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Qur’anic Reflection 

 

حِيمِ  نِ الره ٰـ حْمَ ِ الره  بِسْمِ اللَّه

 

 

ن يرَُدُّ إلِىَٰ أرَْذلَِ الْعمُُرِ لِكَيْلََ يَعْلَمَ بَعْدَ عِلْمٍ شَ  ُ خَلَقَكُمْ ثمُه يَتوََفهاكُمْ ۚ وَمِنكُم مه يْئاً ۚ  اللَّه

َ عَلِيمٌ قدَِيرٌ   إنِه اللَّه

( ٧٠سورة النحل، الآية  ) 

 

"Allah created you, then He will take your souls. And some 

of you will be reduced to the most abject stage of life so 

that they may know nothing after having known much. 

Surely Allah is All-Knowing, Most-Powerful." 

— Surah An-Nahl (16:70) 

 

This verse eloquently captures the essence of age-related cognitive decline, 

such as observed in Alzheimer’s disease. It serves as a profound reminder of 

the human journey—from knowledge to frailty—and underscores the 

spiritual and biological realities of aging. The study of neurodegeneration 

not only advances science but also resonates with timeless truths conveyed 

in the Qur’an. 
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Abstract 

Alzheimer’s disease (AD) is increasingly recognized as involving early 

degeneration of the locus coeruleus (LC), the brain’s primary source of norepinephrine 

and a key regulator of cognitive functions such as attention and memory. Despite its 

importance, the progression and consequences of LC deterioration have remained elusive 

due to challenges in reliably imaging this small brainstem nucleus in vivo. This thesis 

addresses that gap by employing neuromelanin-sensitive MRI (NM-MRI) and 

introducing a novel automated LC segmentation technique, the funnel-tip (FT) method, to 

quantify LC integrity across aging and AD stages. 

In the first set of experiments, we validated the FT approach using a cross-

sectional cohort (n = 190) across the Alzheimer’s spectrum. The FT method 

demonstrated high agreement with manual tracing (ICC = 0.91), strong association with 

AD diagnosis, Braak stage, and cognition, and robust test–retest reliability (ICC = 0.82).  

Building on this, we conducted a longitudinal analysis in 266 older adults, 

including cognitively normal individuals, patients with mild cognitive impairment (MCI), 

and those with AD, followed over four years with annual NM-MRI, PET imaging for 

amyloid and tau, and neuropsychological testing. 

This study’s main findings were that the LC signal declined significantly in early 

AD (Aβ+, Braak stages 1-3), but remained stable in late stages of AD and healthy aging. 

Notably, Aβ-negative individuals at baseline exhibited an unexpected LC signal increase 

linked to early tau accumulation, suggesting a transient biological response before 
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neuronal loss. LC signal was also positively correlated with cognitive performance, 

particularly in memory and object recognition tasks among AD patients. 

In conclusion, this work identifies LC degeneration as a dynamic, early feature of 

AD and introduces a scalable method for its in vivo assessment. The FT segmentation 

technique, combined with multimodal biomarkers, enhances our ability to track disease 

progression and opens new avenues for early diagnosis and intervention in AD. 
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1.1. Background on Alzheimer's Disease 

1.1.1. Epidemiology & Impact 

Cognitive decline, memory loss, and functional disability define the progressive 

neurodegenerative condition known as Alzheimer's disease (AD). Affecting millions of people 

globally, it is the common cause of dementia in the elderly[1,2]. The progressive decline 

eventually affects the patient’s daily activities and quality of life after the sequential decrease in 

behavioral, cognitive, and motor functions[3]. The prevalence of Alzheimer's continues to rise, 

as the population ages, at an alarming rate, posing significant challenges and socio-economic 

burdens to the patients, communities, and the healthcare systems worldwide[4,5].  

