b) Group differences of insula-salience network fc (green) reveals overactivation/increased connectivity to the frontal brain and bilateral
cerebellum in MCl patients. (c) Correlation differences within anterior insula left-salience network (green) fc between MCI and control groups

were found to frontal brain and left temporal regions

3.9 | MNIspace LC mask

Additionally, to replicate our former results of superiority of subject-
masked based LC signal extraction (Liebe et al., 2020), we extracted
the LC signal out of the MNI space mask only. The whole sample
results were similar, but the approach—as previously investigated—
was not sensitive enough to reveal group differences between MCI

and control participants as reported here.

4 | DISCUSSION
By advancing the measurement of LC fc by extracting the signal from
the exact intraindividual location of the nucleus, we could uncover the
involvement of LC and its link to the concomitant salience network in
the functional pathogenesis of MCI. Furthermore, we show how both
of these networks are related to a widely used behavioural score of
dementia, to underpin their relevance for a concept of LC and salience
network-related attentional changes in early dementia.

First, comparing our patient and healthy control study population

showed a clear impairment of the MMSE values and of LC signal

intensity in the MCI group (in line with Dordevic et al, 2017;
Figure 1a,b). Importantly, a direct relationship of this structural alter-
ation of the LC and the behavioural score was found with high LC sig-
nal intensity maintaining adequate behaviour (Figure 1d).

In respect to our primary research question of functional distur-
bances in MCI patients, we then mapped the whole sample fc of the
LC and found our results compatible with previous studies revealing
LC connectivity (Jacobs et al., 2018; Liebe et al., 2018; 2020; Murphy
et al., 2014; Wagner et al., 2018; Zhang et al., 2016) to the cerebel-
lum, the brainstem, the parahippocampal gyrus and the insula.

An analysis of group differences between MCI and healthy con-
trols revealed that ACC to LC connectivity is elevated in MCI patients.
As pointed out in our former methodological study (Liebe et al., 2020),
LC ACC connectivity could be a marker of how the frontal brain con-
trols LC activity within the executive control network from “top-
down” (Aston-Jones & Cohen, 2005b; Petersen & Posner, 2012;
Posner, 2012). This process could initiate concomitant changes in
attentional processing networks we also found: The connectivity
between LC and the anterior insula, which is the seed region of the
salience network, was heightened in our MCI patient group. In princi-

ple, the interaction between LC and the salience network is expected
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to decline with ageing (Lee et al., 2020). In line with this view, espe-
cially the connectivity of LC to the left insula was found to be very
low in our elderly control group, even in the negative, disconnected
range. In our MCI disease study population, we however revealed a
marked increase in the connectivity from LC to the left anterior insula
(Figure 3).

Following this result and based on the hypothesis of attention
network disturbances in the early stages of dementia, we found a
hyperactivation of the left anterior insula salience network. The ante-
rior insula forms an input hub of salience by receiving information of
internal (body sensations) and external (outer) world (Farb et al., 2013;
Mesulam & Mufson, 1982; Wang, Wu, et al, 2019; Witzel
et al., 2018). In this process, the insula is responsible for weighting
those inputs by interoceptive predictive coding and, in the last
instance, integrate them into our subjective sense of reality and of the
view of the self within the world (Seth, 2013; Seth et al., 2012). Con-
sequently, insula pathology in dementia was discussed in terms of the
loss of sense of self (Bonthius et al., 2005), apathy (Moon et al., 2014),
self-concept (Philippi et al., 2020), and insula activity even seems to
be protective in AD (Lin et al., 2016). Importantly, several other stud-
ies also found the insular network to be altered in dementia (Lu
et al., 2020; Wang et al., 2021; Xie et al., 2012). Furthermore, studies
revealed a phase of hyper- before a phase of hypoconnectivity within
the salience network in respect to TAU and amyloid deposition in the
brain (Schultz et al., 2017). The hyperconnectivity found here in the
early stage of MCl as in our patient population suggests a compensa-
tory mechanism of a hyperactive salience processing, that may be
necessary to maintain behavioural performance (Zhou et al., 2010).

