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GENERAL INTRODUCTION 
Alzheimer’s disease (AD) is a neurodegenerative disease and the most common 

form of dementia [1]. It is estimated to affect at least 55 million people worldwide 

today and this number is projected to exceed 152 million by 2050, barring medical 

breakthroughs in prevention or treatment of the disease [2, 3]. In addition to the 

devastating consequences of the disease for the patients and their caretakers, it 

is estimated that the global economic impact resulting from informal, social and 

medical care related to dementia could rise to over 2 trillion US$ by 2030 [4].

AD dementia is characterized by the gradual onset and progression of clinical 

symptoms that typically include the well-known memory deficits, but also lesser-

known cognitive and behavioral impairments, such as language problems, impaired 

reasoning skills and changes in personality. These symptoms are severe enough to 

impair the patient in their daily functioning [5]. In addition, mild cognitive impairment 

(MCI) due to AD has been recognized as a prodromal stage of the disease in which 

the patient displays clinical symptoms of AD to a milder extent and is generally able 

to maintain their independent functioning in daily life [6]. Furthermore, increasing 

amounts of research are being done towards preclinical AD, in which hallmark AD 

pathologies are detected, but no clinical symptoms are present [7].

According to prevailing theories, these hallmark pathologies of AD are toxic 

protein aggregations; extracellular amyloid-beta (Aβ) plaques and intracellular 

neurofibrillary tau tangles that are assumed to contribute to downstream 

neurodegeneration and cognitive decline [5, 8-12]. The amyloid cascade 

hypothesis describes a possible sequence in which these pathologies contribute to 

the pathophysiological process of AD. In essence, the amyloid cascade hypothesis 

posits that pathologic cleavage of the amyloid precursor protein is the catalyst 

that sets in motion a series of events that involve the accumulation of Aβ plaques, 

which trigger the hyperphosphorylation of tau, resulting in the accumulation of 

neurofibrillary tangles and neurodegeneration [13]. This is reflected in research 

showing that tau pathology tracks well with neurodegeneration and cognition, 

while accumulating evidence suggests that Aβ works synergistically with tau 

pathology to worsen its deleterious effects on neurodegeneration and cognition 

[14-18]. Given the idea that Aβ is at the start of the AD pathophysiological process, 

many clinical trials have attempted to reduce Aβ burden in AD with the aim of 

slowing or reversing cognitive decline, however satisfactory treatment strategies 

do not currently exist for the disease [19].
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1The amyloid cascade hypothesis has been dominating the field, however recent 

failures of clinical trials targeting Aβ suggest that AD’s etiology may be more complex. 

The deposition of tau pathology may appear before Aβ pathology, meaning that 

while there is evidence that Aβ plaques exacerbate tau pathology, their presence 

may not be a necessary requirement for tau pathology to develop [17, 18, 20]. While 

the exact etiology underlying the development of AD pathology remains to be further 

elucidated, the temporal and spatial progression of Aβ and tau pathology in the 

brain has been thoroughly described in the seminal Thal phases and Braak stagesA, 

respectively, and begins decades before the onset of clinical symptoms [8, 9, 20-

22]. Furthermore, we know that the earliest phases of the AD pathophysiology start 

before levels of Aβ and tau pathology reach the cerebrospinal fluid (CSF) or positron 

emission tomography detection (PET) thresholds [9] (figure 1). As a result of the long 

pathophysiological process of AD and the late detection of AD pathology, disease-

modifying treatments may be applied too late in the disease process and this has 

been cited as a factor contributing to the failure of pharmaceutical trials in AD [22]. 

We therefore aim to explore additional in vivo pathways for early detection 
of brain changes associated with Aβ and tau pathology to improve the 
participant selection process and efficacy of clinical trials targeting AD, 
potentially before the preclinical stage.

A. The Thal phases describe the temporal and spatial progression of Aβ deposition in 
the brain [21]:

Phase 1: Widespread neocortical deposits

Phase 2: Additional allocortical deposits

Phase 3: Diencephalon and striatum deposits

Phase 4: Deposits in select brainstem nuclei

Phase 5: Deposits in additional brainstem nuclei and cerebellar deposits

The Braak stages describe this progression for tau pathology [8, 20, 23]:

Stage a-c: Pretangle material in brainstem nuclei, predominantly in the locus coeruleus

Stage 1a-b: Pretangle material in the cortex, predominantly in the transentorhinal region

Stage I-II: Neurofibrillary tangles in the allocortical layers of the transentorhinal region

Stage III-IV: Neurofibrillary tangles in the neocortical layers of the transentorhinal region 
and entorhinal cortex

Stage V-VI: Widespread neurofibrillary tangles in neocortical association areas
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Figure 1. Model describing the temporal progression of Alzheimer’s disease biomarkers and 
cognitive symptoms

Note. The colored lines represent different modalities for the detection of the AD 
pathophysiological process. The detection threshold in this figure represents at which degree 
of biomarker abnormality we are currently able to detect each respective modality and this 
is plotted against a time variable on the x-axis. The focal point of this figure in the context 
of this thesis is the fact that the earliest detectable biomarkers, Aβ and tau, start building 
up before the CSF or PET detection threshold. We aim to investigate brain, cognition and 
behavior changes associated with Aβ and tau potentially before this detection threshold.

This figure was reprinted from The Lancet Neurology volume 12, issue 2, Jack et al. (2013) “Tracking 
pathophysiological processes in Alzheimer’s disease: an updated hypothetical model of dynamic 
biomarkers”, Pages 207-216, Copyright (2013), with permission from Elsevier.

DETECTING EARLY BRAIN CHANGES ASSOCIATED 
WITH AMYLOID-BETA AND TAU PATHOLOGY
One brain characteristic associated with Aβ pathology is neuronal excitability, as 

animal studies have revealed a distinct link between the presence of Aβ clusters 

and neuronal hyperexcitability in the vicinity of these clusters [24-26]. This has 

been described as a bi-directional association in which Aβ modulates neuronal 

activity, but the release of Aβ is simultaneously activity-dependent, resulting in a 

vicious cycle of increasing hyperactivity [26]. One of the earliest places where Aβ 

has been shown to accumulate in humans is in densely connected large-scale brain 

networks that maintain an intrinsic level of activity throughout the lifespan, such as 

the default mode networkB [27, 28]. Resting-state functional magnetic resonance 

imaging (rs-fMRI)C has revealed that functional connectivity in these large-scale 
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1brain networks is altered as a function of Aβ load in cognitively normal older 

persons [29], suggesting that Aβ may disrupt functioning of the networks, or that 

these networks adapt as response to Aβ pathology. Furthermore, the organization 

within and between these functional brain networks support cognitive functioning 

[30-34] and a dose-response relationship between Aβ and cognition has been 

reported in cognitively normal adults [35]. However, it is still unclear whether 
functional connectivity between these large-scale networks is associated 
with Aβ burden and whether this connectivity conveys information about 
the Aβ-related rate of cognitive decline.

B. The default mode network (DMN) is a functional brain network with hubs in the 
prefrontal, parietal and temporal lobes. It is characterized by its heightened activity in 
the absence of external stimuli and is thought to support cognitive functions including 
autobiographical memory retrieval and conceptualization [36, 37].

C. Functional magnetic resonance imaging (fMRI) is a noninvasive technique capable 
of measuring localized changes in blood oxygenation, which is coupled to the underlying 
neuronal activity [38]. While cautious interpretation is warranted due to the indirect 
association between the fMRI signal and neuronal activity, fMRI provides a convenient 
proxy measure to study brain function with great spatial detail. By investigating the 
temporal correlations of the fMRI signal between brain regions in participants at rest 
(resting-state), we can study the organization of functional brain networks [39].

As mentioned previously, brain changes in AD are not only associated with Aβ, 

but also tau pathology. Post-mortem research has shown that an early form of 

aberrant tau species, namely tau pretangles, are present in the brainstem locus 

coeruleus (LC) (figure 2) as early as Braak stage a-c (also referred to as Braak stage 

0) [20, 40] and volume loss in the LC is seen as early as Braak stage I [20, 41], 

implicating the LC in the very early stages of the disease. Importantly, the LC is a 

structure with widespread projections to the rest of the brain and forms the main 

source of cerebral noradrenaline (NA) [42]. There is evidence that metabolitesD of 

NA are increased in AD and that this increase of metabolites is linked to higher 

levels of AD pathology [43-47]. Specifically, elevated metabolites of noradrenaline 

contribute to increased production of hyperphosphorylated tau in the LC, which 

contributes to the selective vulnerability of the LC to tau accumulation and related 

atrophy [46]. Furthermore, hyperphosphorylated tau is prone to propagationE to 
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connected brain regions [46, 48-50], suggesting that the LC-NA system may be a 

catalyst in spreading tauopathy to the rest of the brain. While previous research 

has described the involvement of elevated NA metabolites in the production and 

spreading of tau pathology, it is still unclear whether these elevations are also 
associated with the downstream effects of tau on brain structure.

D. The NA metabolic pathway produces a number of metabolites, including 3-Methoxy-
4-hydroxyphenylglycol (MHPG) and 3,4-dihydroxyphenylglycolaldehyde (DOPEGAL). 
Specifically, DOPEGAL is upstream of MHPG in the NA metabolic pathway and has been 
reported to stimulate cleavage of tau into aggregation-prone forms [44, 46, 51].

E. The propagation of tau has been described as prion-like, meaning that the spreading 
of pathologic tau can induce the same type of abnormalities in other tau proteins, 
resulting in a self-amplifying cascade [48].

Figure 2. Visualization of the locus coeruleus in the brainstem and its projections to the rest 
of the brain 

Reprinted with permission from Acta Neuropathologica volume 141, Matchett et al. (2021) “The 
mechanistic link between selective vulnerability of the locus coeruleus and neurodegeneration in 
Alzheimer’s disease”, Pages 631-650 under CC BY 4.0 licence.
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1The LC and its projections have an important modulatory role in arousal, 

attention and learning, but also plays a pivotal role in the sleep-wake cycle [52-

56]. Sleep disturbances occur as early as in the 5th decade of life [57], and have 

been reported to be a risk factor for the development of cognitive impairment 

and (preclinical) AD later in life [58, 59]. Furthermore, accumulating evidence 

suggests that sleep is linked to clearance of metabolites like Aβ and tau from the 

brain [60, 61]. Disturbed sleep may therefore lead to a feedback loop, whereby 

neurodegeneration resulting from the reduced clearance of AD pathology leads 

to further increased sleep disturbances [62]. Furthermore, animal studies have 

shown that disturbed sleep induces an acceleration of tauopathy in the LC 

[63]. Given the predisposition of the LC to early tau pathology and associated 

volume loss [20, 40] and the important role of the LC in the regulation of sleep 

and wakefulness [54-56], the combined information about the structural integrity 

of the LC and sleep disturbances may contain valuable information about 

early processes related to AD pathology. Post-mortem research in humans has 

provided evidence supporting the link between the presence of tau pathology 

in the LC and antemortem sleep disturbances in preclinical stages of AD [64], 

however, it has not been established in vivo whether there is a link between 
LC degeneration, AD pathology and sleep quality.

Direct visualization of the LC in vivo is challenging due to its small size and 

proximity to pulsation of arteries and cerebrospinal fluid dynamics, introducing 

physiological noise. However, modern MRI developments from our lab allowed 

us visualize the LC at ultra-high resolution using 7 Tesla MRI scanners utilizing 

a specialized LC signal-sensitive MRI sequence, called magnetization transfer 

turbo flash (MT-TFL) [65]. With this sequence we can visualize the LC as a 

hyperintense signal in the brainstem (figure 3) and this signal has been generally 

interpreted as a proxy measure of LC integrity [66-70]. Furthermore, recent 

work indicated converging evidenceF between autopsy LC tau tangle density 

and MRI-based LC integrity, suggesting that LC integrity may also signal early 

tau-related processes [71]. While autopsy data shows no neuronal loss until 

Braak stage IV, the LC does show volume loss in the earlier Braak stages [41], 

potentially reflecting other morphological changes, such as the loss of dendritic 

arborization or density of projections towards the rest of the brain. The fact 

that LC integrity was able to correlate early with tau pathology may indicate 

that LC integrity reflects some of these early morphological changes. Further 
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insight into the microstructural correlates of LC integrity are necessary 
to fully understand the biological process underlying LC volume loss in 
preclinical AD. Neurite Density and Dispersion Orientation Imaging (NODDI) 

and correlational tractographyG are techniques that allow us to investigate 

these microstructural properties in vivo [72, 73].

F. In a sample consisting of both cognitively unimpaired participants and participants 
with varying degrees of cognitive impairment, in vivo measures of LC integrity have been 
shown to correlate with PET measures of tau in the temporal regions and part of the 
parietal lobe. Consistent with the temporal ordering of Braak staging, this association 
was limited to the entorhinal cortex in a subset of cognitively unimpaired individuals. 
Furthermore, LC integrity was able to predict retrospective cognitive decline.

Autopsy data provided converging evidence, showing that LC tangle density was 
associated with both cortical tangle density and Braak staging, while it was also able to 
predict antemortem cognitive decline.

The association between LC tangle density and Braak staging was present even at a 
clinical dementia rating of 0, while some individuals showed lower LC integrity in the 
absence of detectable PET measures of tau, suggesting that these LC measures may 
signal early tau-related processes [71].

G. NODDI is a diffusion MRI technique that can be utilized to measure microstructural 
properties of dendrites and axons (neurites). It achieves this by estimating the neurite 
density and orientation dispersion (arborization) indices. These indices can be interpreted 
as measures of neuronal complexity [72]. Correlational tractography can be used to 
determine the integrity of white matter tracts. [73, 74]
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1Figure 3. Example of in vivo visualization of the locus coeruleus using the magnetization 
transfer turbo flash sequence at 7 Tesla magnetic resonance imaging

Note. A) The location of LC is visualized in the pons of the brainstem B) and is visible as a 
long, thin and hyperintense region on the MT-TFL scan, indicated by the white arrows. C) The 
LC is bilaterally segmented in green.

Reprinted with permission from eLife volume 9, Jacobs et al. (2020) “Dynamic behavior of the locus 
coeruleus during arousal-related memory processing in a multi-modal 7T fMRI paradigm” under 
CC BY 4.0 licence. Parts D-H of the original figure have been cropped out.

Finally, LC imaging is a relatively new field where new methods are continuously 
emerging. An important first step in order to evaluate and harmonize these efforts 
would be to assess the different approaches that researchers utilize to define the 
LC on MRI images. Previous studies have tried to establish an association between 
aging and LC integrity, though it is still unclear what the exact nature of this 
association is. Some data suggest a positive association between aging and LC 
integrity [75], whereas others find an inverted U-curve pattern for this association 
[71, 76, 77] or no association at all [78]. While differences in sample characteristics 
and MRI field strength may account for some of these discrepancies, it is unclear 
to what extent the discrepancies between these findings may be due to 
divergent approaches to LC delineation.



Chapter 1  

16

THESIS AIMS AND OUTLINE
Based on animal and histology work, we identified early AD pathology-related 

processes in the brain. We aim to examine these processes in vivo by using MRI 

and to determine their potential value as markers of the AD pathophysiological 

process in early stages of the disease. This aim serves the ultimate goal of improving 

the selection of at-risk participants for studies towards early intervention in AD, 

potentially in the preclinical phase. We can summarize this dissertation in the 

following chapters and research questions:

Chapter 2  What is the association between connectivity among functional 
brain networks and rate of cognitive decline, and does it depend on 
amyloid-beta burden?
Aβ has been associated with alterations to the connectivity of brain 

networks that support cognitive functioning. Furthermore, Aβ has 

a dose-response relationship with cognition in healthy adults. In 

this chapter, we aimed to explore synergistic effects between inter-

network functional connectivity, amyloid-beta, and memory decline 

in healthy older adults and individuals with preclinical, prodromal, or 

clinical Alzheimer’s disease.

Chapter 3 Are noradrenaline metabolite levels associated with 
neurodegeneration, and is there a modifying role of hallmark 
Alzheimer’s disease pathologies?
Alzheimer’s disease is characterized by high noradrenaline metabolite 

levels that may be associated with Alzheimer’s disease pathology. 

The locus coeruleus is the main site for cerebral noradrenaline 

synthesis and volume loss in the locus coeruleus occurs as early as 

Braak stage 1. This study aims to investigate the association between 

noradrenergic turnover and brain morphology, and the modifying 

effect of Alzheimer’s disease pathology in a memory clinic sample 

with cognitively impaired and unimpaired individuals.

Chapter 4 Is lower LC integrity associated with morphological changes in LC 
neurites or the integrity of LC projections?
Locus coeruleus-sensitive MRI sequences at 7T MRI have been 

successful at imaging the locus coeruleus in-vivo at ultra-high-
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1resolution. However, the contribution of neuropil changes to the 

MT signal remains unclear. In this study we aimed to investigate 

the association between MT-weighted locus coeruleus signal and 

microstructural properties of the locus coeruleus and its projections, 

using Neurite Orientation Dispersion and Density Imaging and 

tractography in a healthy population across the lifespan.

Chapter 5 What are the differences in reliability and validity among different 
approaches of delineating the LC in vivo? 
The locus coeruleus is one of the first brain regions to accumulate 

hyperphosphorylated tau. Therefore, being able to image the integrity 

of the locus coeruleus in vivo in humans may provide valuable 

information about the earliest AD-related processes. However, 

different approaches to define the anatomical boundaries of the LC 

are in use, often leading to very different shapes and volumes of the 

LC. We compared the reliability of three different approaches for 

delineating the locus coeruleus in-vivo in the same sample of healthy 

individuals across the lifespan.

Chapter 6  Are subjective reports of sleep-wake disturbances related to 
structural integrity of the locus coeruleus and does this relate to 
Alzheimer’s disease biomarkers?
The locus coeruleus is the nexus of the first accumulations of  

Alzheimer’s disease-related tau pathology and plays a key role in 

sleep-wake regulation. However, the associations between in vivo 

assessment of locus coeruleus integrity and Alzheimer’s disease-

related sleep alterations have not yet been investigated. Here, 

we investigated whether MRI-assessed locus coeruleus structural 

integrity relates to subjective sleep-wake measures of nocturnal 

awakening in the context of Alzheimer’s disease plasma biomarkers 

in cognitively unimpaired older individuals.

Finally, we present the discussion of our findings and their implications for future 

directions in chapter 7.
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ABSTRACT
Background: Amyloid-β has a dose-response relationship with cognition in healthy 

adults. Additionally, the levels of functional connectivity within and between brain 

networks have been associated with cognitive performance in healthy adults. 

Aiming to explore potential synergistic effects, we investigated the relationship 

of inter-network functional connectivity, amyloid-β burden and memory decline 

among healthy individuals and individuals with preclinical, prodromal or clinical 

Alzheimer’s disease. 

Methods: In this longitudinal cohort study (ADNI2), participants (55-88 years) 

were followed for maximally 5 years. We included cognitively healthy participants 

and patients with mild cognitive impairment (with or without elevated amyloid-β) 

or Alzheimer’s disease. Associations between memory decline, amyloid-β burden 

and connectivity between networks across the groups were investigated using 

linear and curvilinear mixed effects models.

Results: We found synergistic relationships between inter-network functional 

connectivity and amyloid-β burden on memory decline. Dose-response relationships 

between amyloid-β and memory decline varied as a function of directionality of 

inter-network connectivity across groups. When inter-network correlations are 

negative, the curvilinear mixed effects models revealed that higher amyloid-β 

burden is associated with greater memory decline in cognitively normal participants, 

but when inter-network correlations are positive, there was no association between 

the magnitude of amyloid-β burden and memory decline. Opposite patterns were 

observed in patients with mild cognitive impairment. Combining negative inter-

network correlations with amyloid burden can reduce the required sample size for 

clinical trials aiming to slow down memory decline with 88%. 

Conclusions: The direction of inter-network connectivity provides additional 

information to amyloid-β burden about the rate of expected memory decline, 

especially in the preclinical phase. These results may be valuable for optimizing 

patient selection and decreasing study time to assess efficacy in clinical trials.

Keywords: Alzheimer’s disease; Amyloid-β; Cognitively normal; Inter-network 

functional connectivity; Longitudinal; Memory performance; Mild cognitive 

impairment; Preclinical; Prodromal; clinical trials
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BACKGROUND
Elevated levels of amyloid-β (Aβ), a neuropathological hallmark of Alzheimer’s 

disease (AD) [1-6], are crucial in identifying the earliest stages of AD. While Aβ does 

not relate well to cognition cross-sectionally, it has a dose-response relationship 

with cognition in healthy adults [7]. However, dementia-related pathologies, 

including Aβ, only explain 41% of variation in cognitive decline [8] and a low signal-

to-noise ratio of biomarkers in the asymptomatic stages of the disease for entry 

criteria in clinical trials has been reported as a reason for trial failure [9].

Healthy aging has previously been associated with reduced activity within 

the default mode network (DMN), a network often associated with memory-

related processes, such as thinking about the future, episodic memory and 

autobiographical memory [10]. Reduced connectivity within the DMN, as measured 

with resting-state functional magnetic resonance imaging, is also associated with 

impaired cognitive performance in old age [11]. Additionally, levels of functional 

connectivity within cognition-related intrinsic brain networks, such as the DMN, and 

Aβ burden have a synergistic effect on memory decline in clinically normal older 

individuals [12]. Various networks predict cognitive decline, which may indicate 

that Aβ burden impacts the interaction between networks. Negative correlations 

between the default mode network and task-positive networks has been positively 

associated with cognitive performance in young individuals [13, 14]. These negative 

correlation patterns are also referred to as “anti-correlations” in the literature and 

have been described as intrinsically organized antagonistic activation patterns 

between networks in the brain [15]. These patterns are reported to be part of a 

mechanism that facilitates cognition, possibly by reinforcing connections between 

two loci in the brain dedicated to cognitive functions [14, 16]. 

Previous studies reported attenuating effects of aging on negative 

correlations between resting-state networks, with negative correlations further 

decreasing in patients with mild cognitive impairment (MCI) and AD [17-19]. 

While detrimental effects of Aβ on cognition and on functional connectivity 

within networks have been shown [2, 20-22], it remains unknown whether Aβ 

modulates functional connectivity between networks. Given the close relationship 

between inter-network connectivity and cognitive decline and these first reported 

associations with Aβ, combining information from inter-network connectivity with 

Aβ may reduce noise when selecting asymptomatic individuals at risk for AD in 

clinical trials aimed at slowing down cognitive decline.
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To that end, we investigated whether functional connectivity between the 

DMN and task-positive networks predicts memory decline differently among 

cognitively normal individuals, MCI patients with and without elevated Aβ or AD 

patients. Additionally, we investigated whether the relationship between inter-

network connectivity and memory decline depends on Aβ levels in a dose-response 

type relationship. We expected that as the magnitude of negative correlations 

decreases, memory performance would be lower, and that the strength of 

these associations would show a dose-response relationship with Aβ burden. 

To investigate domain-specificity of our findings, we have also investigated our 

hypotheses using executive functions as a control outcome measure.

METHODS
Data used in this article were obtained from the ADNI database (adni.loni.usc.

edu). ADNI was launched in 2003, led by Principal Investigator Michael W. Weiner, 

MD. The main goal of ADNI has been to test whether magnetic resonance 

imaging, positron emission tomography, other biological markers, and clinical and 

neuropsychological assessment can be combined to measure the progression of 

MCI and AD. For up-to-date information, see www.adni-info.org.

PARTICIPANTS
We included data from a total of 122 eligible participants from the ADNI2 study (per 

March 2017), of which seven were removed due to low imaging data quality, resulting 

in a total of 115 participants. Qualified clinicians working for ADNI categorized 

participants into four groups; cognitively normal, early MCI, late MCI or AD, based 

on diagnostic procedures from the ADNI protocol [23]. However, for the purposes 

of our study, we grouped all patients with MCI based on their Aβ levels being below 

or above a pathological cutoff point of 1.11 18F-AV-45 florbetapir positron emission 

tomography standardized uptake value ratio [24], respectively referred to as MCI- 

and MCI+ in this manuscript. MCI diagnoses were based on the Petersen criteria for 

MCI [25, 26], while patients with AD met the NINCDS-ADRDA criteria for probable 

Alzheimer’s disease [27]. For a detailed overview of exclusion-, inclusion- and diagnostic 

criteria and procedures, please refer to the ADNI2 protocol (http://adni.loni.usc.edu/

wp-content/uploads/2008/07/adni2-procedures-manual.pdf). Additionally, only 

participants with complete resting-state functional magnetic resonance imaging and 
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Aβ data at baseline were eligible for inclusion, and patients with AD were only eligible 

if their Aβ levels were above the cutoff point to ensure only AD-related pathology was 

represented in this group. A complete listing of all participant IDs that were included 

in the final analyses can be found in Supplementary Table 1.

MATERIALS AND EQUIPMENT
Test batteries
The main outcome measures we used are the composite memory score ADNI-Mem 

and the composite executive functions score ADNI-EF, which have a good validity 

and are ideally suited to track changes over time. These scores were derived by 

combining scores related to memory performance and executive functions. ADNI-

Mem score is derived from several test batteries, including the Rey Auditory Verbal 

Learning Test, Alzheimer’s Disease Assessment Schedule-Cognition, Mini-Mental 

State Examination, Wechsler Memory Scale-Revised [28]. ADNI-EF score is derived 

from tests including WAIS-R Digit Symbol Substitution, Digit Span Backwards, 

Trails A and B, Category Fluency and Clock Drawing [29].

Biomarker assessment
18F-AV-45 Florbetapir positron emission tomography measures were used to 

quantify levels of neocortical Aβ at baseline. The duration of positron emission 

tomography imaging was 20 minutes and started 50 minutes after injection of 

tracer fluid. The neocortical standardized uptake value ratio is the mean uptake 

in an aggregate of the frontal lobe, cingulate cortex, lateral parietal, and lateral 

temporal regions relative to mean uptake in the whole cerebellum, including white 

and gray matter. Further processing of positron emission tomography images 

occurred as is described in a previous report [24]. Participants were characterized 

as Aβ-positive if they exceeded the cutoff value of 1.11 standardized uptake value 

ratio, as previously determined in ADNI cohorts [24].

Imaging equipment and acquisition
Imaging data were acquired using Philips Medical Systems 3.0 Tesla magnetic 

resonance systems. Structural T1-weighted gradient echo pulse sequence data 

with dimensions of 170*256*256 mm with a voxel resolution of 1.2*1*1 mm were 

acquired in sagittal orientation with a repetition time of 6.8 ms, echo time of 3.1 ms, 



Chapter 2

30

flip angle of 9° and slice thickness of 1.2 mm. Additionally, resting-state functional 

magnetic resonance imaging scans of 7 minutes were obtained, consisting of 140 

volumes of T2*-weighted data with 48 slices per volume, dimensions of 64*64*48 

mm and a voxel resolution of 3.3*3.3*3.3 mm. Functional images were acquired 

in transverse orientation with repetition time of 3000 ms, echo time of 30 ms, flip 

angle of 80° and a slice thickness of 3.3 mm.

Image preprocessing and denoising
For preprocessing we used the default preprocessing pipeline for volume-based 

analyses within the NITRC CONN toolbox (version 17.a) (http://www.nitrc.org/

projects/conn/) [30]. Images were realigned and unwarped, centered, slice-time 

corrected, segmented (gray/white/CSF), normalized to MNI space and outliers were 

identified with the Artifact Detection Toolbox. Outliers were regressed out (scrubbing) 

using conservative settings (95th percentile in normative sample, global signal Z 

value=2, motion =0.5 mm and we discarded the first three volumes). Functional data 

were smoothed with a Gaussian kernel of 6mm full width at half maximum. As the 

reliability and validity of negative correlation measures has been subject of debate 

[31], denoising of data involved regressing out principal components of the signal 

from white matter and cerebrospinal fluid following the CompCor method [32], 

which reduces the presence of artificial negative correlations. Additionally, linear 

detrending and an after-regression BOLD signal band-pass filter (0.008<f<0.09 

Hz) were applied. Data quality was ensured by visual inspection of histograms 

of functional connectivity values before and after denoising for each participant. 

Histograms that did not show a normal distribution of functional connectivity 

values after denoising were indicative of a suboptimal denoising process and these 

participants were excluded from data analysis in order to preserve a high level of 

data quality (n=7). Motion parameters were entered as regressor in our analyses. 

Volumes with motion above 0.5mm were entered as regressor in our general linear 

models (“scrubbing”). Furthermore, all images were inspected for irregularities 

during the entire preprocessing and analysis process.

Functional connectivity analyses
A bivariate correlation, hemodynamic response function-weighted ROI-to-ROI 

analysis was performed within CONN, using 4 independent network regions 

of interest as sources, with a total of 19 structurally defined hub regions. The 
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regions of interest include the DMN and regions representing task-positive 

networks, including the dorsal attention network (DAN), salience network (SN) and 

frontoparietal network (FPN). These regions of interest, which are part of the CONN 

software package, were generated by an independent component analysis on 497 

healthy control participants (293 females) part of the Human Connectome Project 

(http://www.humanconnectome.org) [30]. As a reference for future replication 

efforts, peak coordinates of the regions of interest used for this functional 

connectivity analysis are provided in Supplementary Table 2 and the networks 

used are visualized in Figure 1. To assess inter-network connectivity, the average 

time course signal from each network was extracted and Fisher r-to-z transformed 

inter-network correlation values were exported for statistical analyses. 

Statistical analysis
All data were analyzed using R version 3.3.1 (https://www.r-project.org/) and 

MATLAB R2016a. Baseline participant characteristics were compared with analysis 

of variance for continuous variables and chi-squared for categorical variables. Linear 

regression analyses were used for cross-sectional data. Because of their ability to 

deal with missing data in longitudinal studies without being subject to complete-

case bias [33, 34], longitudinal analyses were performed with linear and curvilinear 

mixed effect regression analyses using maximum likelihood, utilizing nlme version 

3.1-128 [35]. Fixed effects were predictor of interest, a random intercept for each 

participant and random slope for time. Time was calculated as number of years 

since baseline assessment. During the construction of statistical models, we first 

investigated effects in the whole sample. In case of a significant effect, the sample 

was split based on clinical groups and the level of amyloid burden, for which 

interactive analyses were performed with the cognitively normal group as reference. 