1.1.2. Prevalence of AD 

In 2020, the prevalent cases of AD cases and other dementias around the world were 

more than 55 million cases according to the World Health Organization (WHO) where AD 

accounted for 60-70 percent of these cases[6]. This number is expected to triple by 2050 to reach 

139 million cases globally. In 2019, the prevalence rate (age-standardized) due to AD and other 

dementias increased by 5.7% to be 682.5 per 100,000 individuals globally[7]. Regionally, the 

highest scores were for the regions of Middle East and North Africa (777.6) and East Asia 

(781.4), while Western Sub-Saharan Africa (469.8) and South Asia (428.4) recorded the lowest 

rates[7]. Moreover, East Asia and high-income Asia Pacific regions had the highest increase 

(28.3% and 19% respectively) in regional prevalence rates since 1990, whereas Western Sub-

Saharan Africa recorded a decrease of -2.4%. Country-wise, the prevalence rates are the highest 

in Turkey (805.1) and Bahrain (801.1), while it is the lowest in Nigeria (441.4) and India 

(416.4)[7].  
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A recent report (2023) showed that only in the United States of America there is an 

estimated 6.7 million people above the age of 64 are currently living with Alzheimer's 

dementia[8]. While this number is expected to double by 2060 to reach around 13.8 million 

cases. In 2020, a report recorded that the prevalence rate of AD was doubled among persons who 

identify themselves as Black/African American than those of a white race[8]. 

In 2019, AD was recorded as a cause of death for 121,499 cases in America, and it was listed 

as the sixth leading cause of death before COVID-19 entered the top ten pushing it to the seventh 

place[8]. However, it remains fifth on the list of Americans' death certificates who are age 65 or 

older. Since the beginning of 2000, the death rates decreased for HIV, stroke, and heart disease, 

while recorded deaths from AD increased by more than 145%[8]. 

1.1.3. Risk Factors of AD 

Although a lot of studies have been done, the precise etiology of Alzheimer's disease is still 

unknown; yet certain risk factors have been found to help explain its onset. Early diagnosis, 

prevention plans, and proper illness management all depend on an awareness of these risk 

factors. The most important risk factors linked with Alzheimer's disease—including genetic 

predisposition, lifestyle choices, cardiovascular diseases, and environmental exposures—as 

explored in this literature review will be discussed. 

1.1.3.1 Genetic factors 

Among the most firmly recognized risk factors for Alzheimer's disease is genetic inclination. 

An elevated risk of late-onset or sporadic Alzheimer's disease is linked to the Apolipoprotein E 

(APOE) gene, especially the APOE ε4 allele. Studies have found that persons with one copy of 

the APOE e4 allele had a two- to threefold greater risk; those with two copies have up to a 
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twelve-fold risk[9,10]. Furthermore, early-onset or familial Alzheimer's disease is connected to 

mutations in genes including APP, PSEN1, and PSEN2[11]. Characteristic of Alzheimer's 

disease, these genetic factors contribute to amyloid-beta accumulation and tau protein pathology, 

which are known as the hallmark features of AD[12,13]. Also, these genes are highly penetrant 

compared to APOE ε4 allele carriers, and mutations to these genes can lead to symptomatic 

onset as early as the third or fourth decade of life[14]. 

1.1.3.2. Behavioral Factors 

New research points to a major influence of lifestyle decisions on Alzheimer's risk. An 

increased risk of the disease has been linked to physical inactivity, bad eating patterns, smoking, 

and excessive alcohol consumption[15,16]. Consistent physical activity and a balanced diet—

especially the Mediterranean diet[17] has been shown to reduce risk. Additionally, protective 

factors include social interaction and cognitive stimulation. Studies show that those who pursue 

lifetime learning and keep close relationships show less cognitive deterioration[15,18].  