We then found a decline in fc from the LC to the PCC. The PCC
is the posterior hub of the default mode network (DMN) and has
modulatory influence on the network (Wang, Chang, et al., 2019). The
alteration of LC to PCC may suggest a degrading of the DMN in the
noradrenergic enhancement circle of the LC, while the salience net-
work is concomitant hyperactivated and increasingly upregulated for
supporting the integration of novel information. Although results of
DMN rs-fc show variable results comparing MCI and healthy controls,
decrease of PCC activity seems to be the most prevailing pattern and
fits well to our finding of LC-PCC reduction of fc (Eyler et al., 2019;
Wang et al., 2012).

We could replicate that LC connectivity to the left parahippocam-
pal gyrus is reduced in MCI patients, which was previously reported
(Engels et al., 2020; Jacobs et al., 2015). The LC connectivity to para-
hippocampal gyrus is directly involved in memory functions
(Berridge & Foote, 1991; Mather et al., 2016) and was found to be
related to cognitive decline and beta-amyloid (Engels et al., 2020).
Our result further supports those recent findings and validates the
former results with our approach of extracting the LC BOLD signal
from the individual anatomical location of the nucleus.

To further corroborate our pure fMRI results we assessed the
relationship of LC resting state fc to MMSE scores. Importantly, the
right LOC showed both a reduction in LC fc in MCI patients and a
relationship between LC fc and MMSE scores. This connectivity of LC
to right LOC can be attributed to the noradrenergic influence on the

temporoparietal junction (TPJ; for anatomical delineation as part of
the LOC see Schurz et al., 2017). TPJ activity is suppressed during
focussed attention, which supports ongoing task demands, and
enhanced when new, unexpected stimuli enter the brain, accompa-
nied by the EEG P300 wave (Aston-Jones & Cohen, 2005b; Knight
et al., 1989; Verleger et al., 1994; Yamaguchi & Knight, 1992). The dis-
turbances in LC to right TPJ connectivity fit to the idea of hyperacti-
vated salience processing in MCI patients, may be a correlate to
reduced LC phasic bursts (Aston-Jones & Cohen, 2005b; Braga
et al., 2013; Corbetta et al., 2008; Janitzky, 2020; Vossel et al., 2014)
and relevant for the known symptoms of behavioural flexibility
decline in MCI patients (Guarino et al., 2020). Since we found a posi-
tive correlation between LC-TPJ rs-fc and MMSE scores, we speculate
that LC-TPJ connectivity may be a connection that could serve as a
marker for improvement of symptom severity in certain disease
stages.

Then, we uncovered that the LC rs-fc to left parahippocampal
gyrus differs between MCI and control groups in the relationship to
MMSE score correlations, which further extends our result of reduced
LC parahippocampal connectivity in MCI, as pointed out before.

Regarding salience network fc, MMSE score correlations differed
between MCI and Control groups in the frontal pole, which was found
to be less connected in the MCI group. In more detail, we found a
negative correlation of the connectivity to that frontal area in high
MMSE score patients. This means, that patients with higher MMSE
scores will be able to decrease their pathological elevated salience
network connectivity to frontal pole. On the other hand, we found
that MCI patients lack on a relationship between MMSE scores to
salience network connectivity to middle frontal brain including the
paracingulate gyrus. Decreased salience network connectivity to
superior and inferior frontal gyrus and to bilateral frontal pole was
also found in trait anxiety (Geng et al., 2016) and panic disorder
patients (Pannekoek et al., 2013), interpreted as lack of cognitive con-
trol. Elevated salience network connectivity to certain parts of the
frontal brain by lack of correlation of central frontal brain connectivity
to MMSE scores supports the idea of both disturbances regarding
cognitive control in MCI patients, and a compensatory mechanism try-
ing to balance this deficiency.