We also performed within-group analyses to better understand the patterns. For 

all models, we compared the Akaike Information Criteria between models with a 

random intercept and random slope or a random intercept only using the Log-

likelihood ratio test and selected the most parsimonious model. In all models, age, 

sex, education and their interaction with time were included as covariate if p < 0.10 

(using the Wald t-statistic) [36]. To improve longitudinal data quality [37], variability 

in head size, intracranial volume, as measured with FreeSurfer version 5.1 [38], was 

added as a covariate [39]. Additionally, intracranial volume can be used as a measure 

of atrophy and atrophy can reduce blood flow [40]. AD patients may show more 
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atrophy than patients with MCI or healthy controls which is an important reason to 

control for intracranial volume. The most complex model constructed for analyses 

is described in detail in Supplementary Box 1. Residual plots and Q-Q-plots were 

examined for all models. Significance was set at p < 0.050 (two-sided) and results 

were corrected for multiple comparisons using the false-discovery rate (FDR). Power 

calculations were performed using MATLAB scripts for the mixed effects model using 

the slope of memory decline and residual variance [40] to estimate the number of 

participants a clinical trial would need to enroll to detect slowing of memory decline 

of 30% (two arms for four-year annual assessments, 80% power, alpha=0.05) using 

high amyloid levels as inclusion criteria. These mixed effects models included the 

covariates, random intercept and random slope.  

RESULTS
Demographics
The total sample consisted of 115 participants, including 53 females (46%) with a mean 

age of 72.91 (SD = 6.68) at baseline. Of these participants, 28 were in the cognitively 

normal group, 27 were in the MCI- group, 36 were in the MCI+ group and 24 were in 

the AD group. Other participant characteristics are summarized in Table 1. 

Table 1. Summary table of participant characteristics at baselinea

Variable CN (n = 28) MCI- (n = 27) MCI+ (n = 36) AD (n = 24) p Value
AV45 SUVR 1.16 (0.21) 1.01 (0.05) 1.39 (0.17) 1.50 (0.15) < 0.001

Age (years) 74 (5.71) 71.36 (8.03) 72.58 (5.79) 74 (7.32) 0.42

Education (years) 16.43 (1.93) 16.48 (2.68) 15.86 (2.46) 15.46 (2.50) 0.36

Females 15 (54%) 12 (44%) 14 (39%) 12 (50%) 0.67

ICV (mm3) 1,572,034 
(153,316.20)

1,545,103 
(168,923.10)

1,568,839 
(174,101.60)

1,574,218 
(210,862)

0.94

APOE ε4 10 (36%) 4 (15%) 24 (66%) 20 (83%) < 0.001b

ADNI-Mem 0.89 (0.52) 0.37 (0.49) 0.15 (0.60) -1.10 (0.56) < 0.001

ADNI-EF 0.80 (0.56) 0.25 (0.80) 0.34 (0.86) -0.94 (0.62) < 0.001

CDR-SB 0.05 (0.16) 1.26 (0.92) 1.90 (1.06) 4.41 (1.31) < 0.001

FC DMN-DAN -0.12 (0.28) 0.00 (0.33) -0.03 (0.24) -0.15 (0.30) 0.17

FC DMN-SN -0.15 (0.29) -0.11 (0.28) -0.08 (0.28) -0.18 (0.27) 0.56

FC DMN-FPN 0.31 (0.23) 0.20 (0.30) 0.26 (0.23) 0.17 (0.29) 0.24

Follow-up time 
(years)

1.63 (1.24) 1.30 (0.96) 1.46 (1.09) 0.90 (0.53) 0.001
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► Abbreviations: APOE ε4, apolipoprotein ε4; AD, Alzheimer’s Disease; ADNI-EF, ADNI 
executive functions score composite; ADNI-Mem, ADNI memory score composite; AV45, 18F-
AV-45 florbetapir; CDR-SB, Clinical Dementia Rating scale – Sum of Boxes; CN, Cognitively 
Normal; DAN, Dorsal Attention Network; DMN, Default Mode Network; FC, Functional 
Connectivity; FPN, Frontoparietal Network; ICV, Intracranial Volume; MCI, Mild Cognitive 
Impairment, - and + indicate amyloid-β negative- or positive grouping, respectively; SN, 
Salience Network; SUVR, Standardized Uptake Value Ratio. 
aGroups are listed in the top row. Data is presented as Mean (standard deviation) for the 
continuous variables and as n (%) for the categorical variable. The APOE ε4 row gives the number 
of participants in this group with one or more APOE ε4 alleles. Statistical significance was tested 
with analysis of variance for continuous variables and chi-squared for the categorical variables.
bAll groups were significantly different from each other, except CN versus MCI- and MCI+ 
versus AD.

Analyses of variance indicated group differences in 18F-AV-45 florbetapir standardized 

uptake value ratio, ADNI-Mem, ADNI-EF, clinical dementia rating scale scores and 

follow-up times. Proportion of cases at each time point were as follows: baseline, 

115 (100%); month 6, 110 (96%); month 12, 98 (85%); month 24, 74 (64%); month 36, 

6 (5%); month 48, 29 (25%); month 60, 1 (<1%). Results of Tukey tests for post-hoc 

differences between group characteristics are available in Supplementary Table 3. 

Additionally, we found no differences in image preprocessing parameters between 

groups (Supplementary table 4).

Effects of functional connectivity and group on memory 
at baseline
There were no significant associations between functional connectivity between 

networks and memory performance at baseline across the entire sample or within 

the groups. An association was found between functional connectivity between 

the DMN and FPN and executive functions across the entire sample at baseline. 

Further analyses of the association between functional connectivity and executive 

functions within the diagnosis groups reveal an association in the amyloid negative 

MCI group (Supplementary Table 5).

Longitudinal linear effects of functional connectivity 
and group on memory
Linear mixed effect models were performed to investigate effects of functional 

connectivity and group on memory decline over time. The associations between 

functional connectivity between the networks and time for the whole sample 
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were not significant (Supplementary Table 6). Using the cognitively normal group 

as reference level, a significant three-way interaction effect of time, group and 

functional connectivity was found in comparison to the MCI+ group for the DMN-

DAN and DMN-SN correlations, but not for the DMN-FPN correlations (Table 2). 

Adding inter-network functional connectivity to the models with the covariates 

contributed significantly to the explained variance of memory decline for the 

DMN-DAN (R2 difference = 0.03, 95% CI: [0.01, 0.07], p = 0.04), but not for the 

DMN-SN (R2 difference = 0.001, 95% CI: [-0.001, 0.01],  p = 0.21) or the DMN-FPN 

(R2 difference = < 0.001, 95% CI: [-0.001, 0.01],  p = 0.48).

Table 2. Associations between group, inter-network functional connectivity and memory 
declinea,b

Fitted model Est. SE 95% CI DF T Value p Value p Value (FDR)

DMN-DAN (n = 115, number of observations = 433)

Time*MCI-*DMN-DAN -0.43 0.22 -0.68 to -0.01 310 -2.00 0.047 0.14

Time*MCI+*DMN-DAN -0.79 0.23 -1.25 to -0.34 310 -3.43 0.001 0.001

Time*AD*DMN-DAN -0.24 0.30 -0.84 to 0.36 310 -0.79 0.43 0.43

DMN-SN (n = 115, number of observations = 433)

Time*MCI-*DMN-SN -0.26 0.23 -0.71 to 0.19 310 -1.13 0.26 0.32

Time*MCI+*DMN-SN -0.55 0.20 -0.93 to -0.16 310 -2.81 0.01 0.01

Time*AD*DMN-SN -0.36 0.31 -0.98 to 0.25 310 -1.17 0.25 0.37

DMN-FPN (n = 115, number of observations = 433)

Time*MCI-*DMN-FPN -0.27 0.27 -0.81 to 0.26 310 -1.00 0.32 0.32

Time*MCI+*DMN-FPN -0.21 0.26 -0.72 to 0.30 310 -0.81 0.42 0.42

Time*AD*DMN-FPN -0.45 0.33 -1.09 to 0.19 310 -1.38 0.17 0.37

Abbreviations: AD, Alzheimer’s Disease; CI, Confidence Interval; DAN, Dorsal Attention 
Network; DF, Degrees of Freedom; DMN, Default Mode Network; FDR, False Discovery Rate; 
FPN, Frontoparietal Network; MCI, Mild Cognitive Impairment, - and + indicate amyloid-β 
negative- or positive grouping, respectively; SE, Standard Error; SN, Salience Network.
aResults are acquired using the cognitively normal group as reference group. 

bRegression models are adjusted for age, intracranial volume, sex and education. Beta 
coefficients are unstandardized.

Figure 1 and Table 2 show significant associations between DMN-DAN and DMN-

SN functional connectivity and memory decline between the cognitively normal 

and MCI+ groups. Post hoc linear mixed models within each group confirmed that 
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for the cognitively normal group, positive correlations between these network 

pairs are positively associated with memory performance over time, whereas in 

the MCI+ group, positive correlations were negatively associated with memory 

performance (Supplementary Table 7). No significant associations were found for 

executive functions (Supplementary Table 8).

Figure 1. Linear effects of functional connectivity on memory decline over time per group.

Note. The effect of baseline functional connectivity between networks on memory 
performance over time was investigated in three network pairs in all groups. Functional 
connectivity values were standardized to ensure that the mean reflects a z-value of 0. Red, 
green and blue lines indicate the estimated marginal means for the moderation by negative 
(-1SD)-, positive (+1SD)- and no (Mean) correlation between networks, respectively, but 
the analyses were done using functional connectivity measures continuously. Network 
combinations from top to bottom: DMN-DAN, DMN-SN and DMN-FPN. The DMN is shown in 
dark blue, the DAN in green, the SN in yellow and the FPN in light blue. The brain images give a 
superior viewpoint of the brain; top = anterior, left = left, right = right, bottom = posterior. The 
AD group only had a maximum follow-up time of 2 years (Table 1). All p values are corrected 
for multiple comparisons using FDR. Significant effects are indicated by an asterisk and bold 
font. Figure 1A: DMN-DAN: Significant effects were found in the cognitively normal and MCI+ 
groups. Figure 1B: DMN-SN: Significant effects were found in the cognitively normal and MCI+ 
groups. Figure 1C: DMN-FPN: No significant effects were found for this network pair.
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As the cognitively normal group consisted of 11 individuals with Aβ levels above 

the threshold, we also examined associations between functional inter-network 

connectivity, Aβ as a continuous variable and memory decline in the cognitively 

normal group. These results showed that this interaction was significant for the 

DMN-DAN and the DMN-SN, but not the DMN-FPN. This shows that Aβ moderates 

the association between functional connectivity and memory decline also in the 

cognitively normal group, in such a way that negative correlations were associated 

with memory decline with elevated Aβ (Table 4). Similar findings are observed 

when grouping cognitively normal individuals based on the Aβ cut-off value 

(Supplementary Table 9).

Table 3. Three-way interaction of functional connectivity, amyloid-β and time in the 
cognitively normal groupa

Fitted model Est. SE 95% CI DF T Value p Value p Value (FDR)

DMN-DAN (n = 28, number of observations = 118)

DMN-DAN*Aβ*Time 1.97 0.48 1.03 to 2.92 86 4.14 < 0.001 < 0.001

DMN-SN (n = 28, number of observations = 118)

DMN-SN*Aβ*Time 1.86 0.56 0.74 to 2.97 86 3.31 0.001 0.001

DMN-FPN (n = 28, number of observations = 118)

DMN-FPN*Aβ*Time -0.62 0.97 -2.55 to 1.30 86 -0.64 0.52 0.52

Abbreviations: Aβ, Amyloid-β; CI, Confidence Interval; DAN, Dorsal Attention Network; 
DF, Degrees of Freedom; DMN, Default Mode Network; FPN, Frontoparietal Network; SE, 
Standard Error; SN, Salience Network.
aRegression models are adjusted for age, intracranial volume, sex and education. Beta 
coefficients are unstandardized.



Inter-network connectivity and amyloid-β linked to cognitive decline  
in preclinical Alzheimer’s disease: a longitudinal cohort study

37   

2

Table 4. Curvilinear associations between functional inter-network connectivity, amyloid-β 
burden and memory declinea

Fitted model Est. SE 95% CI DF T Value p Value p Value (FDR)
Whole sample, excluding AD group (n = 91, number of observations = 364)

DMN-DAN (n = 91, number of observations = 364)
DMN-DAN*Aβ*(Time2) 0.42 0.16 0.10 to 0.74 266 2.60 0.01 0.02

DMN-SN (n = 91, number of observations = 364)
DMN-SN*Aβ*(Time2) 0.25 0.14 -0.02 to 0.52 266 1.84 0.07 0.07

Subset of participants with positive correlation between DMN and DANb

Whole sample, excluding AD group (n = 39, number of observations = 157)

Aβ*Time -0.43 0.15 -0.73 to -0.13 116 -2.83 0.01 0.01
CN (n = 10, number of observations = 43)

Aβ*Time 0.22 0.20 -0.19 to 0.63 31 1.08 0.29 0.29
MCI (n = 29, number of observations = 114)

Aβ*Time -0.44 0.13 -0.69 to -0.18 83 -3.43 0.001 0.001
Subset of participants with negative correlation between DMN and DANb

Whole sample. excluding AD group (n = 52, number of observations = 207)

Aβ*(Time2) -0.05 0.01 -0.07 to -0.03 152 -4.23 < 0.001 < 0.001
CN (n = 18, number of observations = 75)

Aβ*(Time2) -0.25 0.08 -0.41 to -0.10 53 -3.33 0.001 0.001
MCI (n = 34, number of observations = 132)

Aβ*Time -0.26 0.15 -0.56 to 0.04 96 -1.73 0.09 0.09

Abbreviations: Aβ, Amyloid-β; AD, Alzheimer’s Disease; CI, Confidence Interval; CN, 
Cognitively Normal; DAN, Dorsal Attention Network; DF, Degrees of Freedom; DMN, Default 
Mode Network; FDR, False Discovery Rate; MCI, Mild Cognitive Impairment; SE, Standard 
Error; SN, Salience Network.
aRegression models are adjusted for age, intracranial volume, sex and education. Beta 
coefficients are unstandardized.
bModels include a quadratic term only if it explained more variance than the linear model 
without quadratic term.

Longitudinal curvilinear effects of functional connectivity and 
amyloid-β on memory.

Since our linear mixed model results showed opposite moderations by Aβ on the 

association between functional connectivity and memory performance across 

the diagnostic groups, we examined curvilinear (quadratic) mixed effect models 

for these network interactions, using Aβ as a continuous variable to investigate 

a possible dose-response relationship with memory decline. To ensure that 

individuals with the highest Aβ levels would not drive associations, we excluded 

the AD group from these analyses. In the whole sample, excluding the AD group, a 

quadratic three-way interaction effect of functional connectivity, Aβ and time was 
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found for the DMN-DAN, but marginally, not for the DMN-SN correlations (Table 

5). To visualize this interaction, we plotted simple slopes for different values of 18F-

AV-45 florbetapir standardized uptake value ratio in both groups; broken down by 

positive and negative inter-network correlations and holding all other fixed effects 

constant (Figure 2). Values for Aβ were chosen to reflect Aβ negativity (0.9), the cut-

off (1.1), slightly elevated Aβ (1.3), moderately elevated Aβ (1.5) and high Aβ (1.7). 

Figure 2. Curvilinear three-way interaction of functional connectivity, amyloid-β and time 
and its relation with memory performance.

Note. To visualize the three-way interaction, the whole sample, excluding the AD group, was 
split based on whether functional connectivity between DMN-DAN was below or above zero, 
allowing us to visualize the dose-response relationship of amyloid-β burden (measured with 
18F-AV-45 florbetapir standardized uptake value ratio) on memory decline in both subgroups. 18F-
AV-45 florbetapir standardized uptake value ratio values over 1.11 indicate amyloid-β positivity. 
Linear or curvilinear graphs were drawn, based on which type of association showed the best 
fit for each model. All p values are FDR-corrected. Significant effects are indicated by an asterisk 
and bold font. Figure 2A: Effects within the subgroup of cognitively normal participants and MCI 
patients showing positive correlations between networks. Figure 2B: Curvilinear effects within 
the subgroup of cognitively normal participants and MCI patients showing negative correlations 
between networks. Figure 2C: Effects within the cognitively normal subgroup with positive 
correlations between networks: no significant dose-response relationship of Aβ on memory 
(practice effects). Figure 2D: Effects within the MCI subgroup with positive correlations between 
networks showing a dose-response relationship of Aβ on memory. Figure 2E: Effects within the 
cognitively normal subgroup with negative correlations between networks showing a curvilinear 
dose-response relationship of Aβ on memory. Figure 2F: Effects within the MCI subgroup with 
negative correlations between networks showing no (borderline) significant effect of Aβ burden 
on memory.
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Figure 2 shows that the dose-response relationship between Aβ and memory 

decline is modulated by both diagnosis and the direction of DMN-DAN correlations. 

Within the cognitively normal group, negative DMN-DAN correlations have a 

curvilinear dose-response relationship with memory decline. However, when 

networks are positively correlated, we found no significant association between 

Aβ and memory decline. Conversely, in the MCI group, positive DMN-DAN 

correlations were associated with a linear dose-response relationship between Aβ 

and rate of memory. No moderation effects of Aβ were found for the MCI group 

with negative correlations, though linear effects approached significance (Table 4).

Power estimations were performed in the cognitively normal group to 

investigate the added value of adding functional inter-network connectivity to 

higher levels of Aβ burden as an inclusion criterium on the required sample size 

per arm in clinical trials (Figure 3).

Figure 3. Power analysis in the cognitively normal group.

Note. To assess the effect of including inter-network connectivity as an inclusion criterium 
in clinical trials, we performed a power analysis in the cognitively normal group. The x-axis 
describes the memory slope reduction in percentages and the y-axis describes the number 
of participants needed per arm to detect this reduction with 80% power and α = 0.05 in a 
four-year trial with annual assessments. The red line shows the sample size needed when 
only amyloid is used as an inclusion criterium and inter-network connectivity between the 
DMN and DAN is not considered. The orange line shows the required sample size when 
positive inter-network correlations between the DMN and DAN and amyloid are used as 
inclusion criteria. The blue line shows the required sample size when negative inter-network 
correlations between the DMN and DAN and amyloid are used as inclusion criteria.
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These results show that selecting cognitively normal participants with higher levels 

of Aβ burden and who also have a negative DMN-DAN correlation may greatly 

reduce the sample size needed to detect amyloid-related changes in memory 

decline in clinical trials, as compared to only including preclinical AD individuals or 

those with positive correlations. For instance, the required sample size per arm to 

detect an effect size of 0.3 (30%) can be reduced by 88% when using both amyloid 

and negative inter-network correlations (n=37) as inclusion criteria in clinical trials 

towards asymptomatic AD, as opposed to considering only amyloid (n=318) in the 

inclusion process.

While functional inter-network connectivity is a relatively affordable and 

easy measure to collect in participants, this additional requirement can increase 

the rate of screen failures at inclusion.

DISCUSSION
This study provides evidence for a dose-response relationship between Aβ burden 

and inter-network connectivity on memory decline over four years in both healthy 

and patient populations. Previous studies suggested that negative correlations 

between task-positive and task-negative networks might have a beneficial effect 

on memory in young individuals [13, 14]. We now showed that in older adults 

these associations depend on disease stage and the burden of Aβ. In cognitively 

normal older individuals, negative correlations were associated with memory 

decline and this association became stronger in individuals with higher levels of 

Aβ. Conversely, in patients with MCI, the magnitude of Aβ burden predicted the 

rate of memory decline associated with positive inter-network correlations. 

These results suggest that the direction of baseline inter-network connectivity 

can provide additional information when combined with baseline Aβ burden 

about the rate of expected memory decline and can add important information 

to the complexity of factors contributing to cognitive decline. Additionally, these 

findings can have prognostic implications when using functional connectivity as a 

potential biomarker and show the importance of including both the direction of 

inter-network connectivity and Aβ burden for projecting cognitive trajectories as 

outcome especially in preclinical AD. 

Interestingly, the associations we observed involved mainly the DMN-DAN 

correlations. The DMN is one of the most investigated networks and is among 
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the first networks where Aβ accumulates significantly early in the disease [41]. 

It is therefore likely that other functional networks, especially networks tightly 

coupled to the DMN, are indirectly susceptible to Aβ-related alterations. Animal 

and electrophysiological studies have provided evidence that Aβ burden leads to 

synaptic dysfunction and network disorganization [42].

Widespread inter-network reorganization under the influence of Aβ have 

indeed been reported for the coupling between DMN and DAN [43], DMN and 

SN [19] and DMN and FPN [43], suggesting topographical closeness to certain 

hubs, such as the association cortices of the DMN, may put networks at increased 

risk for Aβ-toxicity. Our findings now show that functional implications of the 

interactions between large-scale brain networks and amyloid in relation to 

memory decline were mainly observed for the DMN-DAN correlations, with 

borderline significant associations for the DMN-SN correlations. This is in line 

with previous research suggesting that an optimal interaction between these 

specific networks is important for cognitive functioning [13, 14, 44]. The fact that 

we observed associations between greater positive inter-network correlations and 

better memory performance over time in clinically normal individuals suggests 

the presence of compensation mechanisms involving possible reconfiguration of 

large-scale networks [46, 47]. In the context of preclinical AD, this compensation 

may provide the architectural basis for maintaining optimal memory performance 

in old age [45, 46].  These compensation mechanisms may be moderated by 

cognitive reserve [47]. Individuals with preclinical AD may be able to compensate 

for AD pathology in the form of positive inter-network correlations. 

Furthermore, previous studies reported differential connectivity patterns 

for the anterior versus posterior DMN [48]. Increased within-network functional 

connectivity in the anterior DMN was associated with higher levels of amyloid 

pathology in preclinical AD [21], indicative of regional compensatory mechanisms. 

But as the disease progresses, compensatory mechanisms may be dependent on 

cognitive reserve to stave off memory decline. Attenuated negative correlations 

between the DMN-DAN may signal impending neuronal breakdown resulting from 

Aβ toxicity in the prodromal phase, a finding consistent with previous work [47]. 

The DMN and DAN may operate in a negative correlation pattern in order 

to facilitate attention-related processes during cognitive tasks. Especially during 

memory tasks the DAN is thought to coordinate cross-talk between brain networks. 

The coordination between brain networks may become especially important in 
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MCI, where medial temporal lobe structures become functionally isolated from 

other regions or networks. In MCI, a coordinated antiphase functional connection 

between the DMN and DAN may be fundamental in maintaining optimal levels of 

memory performance [47].

Finally, functional connectivity deteriorates as the disease progresses to more 

advanced stages [48]. This may partially explain the lack of connectivity-related 

findings in the AD group, as coherent connectivity patterns between networks 

may dissipate, leaving no association between inter-network connectivity and 

cognition.

Our dose-response findings relating Aβ burden to memory decline, 

depending on functional connectivity status showed different patterns between 

cognitively normal individuals and patients with MCI. This has important 

implications for early detection of individuals at-risk of cognitive decline and the 

selection of preclinical and prodromal AD individuals for trials using a combination 

of functional connectivity and Aβ. Patients with MCI showed a dose-response 

relationship between Aβ and memory decline for positive DMN-DAN correlations. 

In clinically normal individuals, Aβ has a dose-response relationship with memory 

decline when DMN-DAN correlations are negative. Selecting preclinical AD 

individuals with positive DMN-DAN correlations could lead to the selection of 

individuals where individuals with higher levels of Aβ have similar practice effects 

as individuals with lower levels of Aβ burden. Thus, the direction of inter-network 

connectivity in combination with Aβ burden can have important implications for 

participant selection in clinical trials. This notion is further outlined by the results 

from our power analysis showing that the selection of CN individuals with elevated 

Aβ levels and negative inter-network correlations reduced the required sample 

size with 88% to slow down memory decline with 30%..  

Furthermore, we did not observe independent or synergistic effects of inter-

network connectivity or Aβ on cognition in patients with AD in the 2-year follow-up 

period. This could be related to widespread deposits of both Aβ and tau that may 

have impacted the integrity of the entire brain. We also did not observe between 

group differences in inter-network connectivity of the DMN-DAN at baseline, 

which is in contrast to previous reports in similar populations [17-19]. These 

discrepancies may be related to sample size, methodological differences (regional 

versus network-based analyses) and the larger age range of the participants in 

our study. 
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Interestingly, the results found in our study seem to be domain-specific for 

memory. This may be explained by the DMN being specifically associated with 

memory functions [10, 47]. Since we found the most convincing results in the 

DMN-DAN correlation, this may emphasize the domain-specific nature of the 

interaction between DMN-DAN correlation, amyloid burden and memory decline 

in preclinical AD.

Limitations
Due to the observational nature of our study, our data does not allow for any 

causal inferences between changes in functional connectivity between networks 

or Aβ deposition. Determining the temporal direction of the three-way association 

between amyloid, memory decline and inter-network functional connectivity 

requires further experimental investigation. Furthermore, longitudinal data of the 

AD group is limited to a follow-up period of 2 years. This may partially explain the 

lack of significant results found in this group, although it is also possible that the 

disease process and associated pathological accumulations are too widespread 

and may have affected functional networks in multiple ways, all associated with 

cognitive decline.

Future directions
With the recent development of tau positron emission tomography tracers, 

future studies can investigate how tau pathology may impact inter-network 

connectivity, as research has suggested a dynamic influence of tau on connectivity 

within networks, depending on Aβ levels [49-51]. Results from such a study could 

ultimately culminate in clinical trials where participants can be chosen using multi-

modal selective criteria for memory decline due to Alzheimer’s disease. 

Additionally, future studies should investigate whether carriers of the 

apolipoprotein  ε4 allele show stinger synergistic effects between AD pathology 

[52, 53], and inter-network correlations on cognitive decline. Such investigations 

may further refine the selection criteria for trials and may have implications for 

determining response to treatment. 

Finally, previous research has shown that AD variants, such as posterior 

cortical atrophy and early-onset AD, may have unique networks that are 

preferentially affected in the disease process [54]. Thus, future research may 
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want to investigate how Aβ, inter-network correlations and cognitive decline are 

associated in these different variants of AD and whether inter-network correlations 

may be associated with different cognitive domains in these variants.

Conclusions
In conclusion, our results show that the direction of inter-network connectivity 

provides additional information to baseline Aβ burden about the rate of expected 

memory decline. These findings add important information for the understanding 

of factors contributing to cognitive decline. These results also suggest that 

when using functional connectivity as biomarker or selection criteria for trials 

in preclinical populations, the directionality of inter-network connectivity might 

aid in selecting individuals that are more likely to be on an Aβ-related negative 

memory trajectory. Including information about both Aβ burden and inter-

network functional connectivity can improve recruitment strategies and decrease 

the time to determine the efficacy of clinical trials in the asymptomatic phase of 

the disease.
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SUPPLEMENTARY MATERIAL
Supplementary Table 1. List of participant IDs included in final analyses.

031_S_4005 018_S_4349 013_S_4595 002_S_4251 006_S_4515 006_S_4867

031_S_4024 130_S_4352 018_S_4597 019_S_4252 136_S_4517 018_S_4868

012_S_4026 006_S_4357 130_S_4605 002_S_4262 002_S_4521 130_S_4883

031_S_4029 006_S_4363 013_S_4616 013_S_4268 130_S_4542 018_S_4889

031_S_4032 019_S_4367 130_S_4641 002_S_4270 006_S_4546 013_S_4917

031_S_4042 013_S_4395 012_S_4643 019_S_4285 019_S_4548 130_S_4925

012_S_4094 018_S_4399 002_S_4654 019_S_4293 019_S_4549 031_S_4947

012_S_4128 018_S_4400 130_S_4660 130_S_4294 100_S_4556 006_S_4960

031_S_4149 130_S_4405 053_S_4661 018_S_4313 053_S_4557 130_S_4971

006_S_4150 130_S_4415 006_S_4679 130_S_4343 053_S_4578 130_S_4982

006_S_4153 130_S_4417 019_S_4680 010_S_4345 013_S_4580 130_S_4984

002_S_4171 136_S_4433 018_S_4696 006_S_4346 031_S_4590 013_S_4985

012_S_4188 002_S_4447 006_S_4713 130_S_5059 019_S_5012 012_S_4987

006_S_4192 006_S_4449 031_S_4721 053_S_5070 002_S_5018 130_S_4990

031_S_4194 130_S_4468 130_S_4730 013_S_5071 130_S_5006 053_S_4813

031_S_4203 100_S_4469 002_S_4746 100_S_5106 130_S_4997

002_S_4213 002_S_4473 013_S_4791 002_S_4229 006_S_4485

031_S_4218 031_S_4474 002_S_4799 002_S_4237 031_S_4496

002_S_4219 031_S_4476 018_S_4809 130_S_4250 100_S_4512

002_S_4225 012_S_4849 019_S_4835 130_S_4817 019_S_4477
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Supplementary Table 2. Peak coordinates of regions of interest in MNI space.

Regiona X Y Z
DMN

MPFC 1 55 -3
LP (L) -39 -77 33
LP (R) 47 -67 29
PCC 1 -61 38

DAN
FEF (L) -27 -9 64
FEF (R) 30 -6 64
IPS (L) -39 -43 52
IPS (R) 39 -42 54

SN
ACC 0 22 35

Insula (L) -44 13 1
Insula (R) 47 14 0
RPFC (L) -32 45 27
RPFC (R) 32 46 27
SMG (L) -60 -39 31
SMG (R) 62 -35 32

FPN
LPFC (L) -43 33 28
LPFC (R) 41 38 49
PPC (L) -46 -58 30
PPC (R) 52 -52 45

Abbreviations: ACC, Anterior Cingulate Cortex; DAN, Dorsal Attention Network; DMN, Default 
Mode Network; FEF, Frontal Eye Fields; FPN, Frontoparietal Network; IPS, Intraparietal Sulcus; 
LP, Lateral Parietal region; LPFC, Lateral Prefrontal Cortex; MPFC, Medial Prefrontal Cortex; 
PCC, Posterior Cingulate Cortex; PPC, Posterior Parietal Cortex; RPFC, Rostral Prefrontal 
Cortex; SMG, Supramarginal Gyrus; SN, Salience Network.
aHemisphere of nodes is indicated between brackets; L = left hemisphere, R = right hemisphere.