1.1.3.3. Metabolic and Cardiovascular Factors 

Alzheimer's disease and cardiovascular health are clearly connected. Among the risk factors 

are hypertension, diabetes mellitus, hypercholesterolemia, and obesity[15,19]. Reduced brain 

perfusion and vascular injury help explain neurodegenerative alterations; insulin resistance may 

aggravate amyloid plaque development and neurofibrillary tangles[20]. Also, efficient control of 

cardiovascular risk factors has shown a reduction in the incidence of Alzheimer's and associated 

dementias[21].  
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1.1.3.4. Social and Environmental Factors 

Also linked with the etiology of Alzheimer's disease are environmental exposures including 

heavy metal toxicity and air pollution. Long-term particulate matter and pollution exposure to 

nitrogen dioxide, nitrous oxide, ozone, and carbon monoxide can set off inflammatory reactions 

and oxidative stress, therefore causing brain damage[15,22].  Furthermore, very important in risk 

modulation are socioeconomic elements including the degree of education and availability of 

healthcare facilities. Reduced educational level and socioeconomic hardship are connected to 

higher sensitivity to cognitive deterioration[5,15]. This is known by a concept called “cognitive 

reserve” defined by an individual's ability to sustain cognitive function despite age related 

degeneration or brain damage, where the brain's resilience and adaptability make it easier to 

compensate for cognitive decline[23]. Multiple factors affect this reserve as years of education, 

category of occupation, and consistent engagement in brain-stimulating activities[23].  

1.1.4. The Role of Iron in AD 

Proper iron balance within the brain is crucial for neurological function and cognitive health. 

Dysregulated iron homeostasis has increasingly been directly implicated in the pathogenesis and 

progression of Alzheimer's disease[24,25]. Accumulation of iron in the brain can induce 

oxidative stress and generate reactive oxygen species, resulting in neuronal injury and the 

induction of neuroinflammation[24,26]. Moreover, elevated iron levels might promote amyloid-

beta peptide and tau protein aggregation—two defining features of Alzheimer's disease 

pathology[25]. 

 A prominent idea posits that iron deposition in the brain interferes with normal cellular 

processes, allowing toxic protein aggregates to form and inducing cognitive deterioration. 



6 

Certain experimental treatments have tried reducing brain iron stores by chelation or diet 

modification, however, clinical information is limited and sometimes conflicting[26]. 

Additionally, systemic abnormalities of iron metabolism, as characterized by elevated serum 

ferritin levels, have similarly been linked to heightened risks of cognitive impairment, suggesting 

that deregulation of iron may spread its negative effects well beyond the brain[25].  

In order to establish new and effective treatment strategies, it is important to expand our 

knowledge of the role of iron in neurodegeneration. Prevention of iron-induced neurotoxicity 

may provide new strategies for the treatment of Alzheimer's disease progression and patient 

quality of life. 

1.1.5. Societal and Economic Impacts of Alzheimer's Disease-Related Neurodegeneration  

With the increasing burden of Alzheimer's disease (AD), it has emerged as a significant 

public health concern that demands immediate attention. The primary cause of this increase is 

the aging population, which imposes a tremendous burden on families, communities, and 

healthcare systems globally[27]. The economic cost of Alzheimer's disease is significant and far-

reaching, including direct healthcare costs, long-term care costs, and informal home care by 

family.  

Healthcare spending on Alzheimer's Disease has increased in affluent nations such as Canada 

due to the increasing demand for specialist services and long-term care. The additional demand 

usually results in the placement of patients in care facilities, further exacerbating financial 

expenses. With the aging population, economic pressures will increase, mandating the 

introduction of legislative bills to efficiently ration resources[27]. The financial burden of AD 

extends beyond the direct medical costs. The socioeconomic impact involves diminishing 



7 

productivity, in that both patient and caregiver both experience increasing obstacles to 

maintaining their job. Family members also tend to become primary caregivers, forgoing 

professional aspirations to spend time and energy on tending to their loved ones. Such a 

persistent workload generates a significant emotional and mental burden, resulting in many 

caregivers becoming overwhelmed, drained, and even depressed[28,29]. Communities are 

challenged to accommodate to support individuals with dementia while meeting the needs of 

impacted families. Policies encouraging caregiver well-being, as well as public and community 

education activities and educational campaigns, are central in relief from family and system 

burden. Early detection and treatment are critical in slowing down the development of illness, 

while public education can greatly increase health awareness, thereby increasing the likelihood 

of early detection[27].  