Summing up, the results of functional disturbances in MCI
patients in comparison to an age-matched healthy control group and
the relation to their MMSE scores come together in important brain
regions for salience processing and emphasise how these brain struc-
tures are involved in the pathogenesis of early dementia.

On an electrophysiological level about LC function, neurodegen-
erative diseases were conceptualised as overactivation of LC tonic
mode and decrease of LC phasic discharge (Janitzky, 2020), a model
that would be in line with the rs functional disturbances we found
here: we would expect elevated ACC-LC, LC-insula and salience net-
work connectivity with elevated LC tonic mode (Aston-Jones &
Cohen, 2005b) and a decrease of LC TPJ connectivity could be a cor-
relate of decreased likeliness of phasic LC responses to novel informa-
tion (Corbetta et al., 2008; Figure 2d, model). Janitzky (2020) pointed
out how elevation of phasic LC response by vagal stimulation could



LIEBE ET AL.

WILEY_L%%

be a potential therapeutic option for MCI patients, which would be in
line with a reconfiguration of LC-right TPJ connectivity (Corbetta
et al., 2008). Essentially, since an overactivation of the LC tonic mode
could be a negative predictor for disease progression, our results
could provide a marker of the vulnerability of MCI patients for con-

version to more severe dementia.

4.1 | Limitations
We did not find strong LC-ACC and LC-thalamic connectivity as previ-
ously described in our young healthy subject population (Liebe
et al., 2020), which may be due to differences in rs alerting axis in
elderly or may be more easily to uncover with ultra-high field
strengths (7 T and above).

There is ongoing research about sub-specifying the origin of the
hyperintense signal of neuromelanin in the MRI, which will aid better
interpretability of our contrast ratio results in respect to clinical symp-
toms (Keren et al., 2015; Priovoulos et al., 2020).

The sensitivity of the MMSE score in the assessment of dementia
is under debate (Creavin et al., 2016), but we evaluated our result by
additionally analysing LC connectivity in respect to a summary score
of all CERAD sub-scores (based on principal component analysis), fur-
ther underpinning the importance of LC-ACC and LC-left insular con-
nectivity in the functional pathogenesis of dementia (Text S1,
Figures S3, 54, and Table S1).

Although longitudinal data collection is in progress, so far there is
no follow-up data of our patient group in a stage when conversion
from MCI to more severe forms of dementia can be expected. These
data will inform, in which extend LC rs-fc can predict conversion to
more severe disease. In this study and at this point, we provide sta-
tionary data about the network disturbances in our patients.

Although the connectivity differences between groups found here
can inform about disturbances in MCI signal processing, some of the
changes may be compensatory and help patients to maintain beha-
vioural performance. Thus, task-based fMRI studies and longitudinal
studies are needed to further investigate the relationship between
MCl-related behavioural scores and the rs-fc changes found here, to
underpin and further restrain the results with the aim to target those

alterations of brain networks with new therapeutic strategies.

4.2 | Conclusions

By starting with localisation-based LC connectivity analysis followed
by constrained hypotheses on brain networks, we could show that LC
LOC connectivity, LC parahippocampal connectivity, LC left anterior
insula connectivity and salience network to frontal brain connectivity
are important pathways in the disturbances of MCI. The networks
found affected here also showed a relationship to the widely used,
clinical relevant MMSE score of dementia, which was strongly altered
in our MCI patients compared with our healthy age-matched control

group and related to impaired LC signal intensity, underpinning the

relevance of those networks in the functional pathogenesis of demen-
tia. The attentional processing networks found disturbed in early
dementia in this study and their theoretical implications could serve
as targets for development of prevention strategies and therapeutics,
and aid diagnostics and monitoring of treatment in dementia. Last, our
study encourages the use of subject-specific masks to delineate the

LC for fMRI measurements.
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