Supplementary Box 1. Regression model construction.

Outcomeij= β1 + β2Agei + β3Educationi + β4Sexi + β5ICVi + β6 PredictorAi + β7 PredictorBi + β8Timeij + [β9 

PredictorAi*Timeij] + [ β10PredictorBi*Timeij] +

[β11 PredictorAi*PredictorBi*Timeij] + [β12 PredictorAi*(Timeij
2)] +

[β13PredictorBi*(Timeij
2)] + [β14 PredictorAi*PredictorBi*(Timeij

2)] + bsi Timeij + b1i + εi

Outcome: outcome variable measured over time (ADNI Memory composite);

Agei, Educationi, Sexi, ICVi: age, education, sex or intracranial volume (ICV) for each participant;

Predictor A/B: independent variables of interest for the investigated model;

Timeij: time at testing session, relative to baseline testing session;

b1i: random intercept for each participant;

bsi: random slope for each participant

εi: error term for each participant
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Supplementary Table 3. Tukey tests for differences of baseline characteristicsa

Groups Difference 95% CI Lower bound 95% CI Upper bound Adjusted p valueb

AV45
MCI- v CN -0.14 -0.25 -0.03 < 0.001
MCI+ v CN 0.24 0.13 0.34 < 0.001
AD v CN 0.34 0.23 0.46 < 0.001
MCI+ v MCI- 0.38 0.27 0.48 < 0.001
AD v MCI- 0.49 0.37 0.60 < 0.001
AD v MCI+ 0.11 0.00 0.21 0.05

ADNI-EF
MCI- v CN -0.55 -1.07 -0.03 0.03
MCI+ v CN -0.46 -0.94 0.02 0.07
AD v CN -1.74 -2.27 -1.20 < 0.001
MCI+ v MCI- 0.09 -0.40 0.58 0.96
AD v MCI- -1.19 -1.72 -0.65 < 0.001
AD v MCI+ -1.28 -1.78 -0.77 < 0.001

ADNI-Mem
MCI- v CN -0.14 -0.25 -0.03 0.01
MCI+ v CN 0.24 0.13 0.34 < 0.001
AD v CN 0.34 0.23 0.46 < 0.001
MCI+ v MCI- 0.38 0.27 0.48 < 0.001
AD- v MCI- 0.49 0.37 0.60 < 0.001
AD- v MCI+ 0.11 0.00 0.21 0.05

CDR-SB
MCI- v CN 1.21 0.53 1.88 < 0.001
MCI+ v CN 1.85 1.22 2.48 < 0.001
AD v CN 4.36 3.67 5.06 < 0.001
MCI+ v MCI- 0.64 0.01 1.28 0.046
AD v MCI- 3.16 2.46 3.86 < 0.001
AD v MCI+ 2.51 1.86 3.17 < 0.001

Follow-up time
MCI- v CN -0.33 -0.76 0.10 0.19
MCI+ v CN -0.16 -0.55 0.22 0.69
AD v CN -0.73 -1.22 -0.23 0.001
MCI+ v MCI- 0.17 -0.24 0.58 0.72
AD v MCI- -0.39 -0.91 0.12 0.20
AD v MCI+ -0.56 -1.04 -0.08 0.01

Abbreviations: AD: Alzheimer’s Disease; ADNI-EF: ADNI executive functions score composite; 
ADNI-Mem: ADNI memory score composite; APOE ε4, apolipoprotein ε4; AV45: 18F-AV-45 
florbetapir; CDR-SB: Clinical Dementia Rating scale – Sum of Boxes; CI: Confidence interval; 
CN: Cognitively Normal; MCI: Mild Cognitive Impairment, - and + indicate amyloid negative- 
or positive grouping, respectively.
aOnly characteristics showing a significant difference at baseline between any of the groups 
are listed here.
bp Values are adjusted with family-wise correction.
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Supplementary table 4. Summary of maximum motion parameter values and scrubbed 
volumes across groups.

Parameter CN MCI- MCI+ AD p Valuea

Motion 1b 0.14 (0.08) 0.18 (0.12) 0.14 (0.09) 0.13 (0.09) 0.31

Motion 2b 0.35 (0.29) 0.34 (0.26) 0.26 (0.13) 0.31 (0.23) 0.37

Motion 3b 0.41 (0.65) 0.32 (0.21) 0.36 (0.48) 0.39 (0.24) 0.90

Motion 4b 0.01 (< 0.01) 0.01 (0.01) < 0.01 (< 0.01) < 0.01 (0.01) 0.18

Motion 5b < 0.01 (< 0.01) < 0.01 (0.01) < 0.01 (< 0.01) < 0.01 (< 0.01) 0.12

Motion 6b < 0.01 (< 0.01) < 0.01 (< 0.01) < 0.01 (< 0.01) < 0.01 (< 0.01) 0.19

Scrubbed volumesc 26.71 (23.70) 27.37 (20.48) 25.11 (20.30) 24.30 (15.70) 0.94

ap Values were calculated using ANOVA.

bThe maximum displacement of each motion parameter was calculated for each participant. 
Group averages were calculated from these numbers and standard deviations are shown in 
brackets behind the average values. Motion parameter values are given in millimeters.

cScrubbed volumes values are given in the average number of scrubbed volumes per 
perticipant in each group. Standard deviations are shown in brackets behind the averages. 
Scrubbed volumes are volumes that were regressed out due to a total displacement larger 
than 0.5mm.

Supplementary Table 5. Baseline results.

Associations between baseline inter-network functional connectivity and baseline memory 
performance and executive functions in the whole samplea,b

Network Estimate SE T Value p Value
Memory

DMN-DAN (n=115, number of observations = 115)
DMN-DAN 0.13 0.29 0.47 0.64

DMN-SN (n=115, number of observations = 115)
DMN-SN -0.16 0.30 -0.54 0.59

DMN-FPN (n=115, number of observations = 115)
DMN-FPN 0.22 0.30 0.73 0.47

Executive functions
DMN-DAN (n=115, number of observations = 115)

DMN-DAN -0.08 0.30 -0.28 0.78
DMN-SN (n=115, number of observations = 115)

DMN-SN 2.53 0.31 -0.81 0.42
DMN-FPN (n=115, number of observations = 115)

DMN-FPN 0.67 0.31 2.15 0.03
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Associations between inter-network functional connectivity on baseline memory and 
executive functions performance for each group separatelya

Network Estimate SE T Value p Value
Memory

CN (n=28, number of observations = 28)
DMN-DAN -0.39 0.33 -1.21 0.24
DMN-SN -0.48 0.32 -1.51 0.15
DMN-FPN -0.37 0.41 -0.92 0.37

MCI- (n=27, number of observations = 27)
DMN-DAN 0.04 0.33 0.12 0.90
DMN-SN -0.10 0.41 -0.24 0.81
DMN-FPN -0.44 0.35 -1.27 0.22

MCI+ (n=36, number of observations = 36)
DMN-DAN 0.07 0.39 0.18 0.86
DMN-SN -0.07 0.34 -0.20 0.84
DMN-FPN -0.13 0.42 -0.30 0.77

AD (n=24, number of observations = 24)
DMN-DAN -0.18 0.47 -0.39 0.70
DMN-SN -0.59 0.47 -1.26 0.22
DMN-FPN -0.31 0.43 -0.71 0.49

Executive functions
CN (n=28, number of observations = 28)

DMN-DAN -0.48 0.43 -1.13 0.27
DMN-SN 0.08 0.44 0.18 0.86
DMN-FPN 0.37 0.54 0.70 0.49

MCI- (n=27, number of observations = 27)
DMN-DAN -0.05 0.47 -0.12 0.91
DMN-SN -0.31 0.58 -0.54 0.60
DMN-FPN 1.25 0.44 2.83 0.01

MCI+ (n=36, number of observations = 36)
DMN-DAN -0.37 0.52 -0.71 0.48
DMN-SN 0.23 0.47 0.48 0.63
DMN-FPN -0.49 0.57 -0.85 0.40

AD (n=24, number of observations = 24)
DMN-DAN -0.20 0.51 -0.39 0.70
DMN-SN 0.18 0.53 0.34 0.74
DMN-FPN 0.11 0.48 0.23 0.82

Abbreviations: AD: Alzheimer’s Disease; DAN: Dorsal Attention Network; DMN: Default Mode 
Network; FPN: Frontoparietal Network; MCI: Mild Cognitive Impairment, - and + indicate 
amyloid negative- or positive grouping, respectively; SE: Standard Error; SN: Salience Network.
a Regression models are adjusted for age, intracranial volume, sex and years of education. 
Beta coefficients are unstandardized.
b Results are obtained using CN as the reference group.
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Supplementary table 6. Associations between functional inter-network connectivity and 
memory decline in the whole sample.

Fitted model Est.  SE 95% CI DF T Value p Value

Whole sample (n = 115, number of observations = 433)

Time*DMN-DAN -0.04 0.09 -0.22 to 0.15 316 -0.40 0.69

Time*DMN-SN 0.06 0.09 -0.12 to 0.23 316 0.65 0.52

Time*DMN-FPN 0.04 0.10 -0.16 to 0.24 316 0.39 0.70

Abbreviations: CI: Confidence interval; DAN: Dorsal Attention Network; DF, Degrees of 
Freedom; DMN: Default Mode Network; FPN: Frontoparietal Network; SE: Standard Error; 
SN: Salience Network.

Supplementary Table 7. Longitudinal linear effects of inter-network functional connectivity 
between each network pair on memory, per groupa

Fitted model Estimate SE 95 % CI DF T Value p Value
CN (n=28, number of observations = 118)

DMN-DAN*Time 0.37 0.11 0.16 to 0.58 88 3.49 0.001

DMN-SN*Time 0.39 0.10 0.20 to 0.59 88 4.06 < 0.001

DMN-FPN*Time 0.25 0.14 -0.02 to 0.52 88 1.87 0.06

MCI- (n=27, number of observations = 100)
DMN-DAN*Time -0.10 0.12 -0.33 to 0.13 71 -0.85 0.40

DMN-SN*Time 0.11 0.12 -0.13 to 0.35 71 0.88 0.38

DMN-FPN*Time 0.08 0.14 -0.19 to 0.35 71 0.58 0.56

MCI+ (n=36, number of observations = 146)
DMN-DAN*Time -0.49 0.11 -0.72 to -0.26 108 -4.27 < 0.001

DMN-SN*Time -0.28 0.09 -0.46 to -0.10 108 -3.09 0.001

DMN-FPN*Time 0.21 0.13 -0.04 to 0.46 108 1.66 0.10

AD (n=24, number of observations = 69)
DMN-DAN*Time 0.10 0.19 -0.28 to 0.49 43 0.53 0.60

DMN-SN*Time -0.03 0.20 -0.44 to 0.37 43 -0.16 0.87

DMN-FPN*Time -0.27 0.18 -0.63 to 0.08 43 -1.54 0.13

Abbreviations: AD: Alzheimer’s Disease; CN: Cognitively Normal; DAN: Dorsal Attention 
Network; DF: Degrees of Freedom; DMN: Default Mode Network; FPN: Frontoparietal 
Network; MCI: Mild Cognitive Impairment, - and + indicate amyloid negative- or positive 
state, respectively; SE: Standard Error; SN: Salience Network.
a Regression models are adjusted for age, intracranial volume, sex and education. Beta 
coefficients are unstandardized.
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Supplementary Table 8. Associations between group, inter-network functional connectivity 
and decline in executive functionsa,b

Fitted model Est.  SE 95% CI DF T Value p Value

DMN-DAN (n = 115, number of observations = 433)

Time*MCI-*DMN-DAN 0.17 0.26 -0.35 to 0.69 310 0.64 0.52
Time*MCI+*DMN-DAN -0.18 0.28 -0.73 to 0.38 310 -0.63 0.53

Time*AD*DMN-DAN -0.02 0.36 -0.74 to 0.70 310 -0.05 0.96
DMN-SN (n = 115, number of observations = 433)

Time*MCI-*DMN-SN 0.16 0.28 -0.38 to 0.71 310 0.59 0.55
Time*MCI+*DMN-SN 0.03 0.24 -0.44 to 0.50 310 0.11 0.91

Time*AD*DMN-SN -0.19 0.37 -0.92 to 0.54 310 -0.52 0.61
DMN-FPN (n = 115, number of observations = 433)

Time*MCI-*DMN-FPN 310 0.69 -0.39 to 0.82 310 0.69 0.49
Time*MCI+*DMN-FPN 310 0.23 -0.51 to 0.65 310 0.23 0.82

Time*AD*DMN-FPN 310 -1.14 -1.15 to 0.31 310 -1.14 0.26

Abbreviations: AD, Alzheimer’s Disease; CI, Confidence Interval; DAN, Dorsal Attention 
Network; DF, Degrees of Freedom; DMN, Default Mode Network; FDR, False Discovery Rate; 
FPN, Frontoparietal Network; MCI, Mild Cognitive Impairment, - and + indicate amyloid-β 
negative- or positive grouping, respectively; SE, Standard Error; SN, Salience Network.
aResults are acquired using the cognitively normal group as reference group. 

bRegression models are adjusted for age, intracranial volume, sex and education. Beta 
coefficients are unstandardized.

Supplementary Table 9. Associations between functional connectivity, time, amyloid status, 
memory and executive functioning in the cognitively normal group.

Fitted model Est.  SE 95% CI DF T Value p Value

Memory (n=28, number of observations = 118 )

Time*Amyloid status*DMN-DAN 0.61 0.30 0.01 to 1.20 86 2.02 0.046

Time*Amyloid status*DMN-SN 0.53 0.31 -0.10 to 1.15 86 1.68 0.10

Time*Amyloid status*DMN-FPN 0.29 0.53 -0.76 to 1.34 86 0.55 0.58

Executive functioning (n=28, number of observations = 118 )

Time*Amyloid status*DMN-DAN 0.38 0.37 -0.35 to 1.11 86 1.03 0.31

Time*Amyloid status*DMN-SN -0.09 0.38 -0.85 to 0.68 86 -0.22 0.82

Time*Amyloid status*DMN-FPN -0.81 0.56 -1.92 to 0.30 86 -1.45 0.15

Abbreviations: CI: Confidence interval; DAN: Dorsal Attention Network; DF, Degrees of 
Freedom; DMN: Default Mode Network; FPN: Frontoparietal Network; SE: Standard Error; 
SN: Salience Network.
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ABSTRACT
Background: Advanced Alzheimer’s disease (AD) is characterized by higher 

noradrenaline metabolite levels that may be associated with AD pathology. The 

locus coeruleus (LC) is the main site for cerebral noradrenaline synthesis and LC 

volume loss occurs as early as Braak stage 1. This study investigates the association 

between noradrenergic turnover and brain morphology, and the modifying effect 

of AD pathology. 

Method: The study sample included 77 memory clinic patients (37 cognitively 

unimpaired and 40 cognitively impaired (mild cognitive impairment or AD dementia)). 

Cortical thickness and volumetric analyses were performed using FreeSurfer. 

Cerebrospinal fluid was analyzed for noradrenergic metabolite 3-methoxy-4-

hydroxyphenylethyleneglycol (MHPG), Aβ42 and phosphorylated tau. 

Results: Higher MHPG was associated with lower cortical thickness and 

hippocampal volume at lower, but subthreshold, levels of Aβ42 and at higher 

p-tau levels. These associations remained significant after adding APOE-E4 or 

cognitive status as covariates. 

Discussion: Our results suggest that greater MHPG together with worse 

AD pathology contributes to neurodegeneration, possibly before significant 

amyloidosis. The noradrenergic system may play an important role in early 

detection of AD-related processes.

Keywords: Alzheimer’s disease; Locus coeruleus; Noradrenaline; Amyloid-beta; 

Tau; Brain morphology 



Elevated norepinephrine metabolism is linked to cortical thickness  
in the context of Alzheimer’s disease pathology

59   

3

INTRODUCTION
Alzheimer’s disease (AD) is a progressive neurodegenerative disease characterized 

by its hallmark pathologies, accumulations of tau and amyloid-beta (Aβ) misfolded 

proteins, resulting in significant loss of cognitive functions [1-4]. The earliest signs 

of tau aggregates have been traced back to the locus coeruleus (LC) [5], which is 

the primary site for the synthesis of noradrenaline (NA) in the brain. Volume loss 

of the LC occurs as early as in Braak stage 1, a stage when cortical tauopathy is still 

restricted to the entorhinal cortex and the cortex is not yet affected by amyloidosis 

[5-7]. Thus, investigating the LC-noradrenergic system may facilitate detection of 

AD in its earliest stages.

Apart from its structure, the function of the noradrenergic (NA) system is also 

affected in AD. Studies analyzing the NA metabolite 3-methoxy-4-hydroxyphenylglycol 

(MHPG) in cerebrospinal fluid (CSF) reported higher MHPG levels in patients with 

advanced AD [8, 9]. It has been suggested that these higher levels may reflect a 

compensatory mechanism in response to cell loss in the LC, whereby surviving LC 

neurons exhibit increased activity and NA turnover [8, 10-13]. However, elevated MHPG 

levels may be detrimental rather than compensatory, as they have been associated 

with cognitive impairment, suggesting that higher MHPG levels presage neuronal 

changes such as unavailing sprouting [9]. Furthermore, MHPG may be associated with 

AD pathology, as previous CSF work and animal studies showed associations between 

higher NA-metabolites and worse AD-pathology, aggrevated tau and beta-amyloid 

pathology [14-16]. It is conceivable that the combination of greater metabolism of NA 

neurons in the LC and rising levels of AD pathology put a strain on and predispose 

cortical target regions of the LC [17, 18] to neurodegeneration.

We set out to investigate the relationship between metabolism of the 

noradrenergic system and brain structure as well as the modifying effect of 

hallmark AD pathologies on this relationship in a convenience memory clinic 

sample. Given the involvement of the LC-NA system in AD, CSF MHPG measures 

may have potential as an early marker of AD-related brain disintegrity.
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METHODS
Participants 
The study comprised a convenience sample of 77 patients from the memory clinic of 

the Maastricht University Medical Center (MUMC). Of this sample, 37 (48%) patients 

were diagnosed with subjective cognitive decline (SCD) (cognitively unimpaired) 

and 40 (52%) patients were cognitively impaired (MCI or AD dementia). Diagnoses 

were made by experienced clinicians in accordance with clinical criteria for MCI and 

AD dementia [19-21]. Presence of SCD was assessed with self-reported cognitive 

complaints and affirmative response to the question “Do you think your memory 

is becoming worse?” [22]. Patients with SCD did not show impairment on cognitive 

tests, defined by scores lower than 1.5 SD below the age-,sex- and education-adjusted 

mean. Exclusion criteria were major neurological disease, clinical diagnoses of other 

neurodegenerative disorders, transient ischemic attack or stroke that occurred less 

than two years before testing, history of severe psychiatric disorders and alcohol or 

drug abuse. All patients had complete cerebrospinal fluid (CSF) measures of MHPG, 

Aβ42 and p-tau, provided informed consent and protocols were approved by the 

local Medical Ethics Committee of the MUMC.

CSF and blood analyses
CSF was collected via a lumbar puncture in the L3-4 or L4-5 vertebral interspaces, 

centrifuged, aliquoted, and stored at −80 °C in polypropylene tubes. Biochemical 

analysis of CSF Aβ42 and p-tau181p (Innotest ELISA, Innogenetics, Ghent, Belgium) was 

performed blind to diagnostic information and following a standardized biobanking 

protocol [23]. We chose to focus on p-tau as it is more closely correlated to AD pathology 

than t-tau [24] and p-tau correlated strongly with t-tau in our data (r = 0.90). CSF 

MHPG levels were determined using high-performance liquid chromatography [25]. 

AD pathology measures are treated as continuous variables, given evidence that even 

subthreshold levels of pathology can predict clinical progression [26]. Apolipoprotein 

E4 (APOE) genotyping was performed using polymerase chain reaction .

Imaging equipment and acquisition
Imaging data were acquired using using a 3.0T whole-body MR system release 2.0 

(Philips Achieva, Philips Medical Systems, Best, The Netherlands). Structural T1-
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weighted data with dimensions of 240 × 240 × 180 mm with a voxel resolution of 1 

mm isotropic were acquired in sagittal orientation with a repetition time of 8.2 ms, 

echo time of 3.8 ms and flip angle of 8°.

Image analysis and statistical analysis
Imaging data was processed with FreeSurfer version 6.0 [27] (http://surfer.nmr.

mgh.harvard.edu/) using the software package’s default, automated reconstruction 

protocol as described previously [28]. We visually inspected and, if necessary, 

edited for over- or under-estimation of gray/white matter boundaries and to 

identify brain areas erroneously excluded during skull stripping (data was edited 

for 10 participants in the cognitively unimpaired group and 9 participants in the 

cognitively impaired group). Additionally, given the innervation of the amygdala 

and hippocampus by the LC-NA system [29], we also included hippocampal 

and amygdala volumes derived from the default FreeSurfer segmentation and 

adjusted for intracranial volume.

For group analysis, cortical thickness maps were spatially smoothed using 

a gaussian kernel at 15mm full width at half maximum and subsequently 

averaged across participants using a spherical averaging method which aligned 

cortical folds. For the vertex-based analysis, general linear models were set up 

to predict cortical thickness at each vertex across the cortical mantle. Predictor 

of interest was levels of CSF MHPG. In a second step, we tested interactions 

between MHPG and Aβ42 or p-tau. All models were corrected for age, sex and 

education. Additionally, Mini-Mental State Examination (MMSE) score was added 

as a covariate to account for the range in disease severity. In a third step, we 

added APOE status, a known genetic risk factor for AD, as a covariate. Critical 

p-values were adjusted for multiple comparisons by running a Monte Carlo 

simulation with 10,000 iterations using a vertex-based cluster-forming threshold 

of p < 0.05 [30]. For each cluster, cortical thickness values per participant were 

exported to R version 3.3.1 (https://www.r-project.org/) for further visualization. 

Finally, a floodlight approach using aforementioned regression models with FDR-

adjustment for multiple comparisons determined the region of significance for 

the biomarkers regarding the slope between MHPG and cortical thickness. This 

technique probes the entire range of AD pathology values and avoids having to 

pick predetermined and arbitrary values for AD pathology at which to investigate 

the slope between MHPG and cortical thickness [31]. 
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RESULTS
Demographics
The study sample included a total of 77 participants with a mean age of 63 years 
(standard deviation (SD) = 8.62, range 46-80), of which 49 (64%) were male. 
Median education level was 4 (IQR = 2 , range 1-8), whereby 4 indicates an average 
education level, equating to approximately 10 years of education. The average 
MMSE score was 27.39 (SD = 2.65, range 16-30). CSF value means were 38.68 nM/L 
(SD = 9.73, range = 21-63) for MHPG, 928.01 pg/mL (SD = 394.49, range = 140-
1898) for Aβ42 and 65.31 pg/mL (SD = 34.93, range = 22 -188) for p-tau. Finally, 39 
(51%) participants carried at least one APOE E4-allele. Participant demographics 
per diagnostic group can be found in Supplementary table 1.

Interaction between levels of CSF MHPG and AD 
biomarkers on cortical thickness
There were no associations between MHPG and cortical thickness in the entire 
sample and weak, non-significant, correlations were found between MHPG and AD 
pathology (Supplementary table 2, Supplementary figure 1). However, after including 
CSF biomarkers in the models we found interaction effects between MHPG and CSF 
biomarkers (Figure 1, Supplementary table 3). For all analyses, we observed that worse 
pathology (lower CSF Aβ or higher CSF p-tau) [32, 33] and higher levels of MHPG were 
associated with lower cortical thickness. These effects were observed in the insula, 
middle temporal regions such as the parahippocampal gyrus and entorhinal cortex, 
multiple parts of the prefrontal cortex, including the pars opercularis and frontal gyri 
as well as parietal areas like the precuneus. These results remained significant after 
covarying for APOE status (Supplementary table 4). Posthoc, we investigated whether 
these effects were driven by the cognitively impaired participants (MCI and AD patients) 
by constructing three-way interaction models between MHPG, AD biomarker levels 
and a dichotomous group variable based on diagnosis (SCD versus MCI/AD). Here, 
MMSE score was not included as covariate. No significant three-way interactions were 
observed in these models for any of the biomarkers (Supplementary table 4). 

We also investigated associations between MHPG and hippocampal and 
amygdala volumes. Similarly, we observed no direct association between MHPG and 
these volumes (Supplementary table 5). We found a significant interaction between 
Aβ42 and MHPG on right hippocampal volume (Standardized β=1.160, t=2.696, 
p(FDR)=0.003) but no interaction for the left hippocampal volume (Standardized 
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β=0.883,  t=1.870, p(FDR)=0.132) (Figure 1, Supplementary table 4). No interactions were 
found for CSF p-tau or with amygdala volume as outcome variable and hippocampal 
associations remained significant after APOE-E4 adjustment (Supplementary table 4).

Figure 1. Association between MHPG and cortical thickness or hippocampal volume at 
varying levels of AD biomarkers

Note. Results of vertex-based cortical thickness analyses and ROI-based volumetric analyses 
in the hippocampus. All general linear models were constructed with the predictors of 
interest, age, sex, education and Mini-Mental State Examination score as covariates, as 
well as total intracranial volume for volumetric models. Results were adjusted for multiple 
comparisons using cluster-based correction at p < 0.050. The p-values are expressed as -log(p 
value). Predicted simple slopes for the aggregated significant vertices of the hemisphere or 
hippocampal volume, including 95% confidence interval, are plotted for the mean biomarker 
values and 1 SD below and above the mean (for visualization purposes only, analyses were 
done with continuous data). Correlation coefficients for the interactions are shown in the top 
left corner of each graph. Significant interactions are indicated with an asterisk. CSF marker 
levels for each data point are visualized using an orange-to-purple gradient, expressed in 
pg/mL. For a detailed description of all clusters, please see Supplementary table 3. Bilateral 
hemisphere-averaged data can be found in Supplementary figure 2. A: Interaction between 
MHPG and Aβ42 levels on cortical thickness. B: Interaction between MHPG and p-tau 
levels on cortical thickness. C: Interaction between MHPG and Aβ42 levels on hippocampal 
volume. Abbreviations: Aβ42; Amyloid-Beta 42, CSF; Cerebrospinal Fluid, MHPG; 3-methoxy-
4-hydroxyphenylglycol.
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Finally, FDR-corrected floodlight analyses revealed that the effects of MHPG are 

twofold. When AD pathology was worse, we observed a negative relationship between 

MHPG and cortical thickness (all clusters concatenated). These negative associations 

were significant when p-tau was higher than ~102 pg/mL or Aβ was lower than 634 

(left hemisphere) or 584 (right hemisphere) pg/mL (Figure 2). This p-tau lower range 

value lies above our clinical threshold (85 pg/mL), but for Aβ these values are slightly 

above the clinical threshold (500 pg/mL) [34]. Conversely, when AD pathology was less 

present, we observed a positive relationship between MHPG and cortical thickness.

Figure 2. Ranges of AD biomarker levels at which the association between MHPG and cortical 
thickness was statistically significant.

Note. Floodlight analyses demonstrating at which ranges of biomarkers (A and B) the 
association between MHPG and cortical thickness was statistically significant. Results are 
FDR-corrected. Please note that interpretations of these associations are limited to the 
range of observed data. Visualization for the average of both hemispheres can be found 
in Supplementary figure 3. A: Association between MHPG and Aβ42 levels. B: Association 
between MHPG and p-tau levels. Abbreviations: Aβ42; Amyloid-Beta 42, CSF; Cerebrospinal 
fluid, CT; Cortical Thickness, MHPG; 3-methoxy-4-hydroxyphenylglycol, n.s; Not Significant.
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DISCUSSION
The current study provides evidence for synergistic associations between CSF 

MHPG and AD biomarkers on cortical thickness. High turnover of NA has previously 

been linked to advanced AD [8, 9], and though we did not find a difference in 

MHPG levels between healthy controls and patients with AD, likely due to the mild 

disease severity of patients in our sample (Supplementary table 1), we now show 

that worse pathology in tandem with higher levels of MHPG is associated with 

lower cortical thickness in widespread cortical regions, including a large number of 

LC target sites. These associations remained significant after adding APOE-status 

or the level of cognitive impairment as covariates, suggesting that MHPG and AD-

pathology act on brain morphology throughout the entire disease continuum. 

However, the role of MHPG in brain morphology may be twofold. When AD-

pathology markers are within the normal range, elevated MHPG, a reflection of 

NA metabolism, may be a compensatory factor, as we observed associations with 

higher cortical thickness. Such a compensatory role of MHPG on brain integrity 

is consistent with previous literature demonstrating that via its anti-inflammatory 

actions NA promotes Aβ clearance, and thus can possibly preserve cortical integrity 

[14, 35-37]. In contrast, when AD-pathology is worse, this compensatory action 

of MHPG may put a high demand on the system, as reflected in our negative 

associations with cortical thickness. This is consistent with animal research 

showing that LC lesions in the presence of tau pathology promote neuronal loss in 

the hippocampus [37]. In addition, increased turnover of the DOPEGAL metabolite 

–situated on the NA biosynthesis pathway upstream to MHPG - has been shown 

to induce tau aggregation and spreading [16]. We speculate that in later stages 

of the AD pathological process, MHPG levels may be increased disproportionately 

to NA levels because its turnover outpaces NA release possibly due to decreased 

presynaptic a1-adrenergic reuptake ability [10, 14, 38]. As such, the compensatory 

role of NA diminishes, possibly contributing to a neurodegenerative cascade. 

Unfortunately, we had no information available on NA levels, but future work 

may test the hypothesis that the MHPG to NA ratio increases as a function of 

disease progression [10], suggesting that the availability of NA may hold the key in 

understanding the role of elevated MHPG. Additionally, structural integrity of the LC 

may be associated with cortical thickness [39] and future research investigating the 

interplay between LC integrity, CSF levels of MHPG and AD pathology and cortical 

thickness may provide more insight into the role of the noradrenergic system in the 
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disease process. Future studies should also include information about the intake 

of drugs that may affect the noradrenergic system. Additionally, the diffusion of 

MHPG into spinal cord tissue has challenged its interpretation as a pure indicator 

of NE metabolism [40]. Future studies should consider including plasma MHPG as 

an additional measure, but similar associations can be expected given that CSF 

MHPG measures correlate very highly with plasma measures [8, 25, 41, 42].