1.1.6. AD Course of Illness  

Alzheimer's disease progresses through various stages, each with its own challenges 

concerning cognitive decline and activities of daily living. Knowledge of the disease course is 

important for clinicians and caregivers as it informs clinical decisions and care planning. The 

initial phase, mild cognitive impairment (MCI), is gradual and may go undetected and it is not 

specific as some MCI cases may not go on to develop AD. MCI individuals may, forget things at 

times, be slow to collect their thoughts or have difficulty completing complicated tasks. Sadly, 

the symptoms are misdiagnosed as normal symptoms of aging, resulting in delayed treatment and 

diagnosis[30,31].  

As the disease progresses to its early stage, memory loss becomes more significant, 

particularly with respect to recent things or recently learned information. Changes in mood, 
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including anxiety and depression, may emerge, disrupting daily life and social relationships[32]. 

During the second stage, cognitive impairment severely disrupts daily activities and makes every 

day a challenging task. The patients will have to depend more and more on caregivers to 

accomplish simple tasks such as bathing, dressing, and administering medicines. Changes in 

behavior such as irritability, restlessness, and disturbed sleep patterns are commonly established, 

making caregiving more demanding[31].  

The final stage of AD is preceded by a severe loss of cognitive and physical functions. 

Communication may be restricted or cut off, resulting in patients not knowing their nearest 

relatives. A normal activity such as swallowing and eating may become a problem, requiring 

constant observation as well as psychotic-like symptoms would be shown in many cases[31]. 

Immobility is a major issue, with the risk of infection, especially pneumonia, being a top cause 

of death[30].  

One intriguing feature of the progression of Alzheimer's disease is that the characteristic 

neuropathological manifestations, i.e., amyloid plaques and neurofibrillary tangles, do not 

always correspond to symptoms complained by the patients, while the Braak staging developed 

by Braak and Braak explains the illness progression based on the spread of tau and amyloid in 

the brain, which can now be tracked in vivo with the utilization of PET imaging[33–35].  

Braak & Braak's theory holds that the initial changes—stage I—start in the transentorhinal 

cortex, where amyloid deposits are either small or absent and tau building is only beginning[35]. 

The disease starts to migrate into the entorhinal cortex in stage II, but at this phase, cognitive 

decline is usually not present[36].  
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Tau tangles reach the limbic system and early neocortical areas as the disease moves into 

stages III and IV. This is regarded as the preclinical phase of AD; although they are usually not 

severe or easily observable, minor cognitive problems can start to show[36]. Amyloid plaques 

also become more noticeable in these phases, therefore adding to the pathogenic load on the 

brain[36]. 

Tau pathology has spread broadly over the neocortex by the time AD reaches stages V and 

VI. By this stage, the illness is completely developed, and people usually suffer from major 

cognitive impairment and extensive neuronal loss[37]. Though tau appears to be especially 

important in promoting neurodegeneration as AD develops, both amyloid and tau ultimately help 

to drive the disease process. Thus, it is imperative to assess both kinds of pathology jointly if one 

is to completely grasp and monitor Alzheimer's development[37,38]. 

Enhancing public awareness of the normal progression of Alzheimer's Disease and its 

warning signs can enable early intervention, with improved planning and more reflective care 

strategies. Ongoing research into Alzheimer's disease process mechanisms is central to the 

development of targeted therapy that can maximize patient outcomes and quality of life[39].  

1.1.7. Comparison Between AD and Other Dementias 

Alzheimer's disease (AD), the most common type of dementia, is known for memory 

impairment and cognitive function loss that are caused by the deposition of amyloid-beta (Aβ) 

plaques and tau tangles in the brain[40].  Comparatively, frontotemporal dementia (FTD) usually 

shows early personality changes and behavioral abnormalities rather than memory impairment 

and has different pathological markers including TDP-43 proteinopathies[41,42].  Although 

these diseases have common degenerative paths, their clinical patterns are quite different.  While 



10 

FTD patients show executive dysfunction and changed social behavior early in the illness course, 

those with AD often show prominent memory impairment[43,44]. 