Finally, while our data is cross-sectional and does not allow us to infer 

temporal relationships, we do note that the negative relationship between 

MHPG and cortical thickness occurred above the clinical threshold for tau 

pathology, but at a subthreshold level for Aβ42 [23]. Given that tau pathology in 

the LC and entorhinal cortex precedes amyloid deposition [5-7], it is likely that 

the function of the noradrenergic system is also affected early on in the disease 

process. Longitudinal studies are required to confirm this premise, but MHPG in 

combination with p-tau measures may have the potential to predict worsening 

AD-related brain integrity, possibly prior to significant amyloidosis. These findings 

contribute to a better understanding of the contribution of the NA-system to 

brain integrity in the context of AD-pathology. More research on the interactions 

between NA measures and AD pathology is warranted, especially in a longitudinal 

framework, given that the LC-NA system is involved early in the disease and may 

facilitate early detection of AD-related processes, possibly even prior to  subjective 

report of cognitive decline.
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SUPPLEMENTARY MATERIAL
Supplementary table 1. Participant demographics per diagnostic group.

SCD (N=37) MCI (N=22) AD (N=18) p-Value

Age in years 59.27 (8.22)
Range: 46-78

65.64 (8.01)
Range: 50-80

69.06 (5.67)
Range: 61-79

< 0.001a

Males 27 (73%) 13 (59%) 9 (50%) 0.219

Education 4 (2)
Range: 1-8

4 (4)
Range: 1-8

3.5 (2)
Range: 1-8

0.819

MMSE 28.84 (1.17)
Range: 26-30

27.27 (2.19)
Range: 22-30

24.56 (3.09)
Range: 16-29

< 0.001b

MHPG (nM/L) 38.32 (7.93)
Range: 25-58

37.64 (10.45)
Range: 21-58

40.67 (12.19)
Range: 21-63

0.597

CSF Aβ42 (pg/mL) 1131.16 (330.44)
Range: 448-1898

852.95 (424.01)
Range: 315-1852

602.17 (181.28)
Range: 140-873

< 0.001a

CSF p-tau (pg/mL) 47.14 (26.62)
Range: 22-185

70.14 (34.08)
Range: 32-188

96.78 (26.88)
Range: 68-151

< 0.001b

APOE E4 carriers 16 (43%) 9 (41%) 14 (78%) 0.031c

Note. Data are presented as the mean (standard deviation) for the continuous variables and 
as n (%) for the categorical variable. Ranges are also presented for the continuous variables.

The education row gives the median education level and interquartile range between brackets.

The APOE ε4 row gives the number of participants in this group with one or more APOE ε4 
alleles.

Statistical significance was tested with analysis of variance for continuous variables and chi-
squared test for the categorical variables
a All groups were significantly different from each other, except MCI versus AD
b All groups were significantly different from each other
c Only the AD group showed a significantly larger amount of APOE E4 carriers than would be 
expected under equal distribution of E4 carriers across groups (p < 0.03)

Abbreviations: AD; Alzheimer’s Disease, APOE E4; Apolipoprotein E4, Aβ42; Amyloid-
Beta 42, CSF; Cerebrospinal Fluid, MCI; mild cognitive impairment, MHPG; 3-methoxy-4-
hydroxyphenylglycol, MMSE; Mini-Mental State Examination, SCD; Subjective Cognitive Decline.
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Supplementary table 2. Correlation matrix for the main predictors of interest and age.

MHPG CSF Aβ42 CSF p-tau

CSF Aβ42 -0.086 (0.456)

CSF p-tau 0.128 (0.269) -0.543 (<0.001)

Age 0.259 (0.023) -0.450 (<0.001) 0.477 (<0.001)

Note. Correlation table detailing the correlations between the main predictors of interest 
and age. p-Values are given between brackets.

Abbreviations: Aβ42; Amyloid-Beta 42, CSF; Cerebrospinal Fluid, MHPG; 3-methoxy-4-
hydroxyphenylglycol.

Supplementary figure 1. Associations between CSF AD biomarkers and MHPG levels. 

Note. Associations between CSF AD biomarkers and MHPG levels. A: Associations between 
CSF Aβ42 and MHPG levels (r=-0.086, p=0.456). B: Associations between CSF p-tau and MHPG 
levels (r=0.128, p=0.269). Abbreviations: Aβ42; Amyloid-Beta 42, CSF; Cerebrospinal Fluid, 
MHPG; 3-methoxy-4-hydroxyphenylglycol.



Chapter 3

72

Supplementary table 3. Clusters from vertex-based cortical thickness analyses after cluster-
wise corrected whole brain analysis, with and without APOE covariatea

Cluster 
number

Regions (% of the cluster) Cluster size 
(mm2)

Peak -log(p) 
value of cluster

Without APOE covariate
Left hemisphere
MHPG*Aβ42

Cluster 1   Superior parietal lobule (100%) 494 1.728
Cluster 2 Precuneus (50.56%)

Isthmus cingulate cortex (28.41%)
Lingual gyrus (19.16%)
Cuneus (1.33%)
Pericalcarine gyrus (0.53%)

2249 3.250

Cluster 3 Superior temporal gyrus (50.66%)
Bank superior temporal sulcus (19.76%)
Transverse temporal gyrus (11.36%)
Middle temporal gyrus (10.42%)
Supramarginal gyrus (5.53%)
Inferior parietal lobule (2.26%)

7878 4.283

Cluster 4 Superior frontal gyrus (54.33%)
Precentral Gyrus (20.79%)
Caudal middle frontal gyrus (17.53%)
Caudal anterior cingulate gyrus (3.41%)
Rostral anterior cingulate gyrus (3.14%)
Postcentral gyrus (0.65%)
Rostral middle frontal gyrus (0.16%)

9557 4.230

Cluster 5 Precuneus (87.97%)
Superior parietal gyrus (12.03%)

2195 2.571

Cluster 6 Fusiform gyrus (32.83%)
Inferior temporal gyrus (21.83%)
Lingual gyrus (20.42%)
Parahippocampal gyrus (12.61%)
Entorhinal cortex (10.27%)

8999 3.870

Cluster 7 Superior temporal gyrus (100%) 587 2.237
Cluster 8 Precentral gyrus (54.27%)

Pars opercularis (33.33%)
Caudal middle frontal gyrus (12.40%)

1089 2.494

Cluster 9 Supramarginal gyrus (66.56%)
Superior parietal lobule (30.63%)
Postcentral gyrus (2.81%)

3882 3.842

Cluster 10 Pars opercularis (92.88%)
Rostral middle frontal gyrus (6.98%)
Pars triangularis (0.14%)

702 2.118

Cluster 11 Rostral middle frontal gyrus (53.68%)
Caudal middle frontal Gyrus (46.32%)

272 1.646

Cluster 12 Postcentral gyrus (84.72%)
Supramarginal gyrus (15.28%)

72 1.448

Cluster 13 Precentral gyrus (100%) 32 1.347
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Cluster 
number

Regions (% of the cluster) Cluster size 
(mm2)

Peak -log(p) 
value of cluster

MHPG*p-tau
Cluster 1   Superior frontal gyrus (92.35%)

Paracentral gyrus (4.71%)
Precentral gyrus (2.27%)
Caudal middle frontal gyrus (0.67%)

3568 2.520

Cluster 2 Precuneus (66.74%)
Superior parietal lobule (13.67%)
Postcentral gyrus (11.44%)
Paracentral gyrus (8.14%)

2640 2.365

Cluster 3 Posterior cingulate cortex (75.77%)
Isthmus cingulate cortex (21.50%)
Precuneus (2.73%)

1977 3.612

Cluster 4 Precentral gyrus (100%) 844 2.584
Cluster 5 Superior parietal lobule (58.43%)

Postcentral gyrus (41.56%)
1044 2.531

Cluster6 Supramarginal gyrus (92.42%)
Postcentral gyrus (7.58%)

2151 3.836

Cluster 7 Fusiform gyrus (57.92%)
Inferior temporal gyrus (38.71%)
Entorhinal cortex (2.55%)

1723 3.648

Cluster 8 Parahippocampal gyrus (90.65%)
Entorhinal cortex (9.35%)

738 1.935

Cluster 9 Caudal middle frontal gyrus (100%) 122 1.505
Cluster 10 Superior parietal lobule (100%) 43 1.354
Cluster 11 Lingual gyrus (100%) 108 1.432
Cluster 12 Superior parietal lobule (100%) 35 1.341

Right hemisphere
MHPG*Aβ42

Cluster 1 Superior parietal lobule (100%) 497 1.726
Cluster 2 Superior temporal gyrus (22.61%)

Fusiform gyrus (16.68%)
Middle temporal gyrus (15.77%)
Inferior temporal gyrus (14.19%)
Insula (6.80%)
Bank superior temporal sulcus (6.14%)
Parahippocampal gyrus (4.76%)
Entorhinal cortex (3.61%)
Transverse temporal gyrus (3.47%)
Inferior parietal lobule (2.76%)
Lingual gyrus (0.89%)

19578 3.865

Cluster 3 Precuneus (52.78%)
Isthmus cingulate cortex (36.86%)
Lingual gyrus (9.91%)
Pericalcarine gyrus (0.29%)
Parahippocampal gyrus (0.17%)

3492 4.388
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Cluster 
number

Regions (% of the cluster) Cluster size 
(mm2)

Peak -log(p) 
value of cluster

Cluster  4 Precentral gyrus (36.30%)
Caudal middle frontal gyrus (30.72%)
Superior frontal gyrus (18.65%)
Pars opercularis (12.89%)
Rostral middle frontal gyrus (1.39%)
Postcentral gyrus (0.05%)

9565 4.225

Cluster 5 Supramarginal gyrus (48.66%)
Inferior parietal lobule (36.24%)
Superior parietal lobule (15.10%)

2205 2.567

Cluster 6 Supramarginal gyrus (90.85%)
Superior temporal gyrus (9.15%)

2153 4.645

Cluster 7 Superior frontal gyrus (100%) 1088 2.491
Cluster 8 Precuneus (42.70%)

Superior parietal lobule (25.22%)
Paracentral gyrus (24.09%)
Posterior cingulate cortex (6.43%)
Postcentral gyrus (1.57%)

3890 3.840

Cluster 9 Pars triangularis (39.74%)
Insula (32.47%)
Pars orbitalis (21.71%)
Lateral orbitofrontal gyrus (6.08%)

1004 2.329

Cluster 10 Superior frontal gyrus (97.57%)
Medial orbitofrontal gyrus (2.43%)

700 2.115

Cluster 11 Parahippocampal gyrus (73.36%)
Lingual gyrus (26.64%)

304 1.663

Cluster 12 Superior frontal gyrus (83.82%)
Rostral middle frontal gyrus (16.18%)

272 1.642

Cluster 13 Paracentral gyrus (97.18%)
Superior frontal gyrus (2.82%)

71 1.444

Cluster 14 Superior frontal gyrus (100%) 32 1.345
MHPG*p-tau
Cluster 1 Precentral gyrus(57.71%)

Caudal middle frontal gyrus (39.88%)
Postcentral gyrus (2.41%)

3573 2.523

Cluster 2 Supramarginal gyrus (41.29%)
Postcentral gyrus (33.90%)
Inferior parietal lobule (21.12%)
Superior parietal lobule (3.70%)

2652 2.361

Cluster 3 Supramarginal gyrus (93.01%)
Superior temporal gyrus (6.99%)

2004 3.473

Cluster 4 Superior frontal gyrus (85.09%)
Precentral gyrus(14.91%)

845 2.582

Cluster 5 Postcentral gyrus (62.93%)
Superior parietal lobule (37.07%)

1044 2.526

Cluster 6 Superior temporal gyrus (55.52%)
Insula (22.41%)
Transverse temporal gyrus (20.41%)
Middle temporal gyrus (0.77%)
Supramarginal gyrus (0.60%)

3494 2.875
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Cluster 
number

Regions (% of the cluster) Cluster size 
(mm2)

Peak -log(p) 
value of cluster

Cluster 7 Precuneus (51.42%)
Paracentral gyrus (45.75%)
Posterior cingulate cortex (2.83%)

2153 3.834

Cluster 8 Fusiform gyrus (53.56%)
Parahippocampal gyrus (28.19%)
Entorhinal cortex (18.25%)

1852 3.641

Cluster 9 Superior frontal gyrus (75.21%)
Caudal middle frontal gyrus (24.79%)

121 1.501

Cluster 10 Middle temporal gyrus (71.60%)
Inferior temporal gyrus (28.40%)

426 1.774

Cluster 11 Superior parietal lobule (100%) 42 1.352
Cluster 12 Entorhinal cortex (43.12%)

Fusiform gyrus (11.13%)
Insula (2.83%)

494 1.725

Cluster 13 Inferior temporal gyrus (100%) 149 1.406
Cluster 14 Inferior temporal gyrus (100%) 105 1.430
Cluster 15 Superior parietal lobule (100%) 31 1.339
Cluster 16 Superior temporal gyrus (100%) 205 1.489
With APOE E4 covariate
Left hemisphere
Aβ42
Cluster 1 Superior parietal lobule (100%) 433 1.685
Cluster 2 Precuneus (51.97%)

Isthmus cingulate cortex (27.93%)
Lingual gyrus (18.40%)
Cuneus (1.16%)
Pericalcarine gyrus (0.54%)

2234 3.206

Cluster 3 Superior temporal gyrus (50.89%)
Bank superior temporal sulcus (20.04%)
Transverse temporal gyrus (11.43%)
Middle temporal gyrus (9.84%)
Supramarginal gyrus (5.59%)
Inferior parietal lobule (2.20%)

7714 4.198

Cluster 4 Superior frontal gyrus (54.01%)
Precentral gyrus(21.14%)
Caudal middle frontal gyrus (17.77%)
Rostral anterior cingulate gyrus (3.18%)
Caudal anterior cingulate gyrus (3.15%)
Postcentral gyrus (0.51%)
Rostral middle frontal gyrus (0.23%)

9294 4.154

Cluster 5 Precuneus (88.58%)
Superior parietal lobule (11.42%)

2190 2.683

Cluster 6 Fusiform gyrus (33.31%)
Lingual gyrus (20.71%)
Inferior temporal gyrus (20.29%)
Parahippocampal gyrus (12.49%)
Entorhinal cortex (10.56%)

8681 3.841



Chapter 3

76

Cluster 
number

Regions (% of the cluster) Cluster size 
(mm2)

Peak -log(p) 
value of cluster

Cluster 7 Superior temporal gyrus (100%) 601 2.252
Cluster 8 Precentral gyrus(55.79%)

Pars opercularis (32.84%)
Caudal middle frontal gyrus (11.47%)

1011 2.429

Cluster 9 Supramarginal gyrus (66.71%)
Superior parietal lobule (30.77%)
Postcentral gyrus (2.52%)

3770 3.759

Cluster 10 Pars opercularis (92.42%)
Rostral middle frontal gyrus (7.43%)
Pars triangularis (0.15%)

686 2.078

Cluster 11 Rostral middle frontal gyrus (55.91%)
Caudal middle frontal gyrus (44.09%)

254 1.628

Cluster 12 Precentral gyrus(100%) 20 1.330
Cluster 13 Postcentral gyrus (90.57%)

Supramarginal gyrus (9.43%)
53 1.407

MHPG*p-tau
Cluster 1 Precuneus (64.93%)

Superior parietal lobule (19.31%)
Postcentral gyrus (10.42%)
Paracentral gyrus (5.35%)

3216 2.439

Cluster 2 Posterior cingulate cortex (75.48%)
Isthmus cingulate cortex (23.50%)
Precuneus (1.02%)

1970 3.629

Cluster 3 Superior parietal lobule (60.95%)
Postcentral gyrus (39.05%)

922 2.442

Cluster 4 Precuneus (100%) 88 1.498
Right hemisphere
MHPG*Aβ42
Cluster 1 Superior parietal lobule (100%) 436 1.683
Cluster 2 Superior temporal gyrus (22.66%)

Fusiform gyrus (16.45%)
Middle temporal gyrus (15.71%)
Inferior temporal gyrus (14.21%)
Insula (6.88%)
Bank superior temporal sulcus (6.29%)
Parahippocampal gyrus (4.67%)
Entorhinal cortex (3.79%)
Transverse temporal gyrus (3.55%)
Inferior parietal lobule (2.95%)
Lingual gyrus (0.71%)

19089 3.836

Cluster 3 Precuneus (52.72%)
Isthmus cingulate cortex (37.49%)
Lingual gyrus (9.41%)
Pericalcarine gyrus (0.20%)
Parahippocampal gyrus (0.17%)

3452 4.309



Elevated norepinephrine metabolism is linked to cortical thickness  
in the context of Alzheimer’s disease pathology

77   

3

Cluster 
number

Regions (% of the cluster) Cluster size 
(mm2)

Peak -log(p) 
value of cluster

Cluster 4 Precentral gyrus(35.38%)
Caudal middle frontal gyrus (31.18%)
Superior frontal gyrus (18.90%)
Pars opercularis (12.97%)
Rostral middle frontal gyrus (1.56%)

9294 4.150

Cluster 5 Supramarginal gyrus (48.32%)
Inferior parietal lobule (37.31%)
Superior parietal lobule (14.38%)

2198 2.678

Cluster 6 Supramarginal gyrus (91.19%)
Superior temporal gyrus (8.81%)

2133 4.559

Cluster 7 Superior frontal gyrus (100%) 1010 2.427
Cluster 8 Pars triangularis (40.77%)

Insula (32.93%)
Pars orbitalis (20.18%)
Lateral orbitofrontal gyrus (6.12%)

981 2.321

Cluster 9 Superior frontal gyrus (96.63%)
Medial orbitofrontal gyrus (3.37%)

683 2.075

Cluster 10 Parahippocampal gyrus (75%)
Lingual gyrus (25%)

248 1.604

Cluster 11 Superior frontal gyrus (84.13%)
Rostral middle frontal gyrus (15.87%)

252 1.624

MHPG*p-tau
Cluster 1 Supramarginal gyrus (32.74%)

Postcentral gyrus (30.74%)
Inferior parietal lobule (25.01%)
Superior parietal lobule (9.51%)

3227 2.435

Cluster 2 Supramarginal gyrus (92.97%)
Superior temporal gyrus (7.03%)

1992 3.451

Cluster 3 Superior temporal gyrus (52.26%)
Insula (26.19%)
Transverse temporal gyrus (20.12%)
Supramarginal gyrus (0.76%)

3291 3.041

Cluster 4 Fusiform gyrus (36.33%)
Entorhinal cortex (33.93%)
Parahippocampal gyrus (19.38%)
Insula (1.32%)

2502 3.257

Cluster 5 Postcentral gyrus (61.54%)
Superior parietal lobule (38.46%)

923 2.438

Cluster 6 Middle temporal gyrus (72.32%)
Inferior temporal gyrus (27.68%)

354 1.717

Cluster 7 Superior parietal lobule (100%) 85 1.493

Note. Overview of clusters shown in the significance maps (Figure 1) for the association 
between MHPG and biomarkers on cortical thickness. Localization of regions corresponding 
to cluster location are based on the Desikan-Killiany atlas provided by FreeSurfer [27]. 
Clusters < 20mm2 in size were not included in this table.
a Regression models are adjusted for age, sex, education and MSSE score.

Abbreviations: APOE; Apolipoprotein E4, Aβ42; Amyloid-Beta 42, MHPG; 3-methoxy-4-
hydroxyphenylglycol, MMSE; Mini-Mental State Examination.
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Supplementary table 4. Posthoc associations between biomarkers, MHPG, APOE and 
cognitive status in relation to cortical thickness and subcortical volumes, including three-
way interaction modelsa

Predictor Left hemisphere Right hemisphere
Estimate SE t Value p Value 

(FDR)
Estimate SE t Value p Value 

(FDR)
Interaction MHPG*Aβ42

Cortical thickness
MHPG*Aβ42 1.920 0.481 3.999 0.001 1.810 0.517 3.495 0.003
MHPG*Aβ42(+APOE) 1.910 0.484 3.947 0.001 1.790 0.520 3.446 0.006
MHPG*Aβ42*group -0.847 1.910 -0.444 0.793 -0.967 2.060 -0.469 0.815

Hippocampal volume
MHPG*Aβ42 0.883 0.472 1.870 0.132 1.160 0.430 2.696 0.003
MHPG*Aβ42(+APOE) 0.926 0.468 1.978 0.104 1.200 0.425 2.830 0.012
MHPG*Aβ42*group 3.920 1.800 2.172 0.100 1.080 1.720 0.629 0.815

Amygdala volume
MHPG*Aβ42 0.610 0.482 1.264 0.252 0.641 0.462 1.389 0.203
MHPG*Aβ42(+APOE) 0.617 0.487 1.267 0.251 0.600 0.458 1.310 0.234
MHPG*Aβ42*group 5.570 1.760 3.162 0.014 3.890 1.730 2.248 0.168

Interaction MHPG*p-tau
Cortical thickness

MHPG*p-tau -1.330 0.399 -3.346 0.004 -1.320 0.402 -3.285 0.003
MHPG*p-tau(+APOE) -1.290 0.408 -3.169 0.007 -1.280 0.411 -3.119 0.008
MHPG*p-tau*group 1.350 1.280 1.057 0.589 1.130 1.290 0.880 0.815

Hippocampal volume
MHPG*p-tau 0.002 0.416 0.006 0.996 -0.272 0.385 -0.706 0.482
MHPG*p-tau(+APOE) -0.178 0.408 -0.435 0.665 -0.450 0.375 -1.199 0.235
MHPG*p-tau*group -0.564 1.280 -0.441 0.793 0.029 1.210 0.024 0.815

Amygdala volume
MHPG*p-tau 0.433 0.420 1.029 0.252 0.094 0.420 0.234 0.203
MHPG*p-tau(+APOE) 0.341 0.426 0.801 0.251 0.119 0.409 0.290 0.234
MHPG*p-tau*group -0.209 1.310 -0.159 0.874 0.420 1.240 0.338 0.815

Note. Associations between biomarkers, MHPG and cognitive group on cortical thickness 
and hippocampal volume, including three-way interaction models. Only predictors of 
interest are listed. +APOE indicates that the model included APOE status as a covariate.
a Regression models are adjusted for age, sex, education and MMSE score. Hippocampal 
volume models were also adjusted for intracranial volume. Predictors with the group 
(cognitively unimpaired versus impaired) variable were not corrected for MMSE. Beta 
coefficients are standardized.
b The interaction effect of MHPG and Aβ42 on left amygdala volume was driven by outliers 
and is no longer significant when a bootstrapped model (2000 iterations, 95% confidence 
interval of β= [-0.017 to 0.089]) is used and is therefore not further interpreted. 

Abbreviations: APOE: apolipoprotein E4, Aβ42; Amyloid-Beta 42, MHPG; 3-methoxy-4-
hydroxyphenylglycol, SE; Standard Error.



Elevated norepinephrine metabolism is linked to cortical thickness  
in the context of Alzheimer’s disease pathology

79   

3

Supplementary table 5. Associations between MHPG levels and bilateral hippocampal and 
amygdala volumesa.

Predictor Left hemisphere Right hemisphere

Estimate SE t Value p Value 
(FDR)

Estimate SE t Value p Value 
(FDR)

Hippocampal volume

MHPG -0.119 0.090 -1.331 0.375 -0.107 0.084 -1.270 0.354

Amygdala volume

MHPG -0.038 0.091 -0.416 0.679 -0.081 0.087 -0.933 0.354

Note. Associations between MHPG levels and hippocampal and amygdala volumes.
a Regression models are adjusted for age, sex, education, MMSE score and intracranial 
volume. Beta coefficients are standardized.

Abbreviations: MHPG; 3-methoxy-4-hydroxyphenylglycol, SE; Standard Error.
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Supplementary figure 2. Association between MHPG and cortical thickness or hippocampal 
volume at varying levels of AD biomarkers (thickness or volume averaged across hemispheres).

 

Note. Results of vertex-based cortical thickness analyses and ROI-based volumetric analyses 
in the hippocampus. All general linear models were constructed with the predictors of 
interest, age, sex, education and Mini-Mental State Examination score as covariates, as 
well as total intracranial volume for volumetric models. Results were adjusted for multiple 
comparisons using cluster-based correction at p < 0.050. The p-values are expressed as -log(p 
value). Predicted simple slopes for the aggregated significant vertices of the hemisphere or 
hippocampal volume, including 95% confidence interval, are plotted for the mean biomarker 
values and 1 SD below and above the mean (for visualization purposes only, analyses were 
done with continuous data). Correlation coefficients for the interactions are shown in the top 
left corner of each graph. Significant interactions are indicated with an asterisk. CSF marker 
levels for each data point are visualized using an orange-to-purple gradient, expressed 
in pg/mL. For a detailed description of all clusters, please see Supplementary table 3. A: 
Interaction between MHPG and Aβ42 levels on cortical thickness. B: Interaction between 
MHPG and p-tau levels on cortical thickness. C: Interaction between MHPG and Aβ42 levels 
on hippocampal volume. Abbreviations: Aβ42; Amyloid-Beta 42, CSF; Cerebrospinal Fluid, 
MHPG; 3-methoxy-4-hydroxyphenylglycol.
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Supplementary figure 3. Ranges of AD biomarker levels at which the association between 
MHPG and cortical thickness was statistically significant (cortical thickness averaged across 
hemispheres).

Note. Floodlight analyses demonstrating at which ranges of biomarkers (A and B) the 
association between MHPG and cortical thickness was statistically significant. Results are 
FDR-corrected. Please note that interpretations of these associations are limited to the 
range of observed data. A: Association between MHPG and Aβ42 levels (significant when 
Aβ levels were below 612.23 or above 1028.13 pg/mL)  B: Association between MHPG and 
p-tau levels (significant when p-tau was below 34.76 or above 101.48 pg/mL). Abbreviations: 
Aβ42; Amyloid-Beta 42, CSF; Cerebrospinal fluid, CT; Cortical Thickness, MHPG; 3-methoxy-
4-hydroxyphenylglycol, n.s; Not Significant.
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ABSTRACT
Background: The brainstem locus coeruleus (LC) is one of the earliest brain 
regions affected by Alzheimer’s disease (AD) pathology. While volume loss in the 
LC is reported as early as Braak stage a-c, frank cell death of LC neurons, however, 
is not reported until Braak stage IV. In vivo measures of LC structural integrity 
have been linked to Braak staging but the biological correlates underlying the 
loss of LC integrity remain unclear. In this study, we investigated microstructural 
correlates of LC structural integrity using diffusion-weighted imaging (DWI)-based 
tractography and Neurite Orientation Dispersion and Density Imaging (NODDI).

Methods: Fifty-eight cognitively unimpaired participants underwent magnetic 
resonance imaging including DWI and LC-sensitive magnetization transfer (MT)-
weighted scans at 7 Tesla. Microstructural DWI metrics, including neurite density 
and dispersion orientation in the LC and quantitative anisotropy in its projections, 
were correlated to magnetization transfer-based LC signal intensity. LC projections 
were generated using a LC seed-based approach with a minimum tract length of 
20 voxels with whole brain and cerebellum endpoints.

Results: Within the LC itself, there was no association between MT signal intensity 
and neurite density or orientation dispersion. However, we found a positive 
association between MT signal intensity and quantitative anisotropy in tracts 
originating from the right LC. These tracts included the right reticular tract, left and 
right dentatorubrothalamic tracts, as well as the superior cerebellar peduncles.

Conclusions: These results suggest that the integrity of LC projections is affected 
in the presence of early LC integrity changes in asymptomatic individuals, in 
whom LC cell death is unlikely. This information helps us identify microstructural 
characteristics associated with LC integrity in aging and in neurodegenerative 

diseases, potentially before irreversible cell death.
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INTRODUCTION
The brainstem locus coeruleus (LC) is the main source of brain noradrenaline 
and has numerous connections to cortical and subcortical regions supporting its 
modulatory role in cognition and arousal [1, 2]. It is one of the first brain regions 
accumulating Alzheimer’s disease (AD)-related hyperphosphorylated tau [3, 4], and 
post-mortem studies have revealed that neuron loss in the LC is associated with tau 
pathology levels and antemortem cognitive performance in prodromal stages of AD 
[5]. Interestingly, volume loss in the LC has been reported as early as Braak stage 
a-c (also referred to as Braak stage 0), with approximately 8% of LC volume lost per 
Braak stage; however, loss of LC cells is not reported until Braak stage IV [6].

Multiple explanations have been proposed regarding the neurobiological 
correlates of LC volume loss in AD that do not involve immediate cell death. One animal 
study modelled early AD pathophysiological processes using TgF344-AD rats, which 
express elevated hyperphosphorylated tau in the LC compared to wild type rodents 
but without frank noradrenergic cell loss. They found that hyperphosphorylated tau 
in the LC is associated with reduced innervation of the medial temporal region, even 
in the absence of loss of noradrenergic cells in the LC [7]. These results suggest that 
the axonal integrity of LC projections is compromised in the presence of emerging 
AD pathology before LC cell death. Additionally, autopsy studies have revealed 
reduced dendritic arborization of LC neurons in more advanced AD [8], presenting 
another potential substrate of LC volume loss without explicit cell death. These early 
processes of LC deterioration remain poorly investigated in humans in vivo.

To investigate the LC in vivo, LC-sensitive magnetic resonance (MRI) sequences, 
such as magnetization transfer (MT) and turbo spin echo scans, have been developed, 
and these have proven to be successful at imaging the LC at ultra-high resolution in 
humans [9, 10]. The LC-related signal intensity in these scans is generally regarded 
as an informative proxy for LC integrity [9, 11, 12]; however, it is unclear to what 
degree the LC signal reflects specific microstructural properties of the LC. One 
of the leading theories is that the signal is related to neuromelanin, a compound 
that is abundantly deposited in the LC as a byproduct of elevated noradrenalin 
metabolism [11-13]. This hypothesis was supported by the fact that the substantia 
nigra also show as hyperintense regions on MT-weighted scans, and also contain 
neuromelanin cells [12, 14]. However, recent animal work and MRI-modeling studies 
indicated that the underlying biological source may be more complex and may be 
related to neuronal density [15], lipids, iron and tau depositions [16, 17].

Given the early changes to the neuropil of LC neurons, we aimed to examine 
correlations between LC integrity and microstructural characteristics of the LC and 
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its projections as measured by neurite orientation dispersion and density imaging 
(NODDI) and diffusion imaging. NODDI is able to quantify the microstructural 
characteristics of dendrites and axons, utilizing information about neurite density 
and the variation in neurite orientation as a measure of neurite complexity 
and the degree of neuronal arborization [18]. This information will facilitate 
our interpretation of the LC signal in aging and in neurodegenerative diseases, 
potentially before irreversible cell death.

METHODS
Participants
We included 58 cognitively unimpaired participants across the adult lifespan 
recruited in the South-East region of the Netherlands (age range: 30-85). Exclusion 
criteria were MRI contraindications, major neurological disease, clinical diagnoses 
of neurodegenerative disorders or abnormal cognitive scores deviating ±2 
standard deviations from the norm, transient ischemic attack or stroke, current 
or past presence of severe psychiatric disorders and alcohol or drug abuse. All 
participants provided informed consent and protocols were approved by the local 
Medical Ethics Committee of the Maastricht University Medical Center.

Imaging equipment and acquisition
Imaging data were acquired using a MAGNETOM 7.0T whole-body MR system release 
2.0 (Siemen Healthineers, Erlangen, Germany) with a 32-channel head coil (Nova 
Medical, Wilmington, MA, USA). Dielectric pads were placed at the temples during 
scanning to improve signal around the temporal areas. Whole-brain structural T1-
weighted data were acquired in sagittal orientation using a Magnetization Prepared 
2 Rapid Acquisition Gradient Echoes (MP2RAGE) sequence [19] for whole brain 
imaging (TR = 5000 ms, TE = 2.47 ms, flip angle = 5°/3°, voxel size = 0.7mm isotropic, 
number of slices = 280). An in-house developed magnetization transfer turbo flash 
(MT-TFL) sequence sensitive to LC contrast [9] was performed to image the LC at high 
resolution. The sequence consisted of a multi-shot 3D readout (TR = 538 ms, TE = 4.08, 
flip angle = 8°, voxel size = 0.4×0.4×0.5 mm3, number of slices = 60) with center-out 
k-space sampling, preceded by 20 long off-resonant Gaussian sinc pulses. The field 
of view for the MT-TFL sequence was placed perpendicular to the pons, between the 
inferior colliculus and the caudal border of the pons. High angular resolution diffusion 
data were acquired (TR = 5000 ms, TE = 60.8 ms, flip angle = 90°, voxel size = 1.25mm 
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isotropic, number of slices = 72) at b=2000 s/mm2 (66 gradient directions), b=700 s/
mm2 (35 gradient directions) and b=0 s/mm2 (6 gradient directions). The diffusion-
weighted sequence was a near whole-brain acquisition whereby only the most dorsal 
section of the parietal lobe was excluded from the field of view.

Image pre-processing

Using FSL’s TOPUP and EDDY functions, diffusion-weighted images were corrected 
for susceptibility- and eddy current-induced distortions, subject movement, and 
gradient nonlinearities [20-23].

NODDI analysis (local LC microstructure)

Intensity-normalized MT-TFL images were obtained by dividing individual  images by 
the subject-specific mean intensity of a 10 by 10 voxel region-of-interest located in 
the pontine tegmentum. A study-specific template was built based on all individual 
intensity-normalized MT-TFL images as described in detail in our previous work [24]. 
The LC was manually delineated on the resulting template in the common space, 
based on voxel intensities and the known LC anatomy. The individual MP2RAGE 
image was registered to the corresponding mean diffusion-weighted b0 volume 
using Statistical Parametric Mapping 12 (SPM12, http://www.fil.ion.ucl.ac.uk/spm/). 
The resulting transformation matrices were subsequently applied to the MT-TFL 
image, resliced to MP2RAGE resolution using bbregister from FreeSurfer v6.0 [25]. 
This allowed us to align the MT-TFL data, along with the previously created LC mask, 
to each individual diffusion space. Whole-brain NODDI parameter maps containing 
the neurite density index (NDI) and orientation dispersion index (ODI) were then 
computed using the Microstructure Diffusion Toolbox [26] (v1.2.6, https://github.
com/robbert-harms/MDT). Both NDI and ODI are expressed as a value between 0 
(NDI: mostly extracellular diffusion, e.g. low neurite density; ODI: parallel neurites, 
e.g. low arborization) and 1 (NDI: mostly intracellular diffusion, e.g. high neurite 
density; ODI: highly dispersed neurites, e.g. high arborization) [27]. To obtain local 
LC microstructure and MT signal data, we extracted the median NDI, ODI and MT-
TFL intensity values from each slice of the LC mask using MATLAB and these were 
subsequently exported to R version 4.0.4. (https://www.r-project.org/).

Correlational tractography (LC projection microstructure)

For group-level correlational tractography of the LC projections, an LC mask in 
the MNI space was created using the following pipeline: for each individual in the 
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sample, we first retrieved the affine and non-linear registration matrices linking 
the template MT-TFL space to the native MT-TFL image, based on the study-specific 
LC mask creation procedure as described above. Next, for each participant, the 
individual MP2RAGE image was first denoised using the MP2RAGE toolbox (https://
github.com/benoitberanger/mp2rage/, regularization factor = 5) implemented in 
SPM in MATLAB R2021b, and bias-field corrected using the N4BiasFieldCorrection 
function in ANTs. The denoised and bias-field corrected MP2RAGE image was then 
segmented using the Computational Anatomy Toolbox 12 (https://neuro-jena.
github.io/cat/, expert-mode segmentation) in SPM12 to extract the brain while 
minimizing the potential presence of residual skull/meninges. The brain-extracted, 
denoised, and bias-field corrected MP2RAGE images were subsequently registered 
to the standard MNI152 brain (1mm) through a combination of linear and non-
linear warping using the AntsRegistration function in ANTs. For each participant, 
all the transformation matrices generated across the different registrations 
described above were applied to our study-specific LC mask in a unified step using 
the AntsApplyTransforms function in ANTs. Finally, the individual LC masks in the 
MNI space were averaged, and the resulting average LC mask in the MNI space 
was thresholded at 0.20 and binarized to be used in the tractography analyses.

Correlation tractography was performed in DSI studio software [28] (Version 
2021.12.03 “Chen”). Using DSI studio built-in functions, pre-processed diffusion-
weighted images were co-registered into a connectometry database in the 
MNI space to enable tractography using standardized anatomical coordinates, 
Quantitative anisotropy (QA) was extracted and used as the outcome variable in the 
correlational tractography analysis. QA is a measure of the density of anisotropic 
diffusing water and reduced QA is thought to reflect axonal injury and degeneration 
[29, 30]. QA takes into account the amount of anisotropic spins that diffuse along 
each principal diffusion direction and is therefore less sensitive to partial volume 
effects introduced by crossing fibers than fractional anisotropy [31]. The seeding 
regions used for the tractography analysis were the separate left and right MT-
TFL-based LC masks, registered to MNI space. The LC seed region? had a volume 
size of 25mm cubic for the right LC and 29mm cubic for the left LC (supplementary 
Figure 1B). The default T-score threshold of 2.5 was used for the deterministic fiber 
tracking algorithm [32] and tracts with a false discovery rate (FDR) value below 0.20 
are reported as recommended by DSI studio guidelines (https://dsi-studio.labsolver.
org/doc/gui_cx.html). The QA values were normalized so that the maximum QA of 
a subject is 1 and the tracts were filtered by topology-informed pruning [33] with 
4 iterations, with a minimum length threshold of 20 voxels. To estimate the FDR, a 
total of 4000 randomized permutations were applied.
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Statistical analyses

For the NODDI data, multiple linear regression models were constructed in R after 
extraction of NDI, ODI and MT-TFL intensity values. LC intensity was entered as the 
dependent variable, while age, sex, years of education, and apolipoprotein (APOE) 
ε4 allele presence were included as covariates with either NDI or ODI values as 
the independent variable of interest. These analyses were carried out bilaterally 
in the entire LC, as well as in three equidistant subsections of the LC along the 
rostrocaudal axis, as previously suggested [24]. These sections were created by 
dividing all slices both left and right LC into three contiguous parts and averaging 
the MT-TFL, NDI and ODI values obtained from the slices in these sections.

During correlational tractography, QA was correlated with an average of the 
median normalized LC intensity values in MT-TFL data, using a nonparametric 
Spearman partial correlation including age, years of education, APOE ε4 allele 
presence and sex as covariates.

RESULTS
Demographics
From the full dataset described in table 1, 11 participants were excluded from the 
final ROI-based analyses due to low quality of the LC mask registrations, resulting 
in a final sample size of 47. In DSI studio, 3 participants were removed due to 
corrupted data and/or poor registration to the standard space, resulting in a final 
set of 55 participants included for the correlational tractography analyses. 

NODDI results
Figure 1 displays the LC mask used in the NODDI analyses and 3D surface renders 
of the LC mask can be found in Supplementary Figure 1. We found no associations 
between MT-weighted signal and NDI (standardized β = -0.040, t(37)= -0.255, p = 
0.800) or ODI (standardized β = -0.140, t(37) = -0.932, p = 0.357) in the entire LC. 
Similarly, no associations were found for the left (NDI: standardized β = 0.010, t(37) 
= 0.100, p = 0.921; ODI: standardized β = 0.030, t(37) = 0.176, p = 0.861) and right 
(NDI: standardized β = 0.030, t(37) = 0.147, p = 0.884; ODI: standardized β = -0.180, 
t(37) = -1.168, p = 0.250) LC. While investigating three equidistant subsections of 
the left and right LC we again did not find any significant associations (Figure 2).
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Table 1. Sample demographics.

Whole sample NODDI sample Tractography sample
N 58 48 55
Age 59.52 ± 14.30 years 60.17 ± 13.70 years 59.40 ± 14.45 years
Sex 27 males (47%) 20 males (42%) 25 males (45%)
Education 14.43 ± 2.23 years 14.40 ± 2.17 years 14.38 ± 2.28 years
APOE ε4 12 (21%) 8 (17%) 11 (20%)
MT-TFL 0.15 ± 0.05 0.15 ± 0.03 0.15 ± 0.05
NDI 0.64 ± 0.09 0.63 ± 0.06 0.65 ± 0.09
ODI 0.09 ± 0.06 0.08 ± 0.03 0.09 ± 0.06

Note. Demographic details of the study sample. Numeric variables are expressed as mean 
± standard deviation, while categorical variables are expressed as frequency (percentage 
of N). The APOE ε4 variable represents the number of subjects with at least one APOE ε4 
allele, while MT-TFL, NDI and ODI values represent the average of the median intensity 
values in the entire bilateral LC. Using student’s T-test for numeric variables and chi-squared 
test for categorical variables, we found no significant differences between the NODDI and 
tractography samples for any of the variables (age: p = 0.784; sex: p = 0.925; education: p = 
0.960; APOE ε4 allele: p = 0.897, MT-TFL: p = 0.374; NDI: p = 0.337; ODI: p = 0.200)

Figure 1. Locus coeruleus mask used in NODDI analyses.

Note. Locus Coeruleus Mask is visualized in the blue ROI in the individual MT-TFL (top) and 
NDI map (bottom) images. Orientations are given on the edges of the images (A=anterior; 
I=inferior; L=left; P=posterior; R=right, S=superior).
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Figure 2. Associations between magnetization transfer-weighted signal intensity and neurite 
density index values.

Note. Interpretation of y-axes: NDI (0 = mostly extracellular diff usion, 1 = mostly intracellular 
diff usion; ODI (0 = strongly aligned neurites, 1 = highly dispersed neurites).
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Tractography results
Tractography results are visualized in Figure 3. For the left LC we found no 

associations between mean MT-TFL intensity and QA. For the right LC we found 

positive associations for the left and right dentatorubrothalamic tract, the superior 

cerebellar peduncle and the right reticular tract (FDR=0.167).

Figure 3. Associations between MT-weighted LC signal and QA in tracts originating from the LC.

Note. Tracts where quantitative anisotropy was associated with MT-weighted LC signal 
are visualized in 3D surfaces based on the MNI ICBM-152 brain template. Tracts showing a 
positive association between MT-weighted LC signal and QA are visualized in red and the left 
and right LC seeding regions are visualized in blue.
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DISCUSSION
The LC is one of the first brain regions involved in the early stages of the AD 

pathophysiological process and is characterized by volume loss as early as Braak 

stage a-c [3, 4, 6, 16, 34, 35]. While the MT-weighted LC signal has been established 

as a proxy for LC integrity [9, 11, 12], the microstructural correlates of the LC 

signal remain a topic of debate. Thus, in the present study, we aimed to elucidate 

the microstructural correlates of LC integrity measured in vivo, by probing the 

association between LC integrity and local measures of neurite density and 

arborization, while also investigating its association with axonal integrity of the 

LC projections. Here, we provide in vivo evidence suggesting that LC integrity is 

associated with the axonal integrity of LC projections, while local measures of 

neurite density and arborization in the LC itself do not appear to be associated. 

These results contribute to our understanding of the MT-TFL signal and associated 

microstructural characteristics of the LC, which may ultimately aid in developing 

intervention strategies in the earliest stages of LC deterioration.

We found no evidence for an association between LC integrity and NDI and 

ODI in the LC and its subsections in our cognitively normal subjects. This suggests 

that early LC degeneration may not be associated with reduced neurite density 

or arborization within the LC. Rather, our correlational tractography results 

suggest that the projections from the LC are affected in the early process of LC 

degeneration. Specifically, the loss of QA in these tracts indicates that lower LC 

integrity is associated with reduced axonal integrity in projections from the LC. 

These findings support previous evidence suggesting reduced integrity of tracts 

originating from the LC in early AD, during a time in life where LC cell death is less 

likely [7, 36]. This is in line with the previously reported selective vulnerability of 

LC axons to neurodegeneration. These axons are long, thin and poorly myelinated 

[37, 38], and may therefore be the first component of the LC system to falter in the 

presence of neuronal challenges, such as AD pathology. Finally, previous findings 

from our group report that elevated noradrenaline metabolites are associated 

with neurodegeneration in target sites of the LC at subthreshold levels of AD 

pathology, further suggesting an important role for LC projections in the early 

neurodegenerative processes of AD [39].

In particular, QA in the right reticular tract, left and right dentatorubrothalamic 

tracts as well as the superior cerebellar peduncles (SCP) show positive correlations 

with MT-weighted LC signal intensity. These tracts project not only from the 
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LC towards the thalamus, but also towards the cerebellum. They are part of a 

feedback-feedforward loop connecting the pons (including the locus coeruleus) 

to the cerebellum and from the cerebellum to the thalamus and cortex, from 

which connections return to the pons. Moreover, this cortico-ponto-cerebellar link 

serves a modulating role in cognition [40-44].

Specifically, the SCP are part of the principal white matter tracts that connect 

the cerebellum to the rest of the central nervous system. Moreover, they receive 

afferent noradrenergic projections from the LC and carry them towards the 

cerebellum [41]. Our finding showing that reduced LC integrity is associated with 

reduced structural integrity of the SCP is supported by previous work reporting 

reduced fractional anisotropy and increased mean diffusivity in the SCP in AD 

compared to healthy controls [45]. Additionally, the dentatorubrothalamic tract 

is a long tract connecting the cerebellar dentate nucleus to the thalamus [46]. 

The dentate nucleus is involved in memory processes, and altered functional 

connectivity between the dentate nucleus and cerebral regions has been reported 

in AD compared to healthy controls [47]. Finally, the reticular tract is part of 

the reticular activating system (RAS), which the LC also belongs to. The RAS has 

projections to the thalamus and cortex and is crucial in arousal and attention 

functions [48]. Indeed, arousal dysregulation and sleep-wake disturbances 

have been widely reported in the early phases of AD [49, 50], and LC integrity 

has previously been shown to be associated with nocturnal awakenings [24], 

suggesting that axonal degeneration of the reticular system may be involved in 

these behavioral symptoms.

Limitations and future directions
Our sample size in the NODDI analyses was reduced due to sub-par registrations 

of the LC mask in 11 participants. The LC is a small and difficult to image region, 

and to ensure robust analyses, we opted for strict quality assessments. Our 

sample size was moderate, which could account for some of the null-findings 

between neurite density and arborization and MT signal at the local LC level. 

Future research with larger cohorts is needed to  replicate these analyses and 

provide more definitive information.

Furthermore, DWI is inherently limited by its spatial resolution, warranting 

careful interpretation of this data. We do want to emphasize that we acquired 
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the data at 7T, allowing us to push the resolution to 1.25mm up from the typical 

2-3mm. Moreover, anatomical identification of the LC was facilitated by our unique 

dataset containing ultra-high-resolution MT-weighted data.

Finally, our sample only included healthy individuals and no impaired 

individuals. The inclusion of patients with varying degrees of AD would give us 

valuable insights into the microstructural properties of the LC in the different 

phases of AD, and may answer questions about how microstructural properties of 

the LC and its projections are affected in more severe stages of the disease.

Conclusions
In conclusion, in vivo MRI measures of LC integrity appear to be associated with 

integrity of LC projections, rather than local measures of arborization or neurite 

density in a cognitively normal population. These findings are important for early 

detection of changes in the LC and understanding the microstructural processes 

associated with these changes. Longitudinal research may investigate microstructural 

changes of the LC and its projections alongside changes in function and metabolism 

in order to gain a deeper understanding of the temporal ordering of these processes. 

In addition, future research will need to investigate whether these findings can be 

extended to patient populations with varying degrees of AD pathology. 
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SUPPLEMENTARY MATERIAL
Supplementary Figure 1. 3D Surface render of the LC mask used in NODDI analyses.

Note. The bilateral LC mask used in the NODDI analyses is displayed with the orientation 
visualized by the cube in the bottom left (S=superior (rostral); P=posterior (caudal); R=right). 
This 3D surface render was created with surfi ce software (https://www.nitrc.org/projects/
surfi ce/).
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ABSTRACT
Introduction: The brainstem locus coeruleus (LC) is one of the first brain 

regions to accumulate Alzheimer’s disease-related hyperphosphorylated tau 

pathology, making the integrity of the LC a promising early marker for Alzheimer’s 

disease. However, imaging the structural properties of the locus coeruleus in 

vivo is challenging, therefore we aim to compare three different approaches for 

delineating the LC in vivo.

Methods: The study sample consisted of 144 cognitively healthy participants 

ranging from 30-87 years old who underwent ultra high-resolution MRI scanning 

at 7T. T1-Weighted data were obtained along with a magnetization transfer 

turbo flash sequence sensitive to locus coeruleus-related contrast. We compared 

bilateral univariate- and multivariate-guided template-based segmentations as 

well as manual segmentations of the locus coeruleus.

Results: We found excellent reliability metrics for the univariate template 

approach, mixed reliability measures for the multivariate template, and notably 

worse reliability statistics for the manual approach. Using nonlinear mixed-effects 

models, we found higher LC intensity in the caudal part of the LC compared to the 

more rostral sections in the left univariate template approach and the bilateral 

manual approach, whereas we found the higher LC intensity towards the rostral 

sections in the multivariate approach. Finally, we found that in the left univariate 

template more rostral sections displayed lower intensity with higher age compared 

to other sections. Both the right univariate and right manual delineations show an 

inverted U-curve pattern for LC intensity with age for the caudal section compared 

to other sections.

Discussion: We conclude that univariate, study-specific template approaches are 

likely an accurate tool for in vivo LC delineation. A complete manual approach 

is the less desired method if refined and accurate template approaches are an 

available alternative.
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INTRODUCTION
The brainstem locus coeruleus (LC) has widespread noradrenergic connections 

to the entire brain, supporting its modulating role in cognition and arousal [1, 2]. 

It is one of the first brain regions to accumulate Alzheimer’s disease (AD)-related 

hyperphosphorylated tau early in life [3, 4], and although this tau accumulation 

does not necessarily lead to LC cell death in the initial stages of the disease, post-

mortem studies have shown that tau buildup is associated with morphological 

changes that manifest as LC volume loss as early as Braak stage 0 [5]. These 

observations have inspired a push for in vivo MRI studies of the LC to obtain an 

early marker of AD-related processes.

Investigating the LC in vivo is challenging due to its size and location. The LC 

is a small nucleus in the brainstem consisting of approximately 75,000 neurons 

in healthy individuals, a large portion of which are noradrenergic neuromelanin 

cells [6, 7]. It is bilaterally positioned along the length of the pons, bordering the 

medial edge of the fourth ventricle, and is on average approximately 2.5mm thick 

and 14.5mm in length [8]. Recent developments in ultra-high field MRI by our 

group now provide detailed structural images of the LC in vivo using the contrast 

provided by the magnetization transfer turbo flash (MT-TFL) sequence [9, 10]. The 

biological source driving this contrast is still unclear, but is thought to be related, 

directly or indirectly, to neuromelanin cell density. Indirect contributions may be 

related to iron or possibly also tau-related inclusion [11]. 

Varying biological contributions to this contrast during life may explain the 

different age-relationships with MRI signal intensity reported in various in vivo 

MRI LC studies. Using 7T MRI and following a template-based approach, Jacobs 

and colleagues reported an age-related inverted-U curve with LC intensity across 

the entire LC [11]. Furthermore, using a template-based approach at 3T, Liu and 

colleagues reported an age-related inverted-U curve with rostral LC intensity, and 

an overall larger variance of LC signal intensity in older compared to younger 

adults (N=708, age range: 18-88) [12]. However, using the 7T MT-TFL sequence and 

a template-based method to identify the LC, Ye et al. (2021) reported the highest 

signal intensity in the rostral and middle sections of the LC, but they did not detect an 

association between age and signal intensity (n=56, age range: 52-84) [13]. Similarly, 

Betts et al. (2017) also observed the highest LC signal intensity in the rostral section 

of the LC but, contradictory to Liu and colleagues, they found an age-related LC 

signal increase when investigating maximum, but not median LC signal intensity 
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[14]. Finally, a manual LC delineation approach was applied to 3T MRI data by Shibata 

and colleagues (2006), who reported age-related inverted-U curve patterns with 

intensity in the entire LC [15]. Altogether, these findings highlight the heterogenous 

and region-specific nature of age-related changes in the LC. It remains unknown, 

however, to what extent these discrepancies may be due to different segmentation 

methods of the LC, restricted age-ranges, and/or sample sizes. 

To better understand the impact of various methodologies in defining the 

LC and its age-relationships, we compared three different methods of delineating 

the LC in vivo across the entire adult lifespan using dedicated high-resolution 7T 

imaging.  We compared manual bilateral delineation of the LC, 2univariate-, and 

multivariate-guided template-based segmentations of the LC.

METHODS
Participants 
We included 144 cognitively unimpaired participants across the adult lifespan 

recruited in the South-East region of the Netherlands (age range: 30-87). Exclusion 

criteria were MRI contraindications, major neurological disease, clinical diagnoses 

of neurodegenerative disorders, transient ischemic attack or stroke, current or 

past presence of severe psychiatric disorders, and alcohol or drug abuse. All 

participants provided informed consent and protocols were approved by the local 

Medical Ethics Committee of the Maastricht University Medical Center.

Imaging equipment and acquisition
Imaging data were acquired using a MAGNETOM 7.0T whole-body MR system 

release 2.0 (Siemens Healthineers, Erlangen, Germany) with a 32-channel head 

coil (Nova Medical, Wilmington, MA, USA). Dielectric pads were positioned at the 

temples during scanning to improve signal around the temporal areas. Whole-

brain structural T1-weighted data were acquired in sagittal orientation using 

a Magnetization Prepared 2 Rapid Acquisition Gradient Echoes (MP2RAGE) 

sequence [16] for whole brain imaging (TR=5000 ms, TE=2.47 ms, flip angle=5°/3°, 

voxel size=0.7mm isotropic, number of slices=280).

An in-house developed MT-TFL sequence sensitive to LC contrast [9] was 

performed to image the LC at high resolution. The sequence consisted of a multi-

shot 3D readout (TR=538 ms, TE=4.08, flip angle=8°, voxel size=0.4×0.4×0.5 mm3, 
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number of slices=60) with center-out k-space sampling, preceded by 20 long off-

resonant Gaussian sinc pulses. The field of view for the MT-TFL sequence was 

placed approximately perpendicular to the pons, covering an area between the 

inferior colliculus and the caudal border of the pons. A matched TFL sequence but 

with the MT pulses turned off (MT-off) was also acquired. 

Template construction and other LC delineation 
methods

Univariate template

A univariate method for constructing an MT-weighted template was created using 

the buildtemplateparallel function from the ANTs software package [17]. This method 

minimizes the number of interpolations performed during template construction 

and builds the template in a single step using only the MT-TFL images. Processing 

steps include the creation of an initial template built using a single rigid registration 

which forms the reference template for a more advanced diffeomorphic template 

creation process using the greedy SyN method with 30,000 iterations (30 coarse x 

50 middle x 20 fine). This univariate template exists in a template-specific space, and 

data were N4 bias-corrected using the N4BiasFieldCorrection function. 

Multivariate template

The multivariate template approach involves a series of registrations using 

the antsRegistration and antsApplyTransforms functions. In the following order, 

the template construction steps consisted of an initial rigid alignment of the 

individual MT-TFL images, followed by N4 bias correction of all images using the 

N4BiasFieldCorrection function. Subsequently, a linear registration of the individual 

MT-off images to the corresponding aligned MT-TFL images was performed. This 

was followed by a linear registration of the MT-off image to the corresponding 

skull-stripped T1 image (FreeSurfer V6.0) [18]. Next, a diffeomorphic T1-based 

template was created with the antsMultivariateTemplateConstruction2 function 

using the greedy SyN method with 7 million iterations (100x70 coarse x 50 middle 

x 20 fine), and the resulting template was then registered to the MNI152 space 

using a greedy SyN transformation. All warp files created during this entire process 

were then used to warp the individual MT-TFL images into MNI152 space in one 

unified step. An average of these images was then generated using the FSL 6.0 

[19] fslmaths function to obtain the final template. This approach is similar to the 
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method described by Ye et al. (2021) [13]. On both the multivariate and univariate 

templates, four independent LC raters outlined the LC manually (RWEvH, MVE, 

JMR & HILJ) and all voxels that showed unanimous overlap comprised the final 

bilateral LC mask for each respective template.

Validation of univariate and multivariate templates

For the purpose of validating the template methods, our data was separated into 

a training and validation set, and a participant could only be present in one set. 

The split was set 70% for the training set and 30% for the validation set with similar 

age distributions across both sets. Our final template from the training data was 

warped to the individual MT-weighted images by using an affine registration, and 

we then applied the resulting transform file to warp the template LC mask to the 

individual native space for each subject in the validation training set. Subsequently, 

we extracted the intensity values of the left and right LC and compared the 

patterns of the intensity values across age and across the length of the LC with 

those obtained in our training data.

Manual delineation

We also performed manual delineation of the LC in all individual MT-TFL images. 

Using fslview software, all MT-TFL data were examined and the left and right LC were 

outlined for each participant (RWEvH). Delineations were based on image intensity 

and previously established anatomy of the LC [14]. Brightness and contrast settings in 

fslview were set for each individual image to obtain the optimal identification of the LC. 

This process was done twice in random order with 4 weeks in between delineations to 

reduce temporal effects and obtain an unbiased identification of the LC. The average 

intensity between the two rating sessions was used for further analyses.

LC intensity extraction
Using MATLAB R2017b software [20], we extracted median MT-TFL intensity values 

from each slice of the LC mask and these were subsequently exported to R version 

4.0.4. (https://www.r-project.org/). Using the FSL 6.0 fslstats function, we also extracted 

the mean intensity of 10x10 voxel reference regions in the left and right side of the 

pontine tegmentum (PT) from each participant to normalize the intensity values. 

Final LC intensity was calculated in R for each hemisphere by dividing the LC intensity 

by the PT intensity, using the PT reference region matching the hemisphere of the 
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respective LC. For the template approaches, we visually evaluated the accuracy of 

the template-based LC mask at the individual level. The mask placement was visually 

compared to where the LC was visible in the individual MT-TFL scan and overlap 

was rated on a 1 (no overlap) to 5 (perfect overlap) scale (RWEvH). In addition, for 

visualization purposes in the template methodologies, we performed vertex-wise 

analyses associating age to LC intensity adjusting for sex, using R and FSL.

Statistical analyses
Linear and nonlinear mixed-effects models were constructed in R after extraction 

of intensity values. Linear and nonlinear model fits were compared, such that 

only the model with the best (lowest) Akaike information criterion is reported. In 

these models, LC intensity was entered as the dependent variable, quadratic fixed 

effects were age, slice number, and the interaction between age and slice number, 

while sex was included as a linear fixed effect. Additionally, we included a random 

intercept and slope (slice number) for each participant. Inter-rater reliability of 

the different approaches was calculated using a two-way agreement intraclass 

correlation coefficient (ICC) in R. In addition to the ICC, an in-house shell script 

was used to calculate the Dice similarity coefficient (DSC) as a measure of spatial 

overlap between delineations. 

RESULTS
Demographics
One participant was excluded due to misplacement of the multivariate mask resulting 

in zero-value voxels, resulting in a sample of n=99 for the training set.  There was 

no age difference between the training (mean=62, range 30-87 years) and validation 

sets (mean=62, range 31-82 years) sets (Student’s t=-0.304, p=0.761) (Supplementary 

Figure 1). Additionally, no sex differences were found between the training set (50 

men and 49 women) and validation set (22 men and 22 women) (χ2=0.003, p=0.956).

Reliability

Template mask accuracy

For a visualization of the LC delineations in the univariate and multivariate template 

space, see Figure 1. Additionally, 3D surface renders of all methodologies are 

provided in Supplementary Figure 2. In the univariate template, 16 LC masks were 
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not aligned with the visible location of the LC (rating of 1), while 13 masks (including 

the aforementioned exclusion) did not align in the multivariate template. We found 

that lower accuracy ratings were related with older age in the multivariate template 

(unstandardized β=-0.022, t=-2.283, p=0.025), and a trend-level age-relationship for 

accuracy of the univariate template method (unstandardized β=-0.020, t=-1.934, 

p=0.056). Note that the manual approach covers more slices than the template 

methodologies. This is because the LC delineation in the template methodologies 

represents a template-based “common” morphology of the LC across all scans (based 

on unanimous agreement between 4 raters), while the manual delineation refl ects 

the entire span of individual variations in observed LC morphology. The univariate 

template covers up to 11 slices (5.5mm), and the multivariate template covers up to 9 

slices(4.5mm), while the longest manual delineation covers 27 slices (13.5mm).