 Moreover, vascular dementia (VaD) is known to have a distinct pathogenesis connected 

to cerebral ischemia and vascular factors[45]. While cognitive abilities can be impacted in both 

AD and VaD, the beginning of VaD usually coincides with strokes or cardiovascular diseases, 

therefore producing a varying cognitive history unlike the more slow cognitive decline seen in 

AD[46].  Different brain perfusion patterns across the several dementia types are indicated by a 

comparison of changes in cerebral blood flow (CBF) between VaD patients and those with AD 

and FTD, where VaD showed higher CBF than other types of dementia[47].  Similarly, Lewy 

body dementia (LBD), which includes Parkinson's disease dementia, has distinct symptoms such 

as visual hallucinations and parkinsonism that are not commonly seen in AD or FTD[48]. 

 Dementia with Lewy bodies (DLB), the second type of LBD, further complicates the 

dementia spectrum because of its overlap with both AD and FTD, especially with relation to 

neuropsychiatric symptoms like hallucinations[49].  Lewy bodies, the pathogenic feature of 

DLB, differ from the amyloid plaques of AD and the TDP-43 inclusions observed in FTD, 

therefore contributing to different clinical presentations[50].  Neuroimaging studies have 

revealed significant biomarker differences between these dementias, with AD exhibiting 

increased amyloid and tau deposition, whereas DLB exhibits lower levels of dopaminergic 

function and distinct MRI characteristics when compared to both AD and FTD[48,51]. 

1.1.8. Pathological Hallmarks 

Alzheimer's disease (AD) is a chronic neurodegenerative disease with characteristic 

pathological features, which are pivotal to its pathogenesis and progression. They are amyloid-
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beta (Aβ) plaque deposition, tau neurofibrillary tangle formation, and synaptic loss. In addition, 

oxidative stress and neuroinflammation are increasingly considered pathogenic processes, in 

addition to global changes in the cholinergic system. Due to its multifactorial etiology, AD is a 

challenge to researchers and clinicians because they need to utilize effective therapeutic 

strategies and diagnostic markers. However, as you will see in the following sections, the 

biology of AD is becoming well characterized and significant progress has been made despite 

persistent challenges. 

1.1.8.1. Amyloid-Beta 

Amyloid-beta (Aβ) plaque accumulation in the brain is one of the most known 

pathogenic features of Alzheimer's disease.  More precisely Aβ42, which is produced from the 

amyloid precursor protein (APP) by consecutive cleavages by beta- and gamma-secretase 

enzymes, these plaques mostly feature oligomerized Aβ peptides[52].  Aβ peptides synthesized 

often self-assemble and form insoluble fibrils, which build extracellularly in the brain in the 

compact form of plaques.  These plaques are not only neurotoxic but also supposed to start 

inflammatory reactions in the brain. 

 According to the amyloid cascade theory, Aβ peptide deposition is the first event causing 

the later pathologic alterations in Alzheimer's disease[52]. With increasing cognitive function 

loss, deposited Aβ deranges synaptic activity and neural communication.  It is well established 

that clinical presentation and amyloid load are tightly but nonlinearly linked.  Some patients have 

extreme dementia but rather low amyloid loads; others have plenty of plaque but lack 

dementia[24].  Such variety has spurred discussion on the particular role Aβ plaques play in 

disease pathogenesis. 
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 With the development of neuroimaging methods such as positron emission tomography 

(PET) radiotracers that enable in vivo identification of amyloid deposition, Aβ plaque research 

have advanced significantly.  Longitudinal studies suggest that Aβ plaque development usually 

occurs several years before the onset of cognitive impairment and that early therapy of amyloid 

deposition may thus be beneficial[24].   