Figure 1. Univariate and multivariate templates.

Note. The univariate (left) and multivariate (right) templates based on the MT-TFL images in.
The bilateral locus coeruleus mask is marked in yellow in the sagittal (top), coronal (middle) 
and axial (bottom) views. Note that the slices displayed in this fi gure do not capture the 
entirety of the locus coeruleus mask. Orientation markers are A: Anterior; I: Inferior; L: Left; 
R: Right; P: Posterior; S: Superior.
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ICC

Agreement between different raters in the univariate and multivariate template 

delineations, as measured by ICC, is 0.963 for the left univariate template, 0.972 

for  the right univariate template, 0.949 for the left multivariate template and 0.926 

for the right multivariate template, all of which can be considered an excellent 

agreement [21]. For the manual method, the ICC between the two rating sessions 

was 0.781 for the left delineation and 0.847 for the right delineation, both of which 

can be considered a good agreement (Figure 2).

Dice similarity coefficient

The average DSC measuring the voxel-wise overlap between LC masks of different 

raters for the univariate method was 0.691 for the left univariate delineation and 

0.658 for the right univariate delineation, signaling a substantial agreement for both 

delineations [22]. For the multivariate method, the average DSC was 0.329 for the 

left multivariate delineation and 0.410 for the right multivariate delineation which 

represents a fair agreement for the left delineation and a moderate agreement for 

the right delineation. Matrices describing the DSC between all raters can be found 

in supplementary table 1. The DSC for the two manual delineation sessions of the 

LC was 0.341 for the left LC and 0.371 for the right LC, signaling fair agreement in 

both cases (Figure 2). 
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Figure 2. Distributions of mean LC intensities for each of the diff erent delineation methods.

Note. Violin plots displaying the distributions of mean LC intensities for each of the diff erent 
delineation methods. The intensity-normalized LC values are displayed on the y-axis, while 
diff erent raters or rating sessions are displayed on the x-axes. Abbreviations: DSC: Dice 
Similarity Coeffi  cient; ICC: Intraclass Correlation Coeffi  cient; LC: Locus Coeruleus.
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Intensity across slices
In all cases, nonlinear models provided a better fit and therefore only nonlinear 

models are presented. The association between LC slice number (higher number 

means a more rostral-directed position) and intensity is visualized for each of the 

delineation methods in Figure 3. Higher LC intensity was associated with a more 

caudal slice position in the left univariate template delineation (standardized 

β= -0.011, t=-3.410, p<0.001) and both manual delineations (left: standardized 

β= -0.161, t=-4.901, p<0.001; right: standardized β= -0.108, t=-2.898, p=0.004). 

Both multivariate delineations showed higher LC intensity was associated with 

a more rostral slice position (left: standardized β= 0.013, t=6.659, p<0.001; right: 

standardized β=  0.033, t=3.143, p=0.002). No significant associations were found 

for the right univariate delineation (standardized β=-0.137, t=0.840, p=0.401) 

Slice-wise associations between age and LC intensity
In all cases, nonlinear models provided a better fit and thus only nonlinear models 

are presented. Slice-wise associations between age and LC intensity are displayed 

in Figure 4. Separate regression lines for three equidistant sections of the LC 

are drawn for visualization purposes, however slice number was entered as a 

continuous variable in the mixed model analyses. In the left univariate delineation, 

we observed that more rostral sections displayed lower intensity with higher age 

compared to the other sections (standardized β=0.009, t=-3.628, p<0.001). Both 

the right univariate (standardized β=0.047, t=3.054 , p=0.002) and right manual 

(standardized β=0.003, t=4.432, p<0.001) delineations showed an inverted-U 

curve pattern for LC intensity with age for the caudal section compared to the 

other sections. No significant interactions were found for the other delineations 

(left multivariate standardized β=0.001, t=-0.293, p=0.769; right multivariate 

standardized β=0.017, t=0.780, p=0.435; left manual standardized β=0.039, t=-

1.296, p=0.195).
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Figure 3. Slice-wise patterns in distribution of locus coeruleus intensities.

Note. The x-axes represent slice position, where the most caudal slice is the leftmost column 
of data and the most rostral slice is on the right side of the graph. Y-axes represent normalized 
intensity. Points represent the median locus coeruleus intensity of a single participant in that 
slice. Note that due to individualized locus coeruleus masks, the number of datapoints may 
diff er signifi cantly per slice in the manual methodology. Caudal and rostral extremes tend 
to have fewer datapoints than the central sections. The blue line is a non-linear regression 
fi t, where locus coeruleus intensity is predicted by slice position. Slices are not numbered 
as the slice numbers are not directly comparable between the diff erent methodologies. 
Abbreviations: LC: Locus coeruleus.
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Figure 4. Slice-wise associations between age and locus coeruleus intensity.

Note. X-axes represent age in years, while the y-axes represent normalized locus coeruleus 
intensity. The locus coeruleus has been divided in three equidistant sections for the purpose 
of visualizing the interaction between slice number and age on intensity. Analyses were 
carried out with a continuous slice number variable. Abbreviations: LC: Locus coeruleus.
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Validation of univariate method
Given that we observed the highest reliability metrics in the univariate method 

compared to the other methodologies, we applied the univariate template to the 

independent validation dataset previously described.

Intensity across slices in the validation dataset

Nonlinear models provided a better fi t and are thus presented. The associations 

between LC slice and intensity are visualized in Figure 5. Higher LC intensity was 

associated with a more rostral slice position in the right delineation (standardized 

β= 0.028, t=6.787, p<0.001) but no association was observed in the left delineation 

(standardized β= 0.136, t=1.193, p=0.467). 

Figure 5. Slice-wise patterns in distribution of locus coeruleus intensities in the validation 
dataset.

Note. The x-axes represent slice position, where the most caudal slice is the leftmost 
column of data and the most rostral slice is on the right side of the graph. Y-axes represent 
normalized locus coeruleus intensity. Points represent the median locus coeruleus intensity 
of a single participant in that slice. Abbreviations: LC: Locus coeruleus.
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Slice-wise associations between age and LC intensity in the validation 
dataset

Slice-wise associations between age and LC intensity are displayed in Figure 

6. No associations between slice position and age were detected for the left 

(standardized β=0.106, t=1.403, p=0.161) or right LC (standardized β=0.037, t=-

1.749, p=0.081), though the right LC intensity shows a trend-level inverted-U curve 

with age in the rostral LC compared to other sections.

Figure 6. Slice-wise associations between age and locus coeruleus intensity in the validation 
dataset.

Note. Age is displayed on the x-axes and normalized locus coeruleus intensity is displayed 
on the y-axes. The template-space locus coeruleus mask from the training set was warped 
to the individual images in the validation set, resulting in minor variations in the quantity 
of native-space slices included in the masks. This is represented in the regression lines and 
confidence intervals of unequal length. Abbreviations: LC: Locus coeruleus.
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DISCUSSION
Imaging the LC is a promising marker for early detection of AD [3-5], however 

there are still substantial challenges in accurately and consistently identifying the 

anatomy of the LC in vivo. Such challenges include the small size of the LC and 

confounding factors related to motion of physiology due to the LC’s proximity 

to major blood vessels. These factors complicate the consistent identification of 

the LC at the individual level, as illustrated by the varying levels of image clarity 

and LC signal quality. Previous studies have attempted to investigate the LC in 

vivo using a range of different approaches, such as univariate and multivariate 

template-based algorithms [12, 14] and manual delineations of the LC [15, 23]. 

However the lack of a standard has made it difficult to compare and interpret 

potentially conflicting findings. Here, we aimed to compare several approaches to 

understand their similarities and differences in LC intensity and their relationship 

to age. Establishing this method-dependent variability in LC intensity constitutes 

a critical step for studies focusing on the LC in aging and neurodegenerative 

disorders using a specific approach.  

In terms of reliability, we found excellent reliability metrics for the univariate 

template approach and mixed reliability measures for the multivariate template 

approach. By contrast, we found notably worse reliability statistics for the manual 

approach. The reliability measures, particularly in the univariate template and to a 

lesser degree in the multivariate template, suggest that the LC signal in template-

based approaches is less sensitive to inter-rater variability as compared to the 

manual approach. Despite this, it should be noted that the template methods 

do suffer from individual cases of bad registrations (16% for univariate and 13% 

for multivariate template). Poor registrations are potentially exacerbated when 

including older participants, which is a concern especially for LC studies in the 

context of aging and dementia.

Furthermore, we found higher signal intensity towards the more middle and 

caudally positioned sections of the LC in the left univariate template and bilateral 

manual methods, which is consistent with post-mortem data reporting higher 

neuromelanin cell counts in the caudal compared to the more rostral sections of 

the LC  [24]. The reason for the lack of an association between LC slice position and 

signal intensity in the right univariate template is unclear, however hemispheric 

asymmetry of LC contrast has been previously reported [25] and requires more 

detailed investigation in future studies. Conversely, in the bilateral multivariate 
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template, we found a higher signal intensity as the slice position gets more rostral. 

This is possibly due to the diffuse anatomical organization of the caudal LC, making 

it difficult to accurately image the caudal portion of the LC [26]. Supporting this, 

a previous study which utilized a multivariate template method reported a lower 

degree of spatial agreement of slice-wise peak intensity voxels across subjects in 

the caudal section of the LC compared to the other sections [13]. This means that 

more caution in interpreting the caudal LC values is warranted.

In addition, we were able to confirm a predominantly rostral negative 

association between age and LC intensity in the left univariate template 

methodology, corroborating patterns previously described in post-mortem data 

[27]. Additionally, in the right univariate template and right manual approaches, we 

found that the caudal section shows an inverted-U curve age-related association 

compared to the other sections. Post-mortem studies and recent MRI studies also 

reported greater neuromelanin cell density or LC intensity, respectively, during 

midlife, while at older ages neuromelanin cell density or LC intensity was lower 

[15, 28]. The lack of significant associations between age and LC intensity across 

the rostrocaudal axis in the multivariate approach as well as the left manual 

approach may be related to the relatively low DSC metrics for these methods, 

indicating that inter-rater agreement on LC mask is difficult to achieve, which in 

turn also makes division of the LC into rostral, middle and caudal sections less 

reliable and consistent.

Finally, we were not able to replicate the univariate results in the independent 

dataset. This may be due to inherent small interpolation-induced inaccuracies that 

result from warping the template image to independent native-space images. It 

is likely that the creation of a study-specific template with a minimal number of 

interpolation steps may be the best approach to a template-based method.

There are several limitations to the present study. First, our findings 

underscore the need to further optimize algorithms to increase the accuracy of 

image alignment in template approaches. One participant was removed due to 

complete misalignment of the LC mask resulting in zero-values in the multivariate 

method, but upon visual inspection, we identified more cases in both template 

approaches where the mask did not seem to provide a great fit. The severity of 

misaligned data may be exacerbated when applying the template building process 

to a highly heterogenous sample, such as the sample in the present study. These 

misalignments can impact further analyses and argue for validating findings 
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through several methods. Powerful computing units, such as clusters, may be 

used to increase the number of iterations in the template creation process and 

thus potentially increase registration accuracy. This has the additional benefit of 

reducing processing times, providing a more feasible time frame for researchers 

to analyze data and optimize the template creation process as needed. 

Furthermore, many factors, such as lighting conditions, monitor settings, 

image viewing software settings, and rater bias may influence the outcome of 

manual delineations, especially when image quality is relatively low. The latter 

is especially problematic when investigating populations that are more likely to 

move in the scanner, such as older populations or patient populations. Future 

studies should aim to standardize the protocol of segmentation of the LC and 

should investigate the value of applying motion correction to structural images of 

the LC. Furthermore, ratings from multiple independent raters may reduce biases 

in manual delineation.

Finally, we did not explore machine-learning based or automated threshold-

based methods to identify voxels of the LC. These approaches have been previously 

described and may provide a rather unbiased method of LC delineation [29, 30]. 

Therefore, a direct comparison in terms of reliability and validity to template-

based and manual approaches would be informative.

Overall, our work provides recommendations for future studies investigating 

the LC in vivo using structural MRI. Based on our findings, we conclude that the 

univariate, study-specific template approaches are likely an accurate tool for in-

vivo LC delineation, as illustrated by their high reliability metrics. However, we want 

to signal caution in using template approaches and highlight the need to check the 

accuracy of LC masks at the individual level, especially when the data contains 

older participants. Finally, the low reliability of manual delineation and the high 

operator-dependency indicate that a complete manual approach may constitute 

the less desired method when refined and accurate template approaches are an 

available alternative. 
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SUPPLEMENTARY MATERIAL
Supplementary figure 1.  Age and sex distributions in the training and validation datasets.
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Supplementary figure 2. Surfaces of the locus coeruleus delineations in the different 
methodologies. 

Note. The central cube displays the orientation of the locus coeruleus surfaces (S = superior 
(rostral), P= posterior (dorsal), R = Right). The colored overlay represents t-values of the 
age variable resulting from vertex-wise regression of locus coeruleus intensity against age, 
adjusted for sex in the univariate (A) and multivariate (B) template methodologies. Note 
that there were no significant age-relationships with locus coeruleus intensity. Since the 
locus coeruleus masks are different for each manual delineation, vertex-wise analysis was 
not possible for this methodology and three representative masks for different ages are 
displayed instead (C). Surfaces were rendered using surfice software.
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Supplementary table 1. Dice similarity metrics for the template approaches between all 
raters.

Univariate
Left

Rater 1 Rater 2 Rater 3 Rater 4
Rater 1 1 0.694 0.735 0.766
Rater 2 0.694 1 0.554 0.615
Rater 3 0.735 0.554 1 0.779
Rater 4 0.766 0.615 0.779 1
Average: 0.691

Right
Rater 1 Rater 2 Rater 3 Rater 4

Rater 1 1 0.741 0.637 0.719
Rater 2 0.741 1 0.495 0.649
Rater 3 0.637 0.495 1 0.703
Rater 4 0.719 0.649 0.703 1
Average: 0.658

Multivariate
Left

Rater 1 Rater 2 Rater 3 Rater 4
Rater 1 1 0.220 0.213 0.212
Rater 2 0.220 1 0.290 0.711
Rater 3 0.213 0.290 1 0.325
Rater 4 0.212 0.711 0.325 1
Average: 0.329

Right
Rater 1 Rater 2 Rater 3 Rater 4

Rater 1 1 0.331 0.369 0.285
Rater 2 0.331 1 0.387 0.690
Rater 3 0.369 0.387 1 0.393
Rater 4 0.285 0.690 0.393 1
Average: 0.410
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ABSTRACT
Background: The brainstem locus coeruleus (LC) constitutes the intersection of 

the initial pathophysiological processes of Alzheimer’s disease (AD) and sleep-

wake dysregulation in the preclinical stages of the disease. However, the interplay 

between in vivo assessment of LC degeneration and AD-related sleep alterations 

remains unknown. Here, we sought to investigate whether MRI-assessed LC 

structural integrity relates to subjective sleep-wake measures in the context of AD 

plasma biomarkers, in cognitively unimpaired older individuals.

Methods: Seventy-two cognitively unimpaired older individuals aged 50–85 years 

(mean age = 65.2 ± 8.2 years, 37 women, 21 APOE ε4 carriers) underwent high-

resolution imaging of the LC at 7 Tesla, and LC structural integrity was quantified 

using a data-driven approach. Reports on habitual sleep quality and nocturnal 

awakenings were collected using sleep questionnaires. Plasma levels of total tau, 

p-tau181, Aβ40, and Aβ42 were measured using single-molecule array technology.

Results: Intensity-based cluster analyses indicated two distinct LC segments, with 

one covering the middle-to-caudal LC and displaying lower intensity compared 

to the middle-to-rostral cluster (t70 = −5.12, p < 0.0001). After correction for age, 

sex, depression, and  APOE  status, lower MRI signal intensity within the middle-

to-caudal LC was associated with a higher number of self-reported nocturnal 

awakenings (F1,63  = 6.73,  pFDR  = 0.03). Furthermore, this association was mostly 

evident in individuals with elevated levels of total tau in the plasma (F1,61 = 4.26, p = 

0.04).

Conclusion: Our findings provide in vivo evidence that worse LC structural 

integrity is associated with more frequent nocturnal awakenings in the context 

of neurodegeneration, in cognitively unimpaired older individuals. These results 

support the critical role of the LC for sleep-wake regulation in the preclinical stages 

of AD and hold promises for the identification of at-risk populations for preventive 

interventions.
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BACKGROUND
In the worldwide effort to identify leverage points to delay the onset of Alzheimer’s 

disease (AD), sleep has emerged as a potent modifiable factor to slow down the 

characteristic pathophysiological processes of the disease, i.e., the accumulation 

of amyloid-beta (Aβ) and tau proteins, together with neurodegeneration [1]. Two 

recent meta-analyses of, respectively, 27 observational and 18 longitudinal studies 

reported that individuals with sleep-related issues are at a ~1.5 times increased 

risk of developing AD and that an estimated 15% of AD in the population may be 

linked to treatable sleep problems [2, 3].

One of the critical brain regions involved in both initial AD pathogenesis 

and sleep-wake regulation is a small nucleus located in the brainstem: the locus 

coeruleus (LC). Landmark post-mortem studies have demonstrated that the LC is 

among the first sites of tau pathology [4], starting as early as age thirty [5]. As part 

of the complex ascending arousal system, the LC regulates wakefulness periods, 

arousal, and various cognitive processes, by supplying norepinephrine to the entire 

cortex [6]. During a typical sleep cycle, LC neurons become progressively silent, 

which ensures overall consolidation of the sleep period and normal transitions 

across sleep stages [7], while its activity underlies sleep-to-wake transitions [8, 9].

In animal studies, chronic sleep disruption of 3 days a week during 1 month 

was enough to induce long-lasting alterations in LC neurons morphology (i.e., 

reductions in neuronal count and axonal projections) [10, 11] and to promote tau 

accumulation in the LC [12]. In humans, significant degeneration of wake-promoting 

LC neurons concomitant with increased tau protein burden was reported at 

histological investigation of AD brains, which was suggested to contribute to the 

disrupted sleep-wake pattern commonly experienced by those patients [13, 14]. 

However, no direct assessments of sleep-wake measures were available in these 

post-mortem studies, leaving important questions on the interplay between LC 

alterations, sleep-wake patterns, and AD-related pathophysiological processes 

unanswered. As both sleep-wake disruption and LC pathologic processes can be 

detected as early as in the 5th or 6th decade of life [15, 16], addressing these 

gaps in cognitively unimpaired older individuals may provide new insights into the 

pathological processes in the earliest stages of AD.

To our knowledge, no studies have directly related in vivo LC measures to sleep-

wake variables, most likely because it is challenging to image this brain nucleus, due to 

its deep location in the brainstem and its small size (~15 mm long and 2 × 2 mm thick). 
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However, the development of novel MRI methods has enabled in-depth assessment 

of its properties in vivo [17]. Here, we used state-of-the-art methods in ultra-high field 

neuroimaging to investigate LC structural integrity in vivo in a cohort of cognitively 

unimpaired older individuals and to relate it to participants’ subjective evaluations 

of sleep quality and nocturnal awakenings. In addition, we sought to examine 

interactive effects with early AD-related pathophysiological processes, as measured 

with recently developed blood-based biomarkers, in order to evaluate LC integrity as 

a potential early marker for individuals with AD-related sleep disturbances.

MATERIALS AND METHODS
Participants
Seventy-two cognitively unimpaired older individuals aged 50–85 years (mean age = 

65.2 ± 8.2 years, 37 women) were recruited to participate in this study (Table 1). The 

main exclusion criteria were contraindications for ultra-high field neuroimaging, 

performance on key cognitive tests 2 standard deviations below the mean (according 

to normative data corrected for age, sex, and education), past or present psychiatric 

or neurological disorders, major vascular disorders, left-handedness, use of drugs 

or psychoactive medication, and excessive alcohol consumption (> 15 units/week).

Table 1.  Sample characteristics (mean ± SD).

  N = 72

Age (years) 65.2 ± 8.2

Sex (N) 37F/35M

Ethnicity Caucasian

Right-handed (N, %) 72 (100)

Body mass index (kg/m2) 25.5 ± 4.0

MMSE (score) 28.9 ± 1.2

APOE ε4 carriers (N, %) 21 (29)

Total tau (pg/ml) 2.5 ± 0.7

P-tau181 (pg/ml) 1.7 ± 0.5

Aβ40 (pg/ml) 228.9 ± 33.6

Aβ42 (pg/ml) 12.1 ± 2.3

Subjective sleep quality (total GSQS score) 3.3 ± 3.6

Nocturnal awakenings (self-reports) 1.8 ± 1.2
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7T MRI acquisition and pre-processing
All participants underwent high-resolution imaging of the brainstem on a 7T 

Magnetom Siemens scanner (Siemens Healthineers, Erlangen, Germany) using a 

magnetization transfer-weighted turbo flash (MT-TFL) sequence particularly sensitive 

to LC-related contrast [18, 19], with a field-of-view placed perpendicular to the pons 

and covering the area between the inferior colliculus and the inferior border of the 

pons. Importantly, the LC-related MRI signal obtained with this sequence has been 

established to reflect LC neuronal and fiber projection density [20].

Our 7T LC MRI pre-processing pipeline is summarized in Supplementary 

Figure 1, and details are available in the Supplementary Methods. In brief, intensity-

normalized images were obtained by dividing individual MT-TFL images by the 

subject-specific mean intensity of a 10 × 10 voxel region-of-interest located in the 

pontine tegmentum (PT). Next, a study-specific template was built based on all 

individual intensity-normalized MT-TFL images. The LC was manually delineated on 

the resulting template in the common space, based on voxel intensities and the 

known LC anatomy. This LC mask was then applied on each intensity- and spatially 

normalized individual image on a per hemisphere basis as previously described 

[18, 21], to extract MRI signal values for subsequent cluster analyses. As in previous 

work [22], intensity in the PT region served as control in post hoc analyses.

LC MRI signal cluster analysis
Cluster analyses were performed to identify sub-portions within the LC structure 

in a data-driven manner. We first determined the optimal number of clusters 

using ‘evalcluster’ function implemented in MATLAB2017b (The Mathworks Inc., 

Natick, MA, USA) based on the Calinski-Harabasz criterion. The optimal solution 

was then used as a prior to run a K-means algorithm (‘kmeans’ function in 

MATLAB, Euclidean distance, 100 iterations) on median MRI signal intensity within 

each slice of the LC mask, separately for left and right hemisphere. Median MRI 

signal intensity values in each identified cluster constituted our primary measures 

of interest and were computed for left and right LC and also averaged over both 

hemispheres. Consistent with previous work [16, 21], we also computed additional 

LC metrics to conduct post hoc sensitivity analyses, including the mean and peak 

intensity in each cluster, and mean MRI signal intensity in three manually defined 

equidistant sections of the LC.
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Subjective sleep quality assessment
Sleep quality was investigated through participants’ self-reports on the quality 

of their sleep during a representative night, using the Groningen Sleep Quality 

Scale (GSQS) [23]. The GSQS is a sleep quality questionnaire widely used in the 

Netherlands, which comprises 15 dichotomous (yes/no) items related to different 

dimensions of sleep throughout a habitual night (i.e., sleep latency, sleep 

duration, feeling of restlessness, etc.). The GSQS scores strongly correlate with the 

Pittsburgh Sleep Quality Index, another subjective sleep quality scale traditionally 

used by sleep researchers (unpublished data, n = 61 cognitively unimpaired older 

individuals, r = 0.79). Subjective sleep quality was computed as the sum of the 

scores to each GSQS item, with a higher score reflecting an overall worse sleep 

quality. An additional item was used to measure the habitual number of self-

reported nocturnal awakenings (‘I wake up on average _ times during the night’).

Alzheimer’s disease blood-based biomarker assessment
EDTA plasma samples were obtained through venipuncture (fasted). Samples 

were centrifuged at 2000 × g, aliquoted in polypropylene tubes, and stored at 

−80°C in our biobank within 60 min of collection. Plasma was analyzed using ultra-

sensitive single-molecule array technology of the automated Simoa HD-1 analyzer 

with the Simoa Human Neurology 3-Plex A assay kit (Quanterix, Lexington, KY, 

USA) that simultaneously measures plasma concentrations of Aβ40, Aβ42, and 

total tau. Analyses were performed in duplicates (mean % coefficient of variation 

[%CV]: Aβ40 3.8%CV, Aβ42 4.1%CV, total tau 6.7%CV) using a 1:4 automated 

dilution protocol. The levels of tau phosphorylated at threonine 181 (p-tau181) 

were measured using the Simoa Human tau immunoassay kits on the Simoa HD-1 

Analyzer (7.1%CV). APOE genotyping was further performed using polymerase 

chain reaction based on blood sample DNA extraction. Participants’ APOE status 

was defined as ‘ε4 carrier’ if they carry at least one ε4 allele.

Statistical analysis
Statistical analyses were conducted in SAS 9.4 (SAS Institute, NC, USA) using 

generalized linear mixed model (GLMM). Prior to model fitting, the distribution 

of the dependent variable in each GLMM was determined in MATLAB2017b, and 

models were adjusted accordingly. All statistical models included age, sex, and 
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APOE status as covariates. Models with sleep metrics as the dependent variable 

were further adjusted for depression scores, as measured by the Hamilton 

Depression Rating Scale [24]. Subject (intercept) was set as a random factor. 

p-values derived from these main analyses linking sleep-wake metrics to LC 

intensity were corrected for multiple comparisons using the false discovery rate 

(FDR) approach. LC intensity variables showing significant associations with sleep 

metrics were further tested in models including the interaction term with blood-

based AD biomarkers. Post hoc control analyses were conducted using subject-

specific median intensity in a PT region-of-interest. Post hoc sensitivity analyses 

were performed using additional LC metrics of peak cluster intensity, mean cluster 

values, and mean values in three equidistant LC sections. Degrees of freedom 

were estimated using Kenward-Roger’s correction. In all GLMMs, effect sizes for 

significant effects were estimated with semi-partial R2 (R2β*) values [25].

RESULTS
Association between demographics, subjective sleep 
measures, and blood-based biomarkers
After adjusting for age, women reported worse sleep quality (F1,69 = 5.54, p = 

0.02, R2β* = 0.07) and more nocturnal awakenings (F1,69 = 4.75, p = 0.03, R2β* 

= 0.06) compared to men. In addition, higher depression scores, although in the 

subclinical range for all individuals, were associated with worse sleep quality (F1,68 

= 27.22, p < 0.0001, R2β* = 0.29) and higher number of nocturnal awakenings 

(F1,68 = 7.91, p = 0.006, R2β* = 0.10), after adjusting for age and sex. With regard 

to plasma measures, the range of values was consistent with previous Simoa-

based studies in cognitively unimpaired older individuals [26, 27]. Older age was 

associated with higher plasma levels of p-tau181 (F1,66 = 8.36, p = 0.005, R2β* 

= 0.11) and Aβ40 (F1,66 = 12.35, p < 0.001, R2β* = 0.16). APOE ε4 carriers (29%) 

displayed lower levels of Aβ42 (F1,66 = 10.48, p = 0.002, R2β* = 0.14) and at-trend 

level higher plasma levels of p-tau181 (F1,66 = 3.44, p = 0.07) compared to non-

carriers (Supplementary Figure 2). No significant relationships were observed 

between plasma biomarkers and subjective measures of sleep quality or nocturnal 

awakenings (Supplementary Figure 3 and Supplementary Table 1).
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Identifi cation of clusters in LC MRI signal intensity
Cluster analyses on LC MRI signal intensity revealed two clusters, one covering the 

middle-to-caudal portion (bottom 7 slices for left LC and bottom 5 slices for right 

LC) and the other cluster covering the middle-to-rostral part (top 12 slices for left 

LC, top 14 slices for right LC, Fig. 1A). Paired t test analyses showed that median 

intensity within the middle-to-caudal cluster was signifi cantly lower than in the 

middle-to-rostral cluster when considered bilaterally (t(70) = −5.12, p < 0.0001), 

but also when tested separately for both hemispheres (left: t(70) = −2.23, p = 0.03; 

right: t(68) = −6.46, p < 0.0001, Fig. 1B).

Figure 1. Intensity-based cluster analyses of the LC structure.

Note. A Cluster analyses on MRI signal intensity within the LC mask revealed two distinct 
clusters along the LC structure, one covering the middle-to-caudal LC (orange, cluster 
1) and the other covering the middle-to-rostral LC (green, cluster 2). B Box plots of MRI 
signal intensity within clusters 1 and 2, represented by hemisphere. Paired t test analyses 
showed that MRI signal intensity in cluster 1 is signifi cantly lower than that in cluster 2. *p < 
.05, **p < .001.



Associations between locus coeruleus integrity and nocturnal awakenings 
in the context of Alzheimer’s disease plasma biomarkers: a 7T MRI study

133   

6

Association between LC intensity and subjective sleep 
measures
After adjusting for age, sex, APOE status, and depression scores, subjective 

sleep quality was not associated with MRI signal intensity values for either of 

the two LC clusters (Supplementary Table 2). However, we found a signifi cant 

negative relationship between intensity within the middle-to-caudal LC cluster 

and participants’ reports of nocturnal awakenings (F1,63 = 5.85, pFDR = 0.03, 

R2β* = 0.09, Figure 2, Table 2), which was strongest in the left hemisphere (F1,63 

= 6.73, pFDR = 0.03, R2β* = 0.10). These associations were not observed when 

investigating the middle-to-rostral cluster (Table 2).

Figure 2. Associations between subjective reports of nocturnal awakenings and middle-to-
caudal LC structural integrity, considered bilaterally (top left), in the left hemisphere (top 
right), and in the right hemisphere (bottom left). 

Note. Simple regression lines are used for a visual display and do not substitute the GLMM 
outputs. Dotted lines represent 95% confi dence intervals of these simple regressions.
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Table 2. GLMM outputs of the associations between subjective reports of nocturnal 
awakenings and middle-to-caudal (top) or middle-to-rostral (bottom) LC structural integrity, 
considered bilaterally (model 1), for left LC (model 2), and for right LC (model 3).