1.1.8.2. Tau Neurofibrillary Tangles 

Tau neurofibrillary tangles (NFTs) are the second inherent pathological feature of 

Alzheimer's disease (AD) and consist of hyperphosphorylated tau protein that exists in the form 

of filaments in the neurons. In healthy individuals, tau protein plays a role in the structural 

integrity of microtubules of the neuronal cytoskeleton; however, after hyperphosphorylation, it 

loses its functional activity and causes disassembly and tangle formation made of tau[24,53]. 

Compared with amyloid plaques, the topological distribution of tau pathology better 

correlates with the severity of cognitive deficits. Evolution of tau pathology follows a seemingly 

predictable course from the transentorhinal cortex to the hippocampus and neocortex with the 

progression of illness[24,54]. A spreading mechanism such as this aligns well with the clinical 

progression of Alzheimer's disease, and tau pathology serves as an accurate biomarker for 

monitoring the progression of illness as we discussed the Braak stage progression in the previous 

section on AD course of illness[35–37]. 

Tau pathology has been linked with axonal transport disruptions, which in turn 

compromise efficient communication between neurons. This ultimately results in synaptic 

dysfunction and neuronal cell death. It has been observed that tau pathology is more closely 

linked with clinical presentation than amyloid deposition because it directly disrupts neuronal 
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function[24]. Identifying the mechanisms underlying tau hyperphosphorylation and aggregation 

is significant for the development of therapeutic interventions aimed at this aspect of Alzheimer's 

disease pathology[24]. 

1.1.8.3. Synaptic Loss 

Synaptic dysfunction and subsequent loss of synapses are directly related to the 

phenomenon of cognitive impairment in Alzheimer's disease (AD) patients, and these states 

usually occur many years before the development of obvious and overt pathology featuring 

amyloid or tau proteins. Extensive research has established a direct and significant correlation 

between the loss of synapses in the hippocampus, and also in other regions of the brain 

associated with memory, and the consequent impairment of cognitive function, [54]. The 

induction of synaptic loss can be due to a myriad of factors ranging from tau 

hyperphosphorylation, mitochondrial injury, to oxidative stress[55]. 

A salient feature of synaptic loss in Alzheimer's disease (AD) is the degeneration of the 

cholinergic system, which is involved in promoting learning and memory functions. In patients 

diagnosed with AD, extensive degeneration of the cholinergic neurons within the basal forebrain 

occurs, leading to decreased levels of acetylcholine. Such specific loss is associated with 

cognitive and memory impairment, and research is still ongoing to search for the effective 

medication for cognition since cholinergic medications didn’t show an improvement[54]. 

There is also accumulating evidence demonstrating disruption of synaptic plasticity in 

AD. Loss of dendritic spines, which play a role in synaptic transmission and plasticity, is a 

common finding in AD brains[54]. Synaptic loss is not only the consequence of tau and amyloid 
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pathologies but also plays a role in cognitive impairment by directly influencing neuronal 

communication and information processing[54]. 

1.1.8.4. Various Forms of Alzheimer's Disease 

Alzheimer's disease, a complex and serious neurodegenerative disease, is routinely 

classified into two distinct forms: familial or early-onset Alzheimer's disease, and sporadic or 

late-onset Alzheimer's disease. Sporadic Alzheimer's disease is the most prevalent form of the 

disease and typically affects individuals after they have reached the age of 65 years, with no 

particular genetic link or familial factor that can be identified following family lines[24]. 

Familial Alzheimer's disease, however, is far less common and occurs as a direct result of 

mutations in the genes PSEN1, PSEN2, and APP, which have been documented as having 

fundamental roles in the causation of this form of the disease. These mutations cause changes in 

the processing of Aβ and result in a tremendous rise in plaque deposition at a very early age[24]. 

Elucidation of the molecular and genetic mechanisms of the different types of AD is 

important in the development of targeted intervention. Differential diagnosis between the 

familial and sporadic types also raises issues of screening and genetic counseling, especially in 

the early-onset dementia families[24]. Molecular investigations are also progressively giving 

insights into the molecular pathways involved and are offering opportunities for individualized 

therapeutic intervention[24]. 

1.1.8.5. Oxidative Stress and Neuroinflammation as Etiological Factors 

1.1.8.5.1. Neuroinflammation 
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Neuroinflammation is one of the major causes of Alzheimer's disease pathogenesis, one 

of the key mechanisms that initiate and advance neurodegenerative changes. Increasingly, 

research shows that neuroinflammation is not simply an epiphenomenon of the pathological 

process of AD, but also an active promoter of the overall pathology of the disease. The brain 

immune cells, i.e., microglia and astrocytes, become activated with amyloid-beta (Aβ) deposition 

and release pro-inflammatory cytokines, chemokines, and reactive oxygen species (ROS)[56,57]. 

Inflammation, though helpful in its initial stage, turns to be harmful with chronic inflammation, 

causing neuronal injury and synaptic dysfunction[57]. 

The bidirectional interaction between amyloid-beta (Aβ) plaques and neuroinflammation 

reinforces a negative vicious cycle that drives the progression of Alzheimer's disease (AD). Aβ 

accumulation induces the activation of microglial receptors like Toll-like receptor 4 (TLR4) and 

NLRP3 inflammasomes, which result in the release of pro-inflammatory molecules like 

interleukin-1β (IL-1β) and tumor necrosis factor-alpha (TNF-α)[57]. The inflammatory 

mediators in question not only cause neuronal cell death but also impede the clearance of Aβ, 

thus allowing the continuous formation of plaques. This harmful cycle forms the basis of the 

neurodegenerative cascade seen in patients suffering from Alzheimer’s disease[57]. 

Current neuroimaging studies have shown strong correlations between amyloid 

accumulation and increased markers of neuroinflammation. Advances in imaging techniques, 

particularly with PET imaging for TSPO ligands, have shown that areas of high amyloid 

deposition have higher glial activation and inflammation relative to areas of low amyloid burden; 

these are indices of cognitive impairment and severity of symptoms[58]. Identification of the 

precise pathways by which neuroinflammation contributes to AD pathology is important to the 
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development of anti-inflammatory therapies directed at modulating microglial activation or 

blocking the release of pro-inflammatory cytokines[58]. 

1.1.8.5.2. Oxidative Stress 

Oxidative stress is a key aspect of the pathophysiology of Alzheimer's disease since it is a 

final inducer for neuron injury and loss of synaptic integrity. It arises as a result of imbalance 

between the generation of reactive oxygen species (ROS) and the capacity of the brain to 

conduct antioxidant defense. In Alzheimer's disease, oxidative stress is further exacerbated by 

the accumulation of amyloid-beta (Aβ) and tau aggregates that cause mitochondrial dysfunction 

and enhanced production of reactive oxygen species (ROS)[56]. The heightened oxidative stress 

consequently results in the oxidation of vital biomolecules like lipids, proteins, and nucleic acids, 

with eventual cellular dysfunction and apoptosis[55]. 

Oxidative damage is pervasive in brain regions that are typified by heightened 

susceptibility to Alzheimer's disease (AD), namely the hippocampus and cortex. It has been 

revealed that the amyloid and tau pathologies are not just initiated by oxidative stress, but also 

modulated by it, which causes them to develop slowly. Oxidative alterations, however, can 

increase the risk of Aβ peptide aggregation along with promoting tau hyperphosphorylation, thus 

spreading the process of neurodegeneration[54]. 

Therapeutic approaches to reduce oxidative stress have included the use of antioxidants 

such as vitamin E, coenzyme Q10, and curcumin. These have been found to exert 

neuroprotection in preclinical models, but it has been extremely difficult to translate this to the 

clinical scenario[25]. Targeting oxidative stress remains an attractive strategy for decreasing the 

course of Alzheimer's disease and preserving cognitive function. 



17 

1.1.8.6. Cholinergic System Involvement 

The cholinergic hypothesis of Alzheimer's disease postulates that cognitive decline is 

caused by extensive loss of cholinergic neurons, primarily from the basal forebrain. 