  Model 1 Model 2 Model 3
Middle-to-caudal LC integrity F1,63 = 5.85 

pFDR = 0.03 
R2

β* = 0.09

F1,63 = 6.73 
pFDR = 0.03 
R2

β* = 0.10

F1,63 = 0.71 
pFDR = 0.40

Age F1,63 = 3.27 
p = 0.08

F1,63 = 4.08 
p = 0.05

F1,63 = 2.20 
p = 0.14

Sex F1,63 = 6.67 
p = 0.01 
R2

β* = 0.10

F1,63 = 7.76 
p = 0.007 
R2

β* = 0.11

F1,63 = 6.02 
p = 0.02 
R2

β* = 0.09
Depression F1,63 = 8.07 

p = 0.006 
R2

β* = 0.11

F1,63 = 7.26 
p = 0.009 
R2

β* = 0.10

F1,63 = 8.42 
p = 0.005 
R2

β* = 0.12
APOE status F1,63 = 2.16 

p = 0.15
F1,63 = 2.29 
p = 0.14

F1,63 = 2.46 
p = 0.12

Middle-to-rostral LC integrity F1,63 = 1.37 
pFDR = 0.37

F1,63 = 2.03 
pFDR = 0.37

F1,62 = 0.36 
pFDR = 0.55

Age F1,63 = 2.70 
p = 0.11

F1,63 = 2.68 
p = 0.11

F1,62 = 2.43 
p = 0.12

Sex F1,63 = 6.09 
p = 0.02 
R2

β* = 0.09

F1,63 = 6.60 
p = 0.01 
R2

β* = 0.09

F1,62 = 5.53 
p = 0.02 
R2

β* = 0.08
Depression F1,63 = 7.11 

p = 0.01 
R2

β* = 0.10

F1,63 = 7.40 
p = 0.008 
R2

β* = 0.11

F1,62 = 6.86 
p = 0.01 
R2

β* = 0.10
APOE status F1,63 = 2.38 

p = 0.13
F1,63 = 2.43 
p = 0.12

F1,62 = 1.90 
p = 0.17

We then performed several sensitivity analyses using different quantifications of 

LC MRI signal intensity (cluster mean intensity, cluster peak intensity, and mean 

intensity within three equidistant LC sections), and we found similar associations 

using mean values within the middle-to-caudal cluster for both bilateral (F1,63  = 

4.43, p = 0.04, R2
β* = 0.07) and left LC (F1,63 = 5.04, p = 0.03, R2

β* = 0.07). Peak intensity 

in the middle-to-caudal cluster also yielded comparable results for bilateral (F1,63 = 

5.17, p  = 0.03, R2
β*  = 0.08) and left LC (F1,63  = 6.31, p  = 0.01, R2

β*  = 0.09). Finally, 

delineation of the LC in three equivalent segments further supports the specific 

associations between the caudal part of the LC and nocturnal awakenings for both 

the bilateral (F1,62 = 4.15, p = 0.05, R2
β* = 0.06) and left LC (F1,63 = 5.26, p = 0.03, R2

β* = 

0.08). In our control analysis, we found no significant association between 

nocturnal awakenings and median PT values (F1,63  = 0.91,  p  = 0.34), supporting 

specificity in the relationships observed above with LC intensity metrics.
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Interactive effect with blood-based AD biomarkers
Finally, we investigated whether the relationships between LC intensity and nocturnal 

awakenings are modified by plasma AD biomarkers, and found that the negative 

relationship between middle-to-caudal LC intensity and nocturnal awakenings 

was particularly evident in individuals with higher levels of total tau (F1,61 = 4.23, p = 

0.04, R2
β* = 0.06, Fig. 3, Table 3). This interaction was predominantly present in the 

left hemisphere (F1,61  = 4.26,  p  = 0.04,  R2
β*  = 0.07). No significant interaction was 

observed with any of the other plasma biomarkers (Supplementary Table 3).

Figure 3. Interactive effect of middle-to-caudal LC structural integrity and plasma total tau 
levels.

Note. The association between subjective reports of nocturnal awakenings and middle-to-
caudal LC structural integrity is represented by tertiles of plasma total tau levels. Simple 
regression lines are used for a visual display and do not substitute the GLMM outputs. 
Dotted lines represent 95% confidence intervals of these simple regressions.
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Table 3. GLMM outputs of the associations between subjective reports of nocturnal 
awakenings and the interaction term total tau*middle-to-caudal LC structural integrity, 
considered bilaterally (model 1), for left LC (model 2), and for right LC (model 3).

Model 1 Model 2 Model 3

Total tau*middle-to-caudal LC integrity F1,61 = 4.23 
p = 0.04 
R2

β* = 0.06

F1,61 = 4.26 
p = 0.04 
R2

β* = 0.07

F1,59 = 1.96 
p = 0.17

Middle-to-caudal LC integrity F1,61 = 1.47 
p = 0.23

F1,61 = 1.55 
p = 0.22

F1,59 = 1.20 
p = 0.28

Total tau F1,61 = 3.12 
p = 0.08

F1,61 = 3.17 
p = 0.08

F1,59 = 1.05 
p = 0.31

Age F1,61 = 4.08 
p = 0.05

F1,61 = 5.01 
p = 0.03 
R2

β* = 0.08

F1,59 = 2.61 
p = 0.11

Sex F1,61 = 6.84 
p = 0.01 
R2

β* = 0.10

F1,61 = 7.90 
p = 0.007 
R2

β* = 0.11

F1,59 = 5.59 
p = 0.02 
R2

β* = 0.09

Depression F1,61 = 7.94 
p = 0.007 
R2

β* = 0.12

F1,61 = 6.64 
p = 0.01 
R2

β* = 0.10

F1,59 = 9.35 
p = 0.003 
R2

β* = 0.14

APOE status F1,61 = 1.83 
p = 0.18

F1,61 = 2.19 
p = 0.14

F1,59 = 2.24 
p = 0.14
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DISCUSSION
Sleep-wake disruption constitutes a hallmark of the aging process [28] and 

contributes to the unfolding of AD, as early as during the preclinical stages of the 

disease [29, 30]. Given the particular involvement of the LC in both sleep-wake 

mechanisms and initial AD pathogenesis, it may constitute a strong candidate as a 

neurobiological correlate of the sleep-wake dysregulation observed in the earliest 

stages of the disease. Here, we provide in vivo evidence that worse integrity of 

the middle-to-caudal LC structure is associated with increased number of self-

reported nocturnal awakenings in cognitively unimpaired older individuals and 

that this relationship may be exacerbated in individuals with elevated levels of 

total tau in the plasma. These results expand on the important contribution of the 

LC to sleep-wake regulation and have implications for the early detection of sleep 

disturbances in older individuals at higher risk for dementia.

Our findings that LC structural integrity specifically relates to nocturnal 

awakenings, but not to a broader metric of sleep quality, corresponds to the role of 

the wake-promoting LC neurons as a critical component of the ascending arousal 

system to regulate arousal and wakefulness periods during sleep [9, 31]. While it 

may seem counterintuitive that worse LC integrity—possibly reflecting volumetric 

changes including shrinking of wake-promoting neurons—would be associated 

with an increased number of awakenings, we speculate that compensatory 

mechanisms are triggered within intact neurons leading to hyperactivity of the LC 

among the sleep-wake circuitry. Indeed, increased firing frequency and irregular 

firing patterns have been observed in the remaining neurons following neurotoxin-

induced LC reduction in mice [32]. Accordingly, elevated levels of 3-methoxy-4-

hydroxyphenylethyleneglycol (MHPG), the principal metabolite of norepinephrine, 

have been reported after experimental lesions of the LC in rats [33]. Moreover, 

several studies in humans have suggested that elevated MHPG constitutes a 

detrimental process contributing to AD-related pathological changes in the early 

stages of the disease [34,35,36,37]. In that context, we propose that dysregulated 

norepinephrine release due to aberrant LC activity during sleep, and especially 

when the LC neurons are supposed to be almost completely quiescent—such 

as during rapid eye movement sleep [38]—would lead to an imbalance in the 

interplay between wake- and sleep-promoting neurons [39, 40], resulting in more 

frequent and inappropriate awakenings.
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Through a series of sensitivity analyses, we provided additional evidence 

that the associations between LC integrity and nocturnal awakenings arise 

specifically from the cluster-based middle-to-caudal part. Interestingly, a recent 

study reported similar regional associations between MRI-based assessments of 

LC structure and subjective measures of daytime dysfunction in 481 older men 

from the Vietnam Era Twin Study of Aging [22]. It is important to note that the 

caudal portion of the LC is known to be more difficult to accurately image due to 

its diffuse anatomical organization [21, 41]. As such, previous work has suggested 

that caudal sections of the LC on structural MR images likely correspond to the 

middle part of the actual LC [16]. Consistent with our observation of a stronger 

negative LC integrity-awakening relationship at elevated total tau levels, autopsy 

work reported that this middle portion of the LC structure exhibits greater 

vulnerability to tau accumulation in early Braak stages [42]. Future studies are 

warranted to replicate this topographical specificity and uncover a potential 

wakefulness-specific modular architecture in the LC [6]. Nevertheless, our control 

analysis revealed no significant relationship with MRI signal measured in a PT 

region-of-interest, located close to the LC. This supports the regional specificity 

of the LC in the observed associations, thereby reducing the likelihood of having 

grasped spurious correlations.

Our results suggest that the association between worse LC integrity and higher 

number of self-reported nocturnal awakenings is more marked in individuals with 

elevated levels of total tau in the plasma. However, we did not observe similar 

interactive effects with the more specific blood-based AD biomarkers of p-tau181, 

Aβ40, and Aβ42. Although plasma total tau values also encompass phosphorylated 

forms of tau protein, a recent meta-analysis of blood-based biomarkers suggested 

that total tau is rather a marker of neurodegeneration, with better ability to 

discriminate between AD patients and controls in studies using Simoa techniques 

compared to traditional ELISA methods [43]. Even though, based on autopsy 

studies, we would expect phosphorylated tau accumulation to contribute to the 

integrity values of our LC assessment, it is possible that the plasma p-tau181 

in our cohort of healthy individuals may not be sensitive enough to the earliest 

tau pathological changes. Plasma p-tau231 has been recently put forward as a 

promising biomarker to discriminate individuals in early Braak stages and with 

sub-threshold Aβ markers [44], which cannot be achieved with p-tau181. Taking 

advantage of these recent, more sensitive plasma tau markers may therefore 
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reveal distinct associations, especially in studies of healthy older individuals. Our 

findings should thus be interpreted in the broader context of neuronal injury and 

increased risk for cognitive decline as well as incident dementia [45], including but 

not limited to AD.

Limitations
The strengths of our study include state-of-the-art investigation of the LC 

structure in vivo, using ultra-high field imaging combined with a data-driven 

approach to examine associations between nocturnal awakenings and fine-

grained interindividual variability in LC morphology in cognitively unimpaired 

older individuals. However, our study also bears limitations. First, the cross-

sectional approach restricts causal interpretation, although bidirectional 

relationships between sleep-wake disruption and LC alteration are likely at play 

[29]. While longitudinal observations can provide information about the temporal 

chain of events, interventional designs that interfere with sleep-wake regulation 

and/or LC activity are needed to address causality. In addition, previous studies 

reported a female vulnerability to AD pathology and AD-related cognitive decline 

[46, 47], and a recent review suggested a similar sex-specific vulnerability for the 

LC-norepinephrine system [48]. While we and others observed more subjective 

reports of nocturnal awakenings in women compared to men, we did not see 

sex differences in LC integrity measures, consistent with previous in vivo LC 

MRI studies in cognitively unimpaired individuals [16, 21, 49]. As the effect of 

sex may be differentially expressed along the clinical continuum of the disease 

[50], it will thus be important to further examine the relationships between sex-

specific vulnerability to AD, sleep metrics, and LC integrity in populations including 

cognitively impaired individuals. Finally, future studies should include objective 

assessments of sleep-wake regulation, such as actigraphy or EEG recordings, 

alongside subjective measurements, to allow for refined quantification of sleep-

wake metrics. This would also contribute to further identifying which characteristics 

of nocturnal awakenings (e.g., timing, duration) are most closely related to LC 

structural integrity.
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Conclusions
We provide in vivo evidence that more frequent self-reported nocturnal awakenings 

are associated with worse structural integrity of the LC in cognitively unimpaired older 

individuals, particularly in those with elevated plasma markers of neurodegeneration. 

Thus, the investigation of sleep-wake disruption and LC structural integrity in aging 

may constitute interesting targets to identify individuals at higher risk of developing 

dementia and holds promises for preventive interventions mitigating the effect of 

sleep disturbances on brain physiology.
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SUPPLEMENTARY MATERIAL
Supplementary methods

Ultra-high field MRI acquisition procedure

MRI data were acquired on a 7T Magnetom Siemens scanner (Siemens Healthineers, 

Erlangen, Germany). with a 32-channel head coil (Nova Medical, Wilmington, MA, 

USA). A whole-brain Magnetization Prepared 2 Rapid Acquisition Gradient Echoes 

(MP2RAGE1; TR = 5000 ms, TE = 2.47 ms, flip angle = 5°/3°, voxel size = 0.7 mm³, 

number of slices = 240) sequence was first acquired. Then, we performed an in-

house developed magnetization transfer-weighted turbo flash (MT-TFL) sequence 

(TR = 538 ms, TE = 4.08, flip angle = 8°, voxel size = 0.4x0.4x0.5mm, number of slices 

= 60) with a field-of-view placed perpendicular to the pons and covering the area 

between the inferior colliculus and the inferior border of the pons. This sequence 

has been established to be particularly sensitive to LC-related contrast2,3, likely 

reflecting its neuronal and fiber projection density4.

LC MRI processing pipeline

Our 7T LC MRI processing pipeline involved the following steps: first, individual 

MT-TFL images were intensity-normalized by dividing by the subject-specific mean 

intensity of a 10x10 voxel region-of-interest in the pontine tegmentum (PT). For 

each participant, the PT region-of-interest was consistently placed in the axial slice 

which contained the highest intensity LC voxel. Importantly, no association was 

found between age and mean intensity in the PT, supporting that no age-related 

biases would be introduced by this normalization step. Second, a study-specific 

template was built from these individual intensity-normalized MT-TFL images 

using the buildtemplateparallel function from the Advanced Normalization Tools 

(ANTs)5 (transformation model and similarity metric used for registration = greedy 

SyN with cross-correlation). The LC was then manually delineated on the resulting 

template, based on voxel intensities and the anatomical properties of the LC. 

The LC mask was then applied on each individual intensity-normalized MT-TFL 

images registered to the study-specific template. Finally, median signal intensity 

across each slice along the vertical axis of the LC structure was extracted on a per 

hemisphere basis by applying the LC mask on individual intensity- and spatially-

normalized images.
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Supplementary Table 1. GLMM outputs of the associations between plasma biomarkers 
and subjective measures of sleep quality or nocturnal awakenings.

Total tau p-Tau 181
Age F1,65 = 0.37  

p = 0.54
F1,65 = 0.39  

p = 0.53
F1,65 = 8.28  
p = 0.005

R²β* = 0.11

F1,65 = 9.47  
p = 0.003

R²β* = 0.13
Sex F1,65 = 1.02  

p = 0.32
F1,65 = 0.88  

p = 0.35
F1,65 = 2.17  

p = 0.15
F1,65 = 0.48  

p = 0.49
APOE status F1,65 = 1.31  

p = 0.26
F1,65 = 1.23  

p = 0.27
F1,65 = 3.54  

p = 0.07
F1,65 = 4.14  

p = 0.05
Subjective sleep quality F1,65 = 0.01  

p = 0.93
F1,65 = 1.81  

p = 0.18
Nocturnal awakenings F1,65 = 0.02  

p = 0.89
F1,65 = 1.56  

p = 0.22
Aβ40 Aβ42

Age F1,65 = 12.44  
p < 0.001

R²β* = 0.16

F1,65 = 11.45  
p = 0.001

R²β* = 0.15

F1,65 = 0.01  
p = 0.95

F1,65 = 0.01  
p = 0.98

Sex F1,65 = 2.64  
p = 0.11

F1,65 = 3.87  
p = 0.05

F1,65 = 1.14  
p = 0.29

F1,65 = 1.20  
p = 0.28

APOE status F1,65 = 1.37  
p = 0.25

F1,65 = 1.41  
p = 0.24

F1,65 = 10.31  
p = 0.002

R²β* = 0.14

F1,65 = 10.65  
p = 0.002

R²β* = 0.14
Subjective sleep quality F1,65 = 0.75  

p = 0.39
F1,65 = 0.19  

p = 0.66
Nocturnal awakenings F1,65 = 0.09  

p = 0.76
F1,65 = 0.09  

p = 0.76
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Supplementary Table 2. GLMM outputs of the associations between subjective sleep 
quality (GSQS scores) and middle-to-caudal (top) or middle-to-rostral (bottom) LC structural 
integrity, considered bilaterally (model 1), for left LC (model 2), and for right LC (model 3).

Model 1 Model 2 Model 3
Middle-to-caudal LC integrity F1,63 = 0.65  

pFDR = 0.63
F1,63 = 0.69  
pFDR = 0.63

F1,61 = 0.23  
pFDR = 0.63

Age F1,63 = 0.01  
p = 0.098

F1,63 = 0.01  
p = 0.93

F1,61 = 0.03  
p = 0.85

Sex F1,63 = 5.12  
p = 0.03

R²β* = 0.08

F1,63 = 5.32  
p = 0.02

R²β* = 0.08

F1,61 = 4.89  
p = 0.03

R²β* = 0.07
Depression F1,63 = 25.31 

p < 0.0001
R²β* = 0.29

F1,63 = 24.69 
 p < 0.0001
R²β* = 0.28

F1,61 = 24.11 
 p < 0.0001
R²β* = 0.28

APOE status F1,63 = 0.01  
p = 0.99

F1,63 = 0.01  
p = 0.99

F1,61 = 0.02  
p = 0.90

Middle-to-rostral LC integrity F1,63 = 0.09  
pFDR = 0.90

F1,63 = 0.01  
pFDR = 0.90

F1,62 = 0.06  
pFDR = 0.90

Age F1,63 = 0.01  
p = 0.98

F1,63 = 0.01 
p = 0.99

F1,62 = 0.02  
p = 0.89

Sex F1,63 = 4.39  
p = 0.04

R²β* = 0.07

F1,63 = 4.64  
p = 0.04

R²β* = 0.07

F1,62 = 5.05  
p = 0.03

R²β* = 0.08
Depression F1,63 = 25.26 

 p < 0.0001
R²β* = 0.29

F1,63 = 25.05  
 p < 0.0001
R²β* = 0.28

F1,62 = 24.33 
 p < 0.0001
R²β* = 0.28

APOE status F1,63 = 0.01  
p = 0.97

F1,63 = 0.01  
p = 0.97

F1,62 = 0.01  
p = 0.9
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Supplementary Table 3. GLMM outputs of the associations between subjective reports 
of nocturnal awakenings and the interaction term plasma biomarker*middle-to-caudal LC 
structural integrity, considered bilaterally. 

P-tau 181 Aβ40 Aβ42

Plasma marker*Middle-to-caudal LC integrity F1,61 = 0.21 
p = 0.65

F1,61 = 0.02 
p = 0.89

F1,61 = 0.08 
p = 0.78

Middle-to-caudal LC integrity F1,61 = 1.44 
p = 0.23

F1,61 = 0.16 
p = 0.69

F1,61 = 0.40 
p = 0.53

Plasma marker F1,61 = 0.75 
p = 0.39

F1,61 = 0.01 
p = 0.99

F1,61 = 0.04 
p = 0.85

Age F1,61 = 3.66 
p = 0.06

F1,61 = 1.39 
p = 0.24

F1,61 = 2.35 
p = 0.13

Sex F1,61 = 6.83 
p = 0.01

R²β* = 0.10

F1,61 = 7.54 
p = 0.008

R²β* = 0.11

F1,61 = 7.41 
p = 0.008

R²β* = 0.11

Depression F1,61 = 9.19 
p = 0.004

R²β* = 0.13

F1,61 = 8.13 
p = 0.006

R²β* = 0.12

F1,61 = 8.11 
p = 0.006

R²β* = 0.12

APOE status F1,61 = 2.32 
p = 0.13

F1,61 = 1.50 
p = 0.23

F1,61 = 1.41 
p = 0.24
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Supplementary Figure 1. 7T LC MRI pre-processing pipeline. See Supplementary Methods
for a full description of acquisition and pre-processing steps. The red square illustrates, 
for a representative participant, the 10x10 voxel region-of-interest located in the pontine 
tegmentum and used for subject-specifi c normalization of MRI signal intensity.
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Supplementary Figure 2. APOE status vs. plasma biomarkers. * p < 0.05. After adjusting 
for age and sex, APOE ε4 carriers (29% of the sample) displayed signifi cantly lower plasma 
levels of Aβ42 (F1,66=10.48, p=0.002, R²

β*=0.14) and at-trend level higher plasma levels of p-tau181
(F1,66=3.44, p=0.07). 
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Supplementary Figure 3. Subjective sleep metrics vs. plasma biomarkers. Subjective sleep 
quality (GSQS score).

Self-reported nocturnal awakenings
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RATIONALE
Alzheimer’s disease (AD) is the most common cause of dementia [1]. By the time 

the clinical symptoms of AD emerge [2], the AD pathophysiological process has 

been evolving for decades [3], suggesting the existence of a preclinical AD phase 

[4]. The pathophysiological process of AD has been characterized by its hallmark 

proteinopathies, amyloid-beta (Aβ) plaques and neurofibrillary tau tangles [4-

6]. Aβ and tau pathology each have their own unique temporal and topological 

pattern of progression in the brain, as described in the seminal Thal and Braak 

stages, respectively; Aβ pathology is first deposited in the associative areas of the 

neocortex up to 30 years before the onset of clinical symptoms and tau pathology 

is assumed to be first found in the locus coeruleus (LC) as early as the first decades 

of life (footnote A in chapter 1) [7-10]. Specifically, evidence suggests that while 

Aβ and tau can stimulate each other’s neurotoxic properties, tau pathology is more 

closely associated with neurodegeneration and cognitive deficits [5, 6, 11-14]. The 

long delay between the first depositions of AD pathology and the onset of clinical 

symptoms suggests that significant and irreversible neurodegeneration has likely 

already occurred at the time of diagnosis [3]. Disease-modifying treatments in the 

clinical phase may therefore occur too late in the AD pathophysiological process 

[15, 16]. Furthermore, we know from autopsy studies that the deposition of AD 

pathologies starts before in vivo measurements of Aβ and tau pathology reach 

the clinical cerebrospinal fluid (CSF) or positron emission tomography detection 

(PET) thresholds used for the identification of preclinical AD [3, 4] (figure 1 in 

chapter 1). Therefore, identifying additional in vivo pathways for the early 
recognition of processes related to Aβ and tau pathology, potentially before 
the preclinical stage, may improve participant selection for clinical trials 
targeting the earliest stages of the disease.
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OUR KEY FINDINGS
Figure 1. In this hypothetical model, we summarize a possible mechanistic framework for 
the early pathophysiological processes of AD in the context of the literature and our findings.
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Note. The purpose of this model is only to highlight the relationships most relevant for the 
work described here and it is not meant to be exhaustive. The colored arrows indicate the 
relationships investigated in each corresponding chapter in the legend.

In vivo MRI markers are modified by AD pathology, potentially in early stages 
of the disease. Specific MRI features can provide additional information 
to the early AD-related cognitive and behavioral characteristics, and this 
information may facilitate patient selection in clinical trials. 

Increased levels of neuronal activity are associated with a heightened 

release of Aβ in mice, indicating that neuronal hyperactivity may play a role in the 

formation and propagation of this pathology [17]. Importantly, this association 

may be bi-directional as Aβ has also been shown to drive neuronal hyperactivity 

[18]. Furthermore,  converging evidence in humans suggests that Aβ preferentially 

accumulates in topographic hubs of functional brain networks that display a high 

level of baseline activity [19, 20] and that the organization within and between these 

networks supports cognitive functioning  [21-25]. The functional organization of 

these networks can be investigated in vivo using resting-state functional magnetic 

resonance imaging (rs-fMRI) as fMRI can measure localized changes in the 

blood-oxygen level dependent (BOLD) signal, which is coupled to the underlying 
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neuronal activity [26]. By observing the temporal correlations of changes in the 

BOLD signal at rest between anatomical hubs of the networks, we can determine 

the functional connectivity of these networks [27] (footnote C in chapter 1). 

Importantly, functional connectivity patterns within and between these networks 

is altered as a function of Aβ burden, already in cognitively normal adults [28], 

and patterns within these networks work synergistically with Aβ burden to predict 

cognitive decline [22]. Furthermore, a dose-response relationship between Aβ 

and cognition has been reported in cognitively normal adults [29]. We investigated 

whether functional connectivity between these large-scale networks is associated with 

Aβ burden and whether this connectivity conveys information about the Aβ-related rate 

of cognitive decline (chapter 2).

We found that patterns of inter-network functional connectivity differed 

depending on the level of Aβ burden, and that the pattern of inter-network 

connectivity predicted memory decline in an Aβ dose-dependent manner (figure 
1, blue arrows). Specifically, in the cognitively healthy group, we found that when 

the temporal correlations between the activation of large-scale brain networks at 

rest were negative, higher Aβ burden was associated with greater memory decline. 

However, when inter-network correlations were positive, there was no association 

between Aβ burden and memory decline. We posit that in the context of accumulating 

Aβ pathology, cognitively healthy participants with positive inter-network correlations 

display compensation mechanisms to stave off memory decline that may involve the 

reconfiguration of large-scale networks [30]. These findings suggest that information 

about the functional organization between large-scale networks adds additional 

information about the rate of Aβ-related cognitive decline in preclinical groups and 

may be used to optimize patient selection in clinical trials. Our power analyses show 

that sample sizes required to assess efficacy in clinical trials aiming to slow down 

memory decline by 30% may be reduced by up to 88% with the combined information 

from functional inter-network connectivity and Aβ burden.

Shifting our focus towards tau as the other hallmark AD proteinopathy, 

human histology work has shown that the LC is one of the initial sites of aberrant 

tau accumulation in the brain and the LC shows volume loss in the earliest Braak 

stages [9, 31] (footnote A in chapter 1). Furthermore, the LC has widespread 

projections towards the rest of the brain and is the main source of cerebral NA 

[32]. Although NA has neuroprotective properties [33], previous research suggests 

excessive overturn of NA as reflected in the NA metabolite MHPG may occur in 
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AD [34, 35]. Furthermore, the DOPEGAL metabolite upstream of MHPG in the NA 

metabolic pathway has been shown to contribute to the production of aggregation- 

and propagation-prone tau [36, 37], suggesting the LC-NA system may be a catalyst 

in the spreading of aberrant tau pathology. We investigated whether these elevations 

are also associated with downstream effects of tau on brain structure (chapter 3). 
We established that elevated MHPG, together with worse Aβ and tau burden, 

is associated with neurodegenerative measures in target sites of the LC, including 

cortical regions and the hippocampus. This association starts at subclinical Aβ 

levels (figure 1, orange arrows) and implies involvement of the LC-NA system in 

early AD pathophysiological processes.

The LC also modulates cognitive functions and plays an important role in 

and the sleep-wake cycle [38-42]. Sleep disturbances occur early in life [43] and 

constitute a risk factor for cognitive decline and (preclinical) AD later in life [44, 

45]. Furthermore, sleep is linked to clearance of metabolites like Aβ and tau from 

the brain [46, 47], Disturbed sleep may therefore lead to a feedback loop, whereby 

neurodegeneration resulting from the reduced clearance of AD pathology leads 

to further increased sleep disturbances [48]. Furthermore, animal studies have 

shown that disturbed sleep induces an acceleration of tauopathy in the LC 

[49]. Given the predisposition of the LC to early tau pathology and associated 

volume loss [9, 50] and the important role of the LC in the regulation of sleep 

and wakefulness [40-42], the combined information about the structural integrity 

of the LC and sleep disturbances may contain valuable information about early 

processes related to AD pathology. We investigated whether we can establish a link 

between LC degeneration, AD pathology and sleep quality in vivo (chapter 6).

We show that in cognitively healthy individuals, in vivo MRI markers of LC 

integrity are associated with early behavioral symptoms in the form of increased 

self-reported nocturnal awakenings (figure 1, red arrow), and that this association 

is particularly strong in the presence of tau pathology. These findings suggest that 

MRI-based integrity of the LC constitutes an in vivo neurobiological correlate of 

sleep-wake regulation in preclinical AD. Given that both sleep disturbances and 

lower LC integrity constitute a risk factor for cognitive decline and AD pathology 

[51], the combined knowledge about nocturnal awakenings and in vivo LC integrity 

may help identify individuals at-risk for clinical trials aiming to improve sleep 

consolidation in the context of AD-related processes.

Furthermore, while direct visualization of the LC in vivo is challenging, modern 
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MRI developments from our lab allowed us visualize the LC at ultra-high resolution 

using 7 Tesla MRI scanners utilizing a specialized LC signal-sensitive MRI sequence 

[52] (figure 3 in chapter 1). This signal has been generally interpreted as a proxy 

measure of LC integrity [53-57] and recent work indicated converging evidence 

(footnote F in chapter 1) between autopsy LC tau tangle density and MRI-based 

LC integrity, suggesting that LC integrity may signal early tau-related processes [51]. 

Interestingly, autopsy data reveals volume loss as early as Braak stage a-c, but shows 

no neuronal loss until Braak stage IV [31] (Footnote A in chapter 1). It is unclear 

whether this volume loss may reflect other morphological changes, such as the loss 

of dendritic arborization or density of projections towards the rest of the brain. The 

fact that LC integrity was able to correlate early with tau pathology may indicate 

that LC integrity reflects some of these early morphological changes. Therefore, 

we investigated the microstructural correlates of LC integrity to better understand the 

biological process underlying LC volume loss in preclinical AD (chapter 4). To this end, 

we use correlational tractography and Neurite Density and Dispersion Orientation 

imaging [58, 59] (Footnote G in chapter 1) to investigate the association between 

LC integrity and microstructural properties of the LC and its projections.

We show that LC integrity is associated with microstructural properties of 

LC projections to the cortex and cerebellum in a cognitively healthy population 

(figure 1, green arrow). Specifically, we showed that higher MRI-based LC integrity 

was associated with higher quantitative anisotropy in tracts originating from the 

LC. These findings suggest that axonal integrity, rather than neurite density or 

arborization in the LC itself is associated with in vivo measurements of LC integrity. 

This finding is supported by animal research suggesting that LC projections are 

affected in early AD model rats before LC neurons themselves show significant 

deterioration [60] and can be explained by the characteristic vulnerability of the 

long and poorly myelinated LC axons [32, 61]. Therefore, we conclude that the 

earliest stages of LC-related neurodegeneration in preclinical AD are likely reflected 

in MRI measures of LC integrity. This may also tie into our findings from chapter 
3 where we report that AD pathology and metabolites of the LC-NA system are 

linked to neurodegenerative measures in LC target sites. We speculate that the 

deterioration of LC projections may be involved in neurodegenerative processes 

at LC target sites, though this remains to be confirmed.

Finally, LC imaging is a relatively new field where new methods are continuously 

emerging and researchers are using different approaches to define the LC on MRI 

images. Diverging findings have been reported about the association between 
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aging and LC integrity [51, 62-65], and while differences in sample characteristics 

and MRI field strength may account for some of these discrepancies, it is unclear 

to what extent the approach to LC delineation may influence these results. As a 

first step in order to evaluate and harmonize these efforts, we compared the validity 

and reliability of several approaches to LC delineation (chapter 5).

We show that template-based approaches for LC delineation, particularly 

study-specific templates, have the potential to be a powerful tool for reliable LC 

delineation. When compared to a manual delineation approach, the template-

based approaches showed considerably higher reliability scores across the bilateral 

LC. However, template-based approaches remain vulnerable to registration issues 

and we recommend further refinement of template-creation pipelines and careful 

manual quality checks on all registrations.

Methodological limitations and considerations
  In chapters 4, 5, and 6, we draw our data from a cohort of participants from 

the STRAIN study, representing the adult age span in the general population. 

While this is a major strength of these chapters, there are also limitations 

that need to be considered. Our strict exclusion criteria for the STRAIN study 

preclude the use of psychoactive medication, moderate to severe visual 

impairments and any contraindications for scanning at the 7T MRI, including 

the presence of large protheses or implants. This is inherent to these types 

of research, but may have introduced a potential source of selection bias in 

our inclusion, as inclusion may be skewed towards the healthiest segment of 

the population, especially in the older participants. Due to this, our sample 

may not be entirely representative of the general population. 

  The use of the MRI methods described in this thesis comes with inherent 

challenges and methodological considerations. While chapter 5 discusses 

methodological considerations for delineation of the LC in detail, visualization 

of the LC using MRI remains challenging and the removal of subjects with bad 

template registrations in chapter 4 may have influenced our findings. While 

we took extra steps to optimize the quality of our LC scans, such as minimizing 

head movement of participants, other advanced techniques such as optical 

tracking systems inside the MRI bore could further improve data quality. 

Furthermore, fMRI captures the BOLD signal, which by definition is not a 

direct measure of neuronal activity, but rather it measures localized changes 
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in the proportion of deoxygenated and oxygenated blood [66]. It is assumed 

that the BOLD response is tied to neuronal activity through neurovascular 

coupling, however it is important to note that there are other components that 

may contribute to the BOLD signal. In our functional connectivity analyses, 

we regressed out the signal originating from regions corresponding to large 

vessels, white matter and CSF, thereby significantly reducing noise unlikely to 

be of neural origin [67]. However, other potential contributions to the BOLD 

signal, such as blood pressure and localized differences in neurovascular 

coupling may not be accounted for [68]. Thus, due to the indirect nature of 

the association between the BOLD signal and neuronal activity, and functional 

connectivity by extension, our findings in chapter 2 should be interpreted 

with some caution. On a final note related to MRI, it is important to recognize 

that this thesis contains data obtained on multiple MRI systems with different 

field strengths. It is unclear to what extent our findings at 7T translate to 3T 

and vice versa. Given the limited availability and high cost of 7T, our findings 

may need to be verified at lower field strengths to enhance the feasibility of 

clinical trials aiming to incorporate these findings.

  We did not directly measure tau in the LC. While convergent patterns 

have been shown between LC integrity and LC tangle density [51] (see 

footnote F in chapter 1), suggesting that LC integrity may be a proxy 

for tau pathology, we need to take into account that we have limited 

information on the influence of potential tau and non-tau related factors in 

our measurements of LC integrity. It’s unclear how factors such as vascular 

health may affect LC integrity.

  LC degeneration is not unique to AD and occurs in the LC in multiple 

neurodegenerative diseases, including Parkinson’s disease and progressive 

supranuclear palsy [69-71]. It is still unclear what patterns of LC degeneration 

are specific to AD and more data is needed on the specificity and sensitivity 

of LC degeneration as a potential biomarker for AD.

Clinical implications and future directions
An intriguing question raised by the findings of this thesis would be if the definition 

of preclinical AD should be adapted to recognize early brain changes associated 
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with AD pathology, before the current threshold for the detection of Aβ and tau 

pathology is reached? In other words: is there a pre-preclinical phase to AD and 

can we detect this phase with functional connectivity or LC integrity?

Clinical trials aiming to slow or reverse cognitive decline in symptomatic 

individuals so far have been disappointing. In chapter 2, we provided a power analysis 

demonstrating that knowledge about the direction of inter-network connectivity 

patterns can aid considerably in the selection of participants for trials in preclinical 

populations. Combined with knowledge about Aβ burden, these two factors can 

improve the selection of cognitively healthy individuals who are more likely to be on 

an Aβ-related memory decline trajectory. These findings may help to decrease the 

sample size needed to assess efficacy of clinical trials aimed at mitigating cognitive 

decline before clinical stages of AD, by minimizing the inclusion of participants whose 

memory decline may be masked by potential compensation mechanisms linked to 

functional connectivity. Future studies will need to confirm temporal relationships 

between Aβ burden and inter-network connectivity using repeated fMRI and PET 

imaging measures and investigate the predictive value of this information for 

clinical progression rates. In addition, there is evidence, using recently develop tau 

PET tracers, which suggests that tau and Aβ levels are synergistically associated with 

network connectivity [72]. Therefore, future studies may investigate whether the 

combined prognostic value of inter-network connectivity and Aβ burden may be 

further improved with the addition of tau information. 

Similarly, in chapter 6, we show that the combined information about sleep 

disturbances and LC integrity may facilitate the early detection of AD-related 

symptoms in cognitively normal individuals and suggests there is potential in 

interventions that focus on consolidating sleep in the at-risk individuals [73, 74]. 

More objective measures of sleep-wake regulation through the use of actigraphy 

or sleep electroencephalograms may provide a better and more detailed 

assessment of sleep phenotypes and their associations with LC integrity in the 

context of AD pathology. Furthermore, we speculate that our specific finding 

relating reduced LC integrity to increased frequency of nocturnal awakenings may 

be due to compensatory hyperactivity of the intact wake-promoting neurons of the 

LC in preclinical AD. However, clinical AD has also been linked to additional sleep 

disturbances, such as insomnia [75]. It is possible that further LC deterioration in 

more advanced AD [76] is linked to these additional sleep disturbances. Future 

longitudinal investigations of sleep disturbances and LC integrity in healthy and 
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cognitively impaired individuals may provide additional insight into the temporal 

ordering of events across the disease spectrum.

In chapter 3, we show that elevated NA metabolites in the context of AD 

pathology are associated with neurodegeneration at target sites of the noradrenergic 

LC projections, already at preclinical Aβ levels. Given that the LC is involved early in 

the disease process, future studies should elucidate the temporal progression of NA 

metabolite elevations using longitudinal models across the disease spectrum and 

investigate whether these elevations may be related to clinical symptoms. Future 

work should also include direct measures of NA in the CSF along with NA metabolites 

to elucidate whether increased MHPG can be attributed to excessive NA turnover. This 

information may aid in the development of treatments targeting specific enzymes 

or metabolites involved in the NA metabolic pathway, such as DOPEGAL, AEP or 

MAO-A [36]. Lastly, it would be informative to include information about LC integrity 

to investigate whether in vivo measures of LC integrity can be associated with cortical 

and subcortical atrophy in the context of MHPG and AD pathology levels. 

Furthermore, chapter 4 suggests that in the context of lower MRI-based LC 

integrity, the neuropil within the LC may retain relatively normal microstructural 

properties while the integrity of LC projections is compromised. Longitudinal studies 

may determine how the association between LC integrity and microstructural 

properties of the LC evolves with worsening LC integrity and whether there is 

potentially a tipping point in the process of LC degeneration at which changes to 

the neuropil of the LC do become involved. Furthermore, it will be informative to 

note whether clinical symptoms can already be observed before deterioration of 

the LC neuropil. This information might help determine whether there could be a 

window for early noradrenergic interventions to restore function of the LC and its 

projections in early AD, before irreversible frank LC cell deterioration, which has 

previously been suggested in animal research [60].

Finally, chapter 5 suggests that study-specific template approaches to LC 

delineation hold a lot of promise for consistent delineation of the LC in vivo. A more 

homogenized approach to LC delineation may reduce discrepancies in findings 

related to methodological differences. Furthermore, divergence in the methods 

used to determine LC integrity limits the potential of this measure in a clinical setting. 

A homogenized approach to LC delineation will facilitate future endeavors that 

may attempt to establish normative values for healthy or pathological LC integrity 

based on demographic information. We urge future studies to utilize a template-
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based approach, though we emphasize that careful inspection of the alignment 

process of the scans from the individual to the template space is essential and 

the template creation process may be further refined. In addition, the validity and 

reliability of template-based and manual approaches needs to be further evaluated 

in a population with cognitively impaired individuals. More variability in brain 

morphology may be observed in these populations compared to healthy populations 

and it is still unclear how this may affect the LC delineation approaches evaluated 

in this thesis. Finally, we also recommend investigating the reliability and validity of 

machine-learning based approaches as a tool for consistent LC delineation.

Conclusion
The main goal of this dissertation was to identify brain changes that can 
signal the earliest accumulation of Aβ or tau in vivo. With this goal in mind, we 
aimed to identify individuals at-risk for AD earlier in the pathophysiological 
process, which can benefit clinical trials in the long term. To that end, we 
examined the associations between these early brain changes, other brain 
characteristics and early clinical symptoms, as well as the modifying effects 
of Aβ and tau pathology on these associations. Furthermore, we also aimed 
to further improve the sensitivity and specificity of methods used to measure 
these early brain changes.

We found in vivo markers of brain changes associated with the early 

accumulation of both Aβ and tau pathology. These markers may be useful for 

the identification of at-risk individuals for AD, already before clinical amyloidosis, 

suggesting that these markers may be able to recognize AD before the preclinical 

phase as defined by the current framework. Earlier recognition of preclinical AD 

processes may be essential for participant selection in clinical trials aiming to improve 

success rates through earlier intervention. We also provide a better understanding 

of the specific neurobiological characteristics associated with early AD brain changes 

and we suggest a homogenized approach to measure these early brain changes. 

Much more work will be needed to evaluate the prognostic sensitivity and 

specificity of our findings for clinical progression rates towards AD dementia. 

For now, we hope to provide a small piece of the puzzle that may inspire future 

research towards the earliest stages of the AD pathophysiological process and 

may eventually allow us to end a streak of disappointing clinical trial results.
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IMPACT PARAGRAPH

Trials attempting to slow down or reverse Alzheimer’s disease (AD) in the clinical 

phase have so far not been successful, which is potentially due to the interventions 

being applied too late in the disease process. Our main goal in this dissertation 

was to identify brain changes that can signal the earliest accumulation of amyloid-

beta (Aβ) or tau in vivo and to identify individuals at-risk for AD earlier in the 

pathophysiological process. With this goal in mind, we examined early brain 

changes associated with Aβ and tau pathology and related them to functional and 

structural brain characteristics as well as early clinical symptoms. We also aimed 

assess the validity and reliability of methods used to measure these early brain 

changes.

Main findings
In this thesis, we show that brain characteristics of early AD pathophysiology can 

be studied in vivo, even before clinical amyloidosis. We achieved this by utilizing 

magnetic resonance imaging (MRI) as a non-invasive method for studying these 

processes in populations across the adult age span as well as in populations in 

different disease stages. We show functional, as well as structural MRI markers 

that may be used as indicators of early brain changes associated with Aβ and tau.

We show that Aβ burden is associated with patterns of functional connectivity 

patterns between large scale networks, and that the direction of inter-network 

connectivity adds information about the dose-response relationship between Aβ 

and longitudinal cognitive decline, already at the preclinical stage. The combined 

information from the direction of inter-network functionality and Aβ burden can 

reduce the required sample size in clinical trials by 88% to slow down memory 

decline by 30%.

Shifting our attention to tau, we investigated one of the earliest accumulation 

sites of tau pathology, namely the locus coeruleus (LC). The locus coeruleus is 

the main source of cerebral noradrenaline (NA) and we show that in the context 

of elevated AD pathology, the NA metabolite MHPG is associated with lower 

cortical thickness in the cortex and hippocampus, even at subthreshold amyloid 

levels. These findings imply an important role for the LC-NA system in the early 

AD pathophysiological process and highlight the downstream neurodegenerative 
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processes occurring at target sites of the long LC projections. This ties into our 

findings where we report that reduced MRI-based LC integrity is associated with 

reduced integrity of LC projections towards the thalamus and cerebellum in a 

cognitively healthy population. This possibly suggests that the deterioration of LC 

projections is involved in neurodegenerative processes at LC target sites, though 

this remains to be confirmed. 

We also showed that integrity of the LC is associated with nocturnal 

awakenings in cognitively healthy individuals, especially in the context of tau 

pathology. The LC is important for sleep-wake regulation and sleep disturbances 

are associated with an increased risk of developing AD. Furthermore, previous 

research has suggested that up to 15% of AD-cases may be prevented by the 

treatment of sleep-related problems. This means that measures of LC integrity, tau 

burden and sleep disturbances may facilitate the selection of at-risk participants 

for AD in clinical trials targeting treatable aspects of sleep at the preclinical stage.

Finally, we investigated different methods for the anatomical delineation of 

the LC in a population covering the adult lifespan. We compared template-based 

methods to manual delineation and found that overall, a study-specific template 

approach produces the most reliable results. We argue that manual delineation 

of the LC is vulnerable to rater bias and the use of a study-specific template has 

potential to become a standard approach to LC delineation. Such a standard could 

reduce discrepancies in findings related to LC integrity due to methodological 

differences between studies. However, future studies should investigate more 

alternatives to LC delineation, such as a machine-learning based approach and 

compare measures of reliability and validity to our findings.

Relevance
Worldwide, people are reaching increasingly older ages as a result of our advancing 

knowledge and technology in the medical field. As a disease typically associated 

with older age, the prevalence of AD is also increasing and its impact resonates 

in the lives of patients, caregivers, and society at large. Meanwhile, to date, there 

is no effective form of treatment to halt, or reverse the AD process, potentially 

because most clinical trials target the disease in a late, symptomatic stage. With 

this dissertation, we hope to provide a small piece of the puzzle that may allow us 

to detect the earliest processes of AD, with the long-term aim to intervene before 

the disease process reaches a point of no return.
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We provide evidence that functional and structural characteristics of the 

brain combined with established biomarkers of AD, can be used to obtain accurate 

selection criteria for clinical trials to intervene at preclinical stages of the disease. 

Ultimately, this knowledge may facilitate the fine-tuned development of primary 

prevention interventions. Existing treatments for the reduction of Aβ plaques 

may be utilized in a sample consisting of cognitively healthy participants with 

negative inter-network correlations, as per chapter 2, to investigate its effects on 

cognitive decline. Similarly, our findings in chapters 3, 4 and 6 may support the 

development of interventions targeting sleep consolidation and the LC-NA system, 

while chapter 5 provides a starting point to homogenize future work aimed at 

studying the LC-NA system.

Target group
The findings presented in this thesis are initially relevant for researchers studying 

pathophysiological processes in AD. Researchers examining the temporal cascade 

of AD may investigate the early brain changes we describe in this thesis to further 

elucidate the temporal ordering of pathological events in AD. Furthermore, 

researchers trying to understand the neural correlates of sleep may find that LC 

integrity is potentially an informative measure for in vivo investigations. There 

are also companies investigating products such as special pillows and wearables 

to improve sleep quality. These companies may benefit from the findings in this 

thesis to refine their products and to better identify individuals who may benefit 

from these treatments. In addition, our findings have value for researchers 

investigating intervention strategies in AD. Recent work from the university of 

Cambridge has suggested that localized changes in LC integrity may be used as a 

biomarker for the selection of participants for clinical trials in Parkinson’s disease 

and progressive supranuclear palsy, which are diseases that also involve significant 

deterioration of the LC. We encourage similar investigations towards the value 

of LC integrity as a biomarker for AD, given our findings relating LC integrity to 

underlying neurobiological characteristics and early sleep disturbances that may 

have predictive value for AD.

Additionally, our longitudinal work may be relevant to clinicians who may 

use the findings from chapter 2 to improve the prognosis of cognitive decline 

for patients who present with normal cognition on cognitive tests, but report 
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subjective memory complaints. The AHEAD and A4 trials are focusing on cognitively 

normal individuals with high Aβ burden. These trials may benefit from information 

about inter-network connectivity for the selection of participants. Furthermore, 

we also report that patients with MCI show Aβ-related cognitive decline in the 

context of positive inter-network correlations, potentially giving clinicians tools 

to improve the prognosis in MCI patients. This information may help clinicians, 

patients and their caregivers make better informed decisions about the difficult 

choices that need to be made in a situation where the future for the patient is 

uncertain. However, it is important to note that resting-state functional MRI is a 

difficult tool that requires complex processing, for which the necessary expertise 

and equipment may not be readily available. Furthermore, the test-retest reliability 

of functional connectivity is relatively low and its specificity and sensitivity as a 

marker for cognitive decline needs to be further investigated. This means that 

careful interpretation is warranted regarding the use of functional connectivity 

for individualized prognosis, and the clinician should consider multiple other risk 

factors for cognitive decline in their prognosis.

Dissemination activities
The findings reported in this thesis have been presented to the scientific community 

through various forms of dissemination. Local disseminations were performed 

through poster presentations (annual MheNS research days) as well as oral 

presentations (MheNS external review committee visitation 2021; local working 

groups). Furthermore, these findings were presented at international conferences 

and scientific gatherings in the form of poster presentations (MINC 2018, AAIC 

2020) and oral presentations (EURON PhD days 2018). In addition, some results 

from our work have been presented in layman terms through newsletters and 

other informal communication to the participants of the STRAIN study, who have 

provided us with a large portion of the data that made this thesis possible. Finally, 

chapter 2 and 6 have been published in Alzheimer’s Research & Therapy (2018 & 

2021, respectively) (2021 2-year impact factor = 8.823) and chapter 3 has been 

published in Neurobiology of Aging (2021) (2021 2-year impact factor = 5.133).
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SUMMARY

Disease-modifying treatments acting in the symptomatic phase of the disease may 

occur too late in the Alzheimer’s disease (AD) pathophysiological process, after the 

occurrence of irreversible brain damage. Guided by recent animal and autopsy 

studies, we identified specific brain changes that are related to and predict either 

amyloid-beta (Ab) or tau pathology in the asymptomatic stages of the disease. We 

aimed to evaluate the corresponding magnetic resonance imaging (MRI) measures 

of these early brain changes, functional connectivity and locus coeruleus (LC) 

integrity, by relating them to established AD-related brain changes and cognitive 

and behavioral symptoms of AD. Early identification of these processes in vivo may 

enable earlier intervention in the disease process and potentially improve clinical 

outcomes of clinical trials. Therefore, the aim of this dissertation was to examine 

imaging measures of these early processes in vivo using MRI and to investigate 

their potential as markers of AD-related processes.

In chapter 2, we investigated whether functional connectivity patterns between 

large-scale brain networks and Aβ burden are synergistically related to cognition in 

a longitudinal cohort spanning the disease spectrum from healthy to clinical AD. 

We found that patterns of inter-network functional connectivity differed depending 

on the level of Aβ burden and that the directionality of inter-network connectivity 

predicted memory decline in an Aβ dose-dependent manner. Specifically, in the 

cognitively healthy group, we found that when inter-network correlations were 

negative, higher Aβ burden was associated with greater memory decline. However, 

when inter-network correlations were positive, there was no association between 

Aβ burden and memory decline. For the mild cognitive impairment group, we found 

that the dose-dependent association between Aβ and cognitive decline was only 

present in the group with positive inter-network connectivity. These findings suggest 

that the direction of functional organization between large-scale networks adds 

additional information about the rate of Aβ-related cognitive decline in preclinical 

groups, and may be used to optimize patient selection and reduce the required 

sample sizes in clinical trials during the presymptomatic phase.

In chapter 3, we discovered that the noradrenaline (NA) metabolite 

3-Methoxy-4-Hydroxyphenylglycol (MHPG), together with information about Aβ and 

tau burden, is associated with volume of the hippocampus and cortical thickness 

in multiple cortical regions. This association was present at preclinical levels of 

Aβ in the cerebrospinal fluid and involved target sites of LC projections. These 
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findings imply involvement of the LC-NA system in early AD pathophysiological 

processes, possibly before clinical amyloidosis, making this system a potential 

target for pharmaceutical modulation.

In chapter 4, we take a closer look at the microstructural correlates of 

in vivo measures of LC integrity. We show that LC integrity is associated with 

quantitative anisotropy in tracts originating from the LC, but not with measures 

of neurite density and arborization within the LC. Specifically, our findings suggest 

that axonal integrity of projections to the thalamus and cerebellum, rather than 

changes to the neuropil of LC cells, is associated with in vivo measurements of 

LC integrity. In accordance with animal research previously suggesting similar 

patterns in early AD model rats, we conclude that in vivo measures of LC integrity 

likely reflect early stages of the AD pathophysiological process.

In chapter 5, we aimed to make a side-by-side comparison of several 

approaches to tackle the methodological difficulties that are associated with accurate 

and consistent delineation of the LC in vivo. We found study-specific template-

based approaches for LC delineation to be the most consistent tool for reliable LC 

delineation. When compared to a manual delineation approach, the template-based 

approaches showed considerably higher reliability scores across the bilateral LC. 

However, we recommend caution, as template-based approaches remain vulnerable 

to registration issues, and further refinement of template creation pipelines and 

careful manual quality checks on all registrations are to be advised.

In chapter 6, we take a closer look at LC integrity and sleep disturbances in 

the context of AD pathology. The sleep-wake cycle involves the LC-NA system and 

sleep disturbances are recognized as a risk factor for AD. We find that in vivo MRI 

markers of LC integrity are associated with the number of self-reported nocturnal 

awakenings in cognitively healthy older individuals, and that this association 

is particularly strong in the presence of tau pathology. These findings show an 

important role for LC integrity in sleep-wake regulation in preclinical AD and suggest 

that the combined knowledge about nocturnal awakenings and LC integrity may aid 

in the selection of at-risk individuals for clinical trials targeting AD at an early stage.

Finally, in chapter 7, we explore the implications and limitations of our 

findings, as well as propose directions for future research. Overall, we outline brain 

changes and clinical symptoms that are associated with the earliest accumulations 

of Aβ and tau pathology with the aim to facilitate earlier detection of at-risk 

individuals for clinical trials targeting AD in the preclinical phase.
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Behandelingen die proberen de ziekte van Alzheimer (AD) te beïnvloeden worden 

mogelijk te laat in het ziekteproces toegepast, wanneer onomkeerbare hersenschade 

al heeft plaatsgevonden. Met behulp van recent dieren- en autopsieonderzoek 

hebben we specifieke hersenveranderingen geïdentificeerd die verbonden zijn aan 

amyloid-beta (Ab) of tau pathologie in de asymptomatische fases van de ziekte. We 

hebben getracht om relevante magnetic resonance imaging (MRI) maten van deze 

vroege hersenveranderingen, zoals functionele connectiviteit en locus coeruleus (LC) 

integriteit, te relateren aan gevestigde hersen-, cognitie en gedragsveranderingen 

in AD. Vroege identificatie van deze processen in vivo kan het mogelijk maken om 

eerder in het ziekteproces in te grijpen en mogelijk resultaten van klinische trials 

te verbeteren. Om deze reden was het doel van dit proefschrift om deze vroege 

processen in vivo in kaart te brengen met behulp van MRI en om het potentieel 

hiervan te onderzoeken als tekenen van AD-gerelateerde processen.

In hoofdstuk 2 hebben we gekeken of patronen in functionele connectiviteit 

tussen grotschalige hersennetwerken en Aβ belasting samen verband houden 

met cognitie in een longitudinaal cohort overheen het hele gezond tot klinische 

AD spectrum. We hebben gevonden dat patronen in functionele connectiviteit 

tussen netwerken verschillen afhankelijk van Aβ belasting en dat de richting 

van connectiviteit tussen netwerken in staat was om geheugenachteruitgang te 

voorspellen, afhankelijk van Aβ dosering. Meer specifiek vonden we dat wanneer 

correlaties tussen netwerken negatief waren, hogere Aβ belasting geassocieerd 

was met meer geheugenachteruitgang in de cognitief gezonde groep. Echter, 

wanneer deze correlaties positief waren, was dit verband niet zichtbaar.

Voor de groep mensen met mild cognitieve beperking vonden we de dosis-

afhankelijke associatie tussen Aβ en cognitieve achteruitgang alleen in de groep 

met positieve connectiviteit tussen de netwerken. Deze bevindingen suggereren 

dat de richting van functionele organizatie tussen grootschalige hersennetwerken 

informatie toevoegt over de mate van Aβ-gerelateerde cognitieve achteruitgang 

in preklinische groepen. Deze informatie kan gebruikt worden om de selectie 

van patiënten voor klinische trials in de preklinische fase te optimaliseren en de 

benodigde sample sizes te verkleinen.

In hoofdstuk 3 ontdekten we dat de noradrenaline (NA) metaboliet 

3-Methoxy-4-Hydroxyphenylglycol (MHPG), samen met informatie over Aβ en tau 
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belasting, geassocieerd is met het volume van de hippocampus en corticale dikte 

in meerdere gebieden van de cortex. Deze associatie bestond al op preklinische 

niveaus van Aβ in het hersenvocht en was te zien gebieden die projecties van de LC 

ontvangen. Deze bevindingen impliceren dat het LC-NA systeem vroeg in het AD 

ziekteproces betrokken is, mogelijk al voor klinische Aβ ophoping. Dit betekent dat 

het LC-NA systeem een interessant doelwit kan zijn voor farmacologisch ingrijpen.

In hoofdstuk 4 keken we naar de microstructurele correlaten van in vivo maten 

van LC integriteit. We lieten zien dat LC integriteit geassocieerd is met quantitative 

anisotropy in wittestofbanen vanuit de LC maar niet met maten van neuriet 

dichtheid of vertakking binnen de LC. Specifiek suggereren onze bevindingen dat 

de integriteit van axonen van de projecties naar de thalamus en het cerebellum, en 

niet het neuropil van LC cellen, geassocieerd is met in vivo maten van LC integriteit. 

Dit is consistent met dierenonderzoek dat eerder soortgelijke patronen heeft laten 

zien in vroege AD model ratten en we concluderen daarom dat in vivo maten van LC 

integriteit waarschijnlijk vroege stadia van het AD ziekteproces weergeven.

In hoofdstuk 5 trachtten we een zij-aan-zij vergelijking te maken van 

meerdere manieren om de methodologische uitdagingen aan te gaan van het 

accuraat en consistent aftekenen van de LC in vivo. We vonden dat de aanpak 

waarbij een studie-specifiek sjabloon voor het aftekenen van de LC wordt 

gemaakt de meest consistente aanpak is. Wanneer we deze methode vergeleken 

met een handmatige aftekening van de LC, zagen we dat de sjabloon aanpak 

duidelijk betere betrouwbaarheidsscores liet zien voor de bilaterale LC. Echter is 

voorzichtigheid geboden omdat sjabloon methodes nog steeds vatbaar zijn voor 

registratieproblemen. Daarom is handmatige kwaliteitscontrole op de registraties 

en verdere verfijning van het proces om sjablonen te maken aan te raden.

In hoofdstuk 6 hebben we gekeken naar LC integriteit en slaapverstoringen 

in de context van AD pathologie. De LC is betrokken bij de cyclus van het slapen en 

wakker worden en verstoringen in het slaappatroon zijn genoemd als een risicofactor 

voor AD. Wij lieten zien dat een vivo MRI maat van LC integriteit verbonden is met 

de hoeveelheid nachtelijke ontwakingen die cognitief gezonde oudere mensen zelf 

rapporteren. Deze associatie was bijzonder sterk als ook tau pathologie aanwezig 

is. Deze bevindingen laten de belangrijke rol van LC integriteit zien in het reguleren 

van slaap en waken in preklinische AD en suggereren dat de gecombineerde kennis 

over nachtelijke ontwakingen en LC integriteit kunnen bijdragen aan het vroeg 

selecteren van individuën met een hoger risico op AD voor klinische trials.
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Als laatste keken we in hoofdstuk 7 naar de implicaties en beperkingen van 

onze bevindingen en kijken we ook naar opties voor toekomstig onderzoek. Over 

het algemeen bespreken we hersenveranderingen en klinische symptomen die 

geassociëerd zijn met de vroegste ophopingen van Aβ en tau met het doel om 

individuën met een verhoogd risico op AD eerder te herkennen. Klinische trials 

die de ziekte in de preklinische fase onderzoeken kunnen op deze manier worden 

geholpen in hun participantenselectie.
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Within MHeNS, well over 400 doctoral theses have been successfully defended and 

this number continues to grow. To save precious paper and energy, they will not 

be listed in this book, but you can find a continuously updated overview of these 

defenses from the research school in the Maastricht University repository at:

https://cris.maastrichtuniversity.nl/en/organisations/mhens-school-for-mental- 

health-and-neuroscience/publications/?type=%2Fdk%2Fatira%2Fpure%2Fresearc 

houtput%2Fresearchoutputtypes%2Fthesis%2Fdoc
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hiervoor.
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