Acetylcholine (ACh) is a major neurotransmitter of learning and memory and its deficiency is 

commensurate with the degree of dementia[55]. Pathologic processes against the cholinergic 

neurons are synaptic degeneration, axonal injury, and defective neurotransmitter synthesis, all of 

which are harmful to cognitive functions[54]. 

The cholinergic dysfunction in AD has motivated the development of therapeutic 

strategies that enhance cholinergic transmission. Cholinesterase inhibitors such as donepezil, 

rivastigmine, and galantamine, which are in routine practice, act by increasing the amount of 

acetylcholine (ACh) available by inhibiting its breakdown. Pharmacological treatment is being 

employed for symptom relief by enhancing cholinergic transmission, with no impact on the 

disease pathology[54]. 

There is new evidence for a potential interaction of the cholinergic system with 

neuroinflammatory mechanisms. Cholinergic receptors-bearing activated microglia can modulate 

inflammatory processes in such a way that restoring cholinergic function can be employed to 

prevent neuroinflammatory damage[54]. Such interaction explains the effectiveness of 

combining cholinergic-targeted therapy with anti-inflammatory treatment to enhance therapeutic 

effectiveness in Alzheimer's disease[54]. 

1.1.8.7. Cascade of Change 

The cascade model of Alzheimer's Disease (AD) states that pathological processes are not 

independent; they are, rather, linked with each other and give a sequential response during the 
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disease process. Early accumulation of amyloid generates tau pathology, followed by synaptic 

dysfunction and neurodegeneration[57]. The cascade model explains the cross-talk between 

amyloid, tau, neuroinflammation, oxidative stress, and cholinergic deficit that all facilitate 

cognitive impairment and disease progression. 

An appreciation of the cascade effect is necessary to design multi-targeting therapeutic 

approaches that address multiple facets of AD pathology rather than targeting amyloid or tau 

individually. This type of approach can be expected to break the vicious cycle and halt disease 

progression[57]. 

1.1.9. Neuropsychiatric Symptoms  

Neuropsychiatric symptoms (NPS) are prevalent in Alzheimer's disease and significantly 

impact patients' quality of life. Depression, anxiety, agitation, and apathy are frequent symptoms 

that complicate the management of the disease and enhance caregiver burden[59]. The 

knowledge of neurobiological substrates of NPS is imperative in formulating integrative 

treatment approaches targeting both cognitive and behavioral aspects of AD[59]. 

AD psychiatric symptoms often occur early in the course of illnesss and can precede 

cognitive impairment. Depression and anxiety are particularly difficult, associated with 

alterations in brain regions like the prefrontal cortex and limbic system[59]. Not only do these 

symptoms worsen the patient's quality of life but also accelerate cognitive loss, with eventual 

institutionalization a possibility[60]. 

The development of NPS in AD is believed to be the consequence of the neuropathology 

of neurotransmitter systems such as serotonergic and cholinergic systems. Besides this, 
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neuroinflammation initiates the disruption of mood and behavior by altering neurotransmission 

as well as neuroplasticity[57,59]. 

Neuroimaging research has established that the severity of depression symptoms is also 

associated with atrophy in the amygdala and cingulate gyrus areas of the brain. Such structural 

deficits in the respective areas hamper the regulation of emotion and control over cognition, and 

interventions may need to be designed specifically to target neuropsychiatric and cognitive 

activities of Alzheimer's disease[53]. 

1.2. Locus Coeruleus- Norepinephrine System Function and its Relevance to AD 

Most famously known for its function in controlling a wide range of cognitive processes 

by the release of the neuromodulator norepinephrine (NE), the locus coeruleus (LC) is a small 

but fundamentally significant nucleus within the brainstem.  The LC norepinephrine system is 

essential for sustaining alertness and thereby promotes attention, memory processing, and 

modulation of emotional response[61].  Although its total volume is small, the LC's broad 

projections allow the NE to affect almost every area of the central nervous system (CNS), hence 

regulating both cognitive and autonomic activity[62]. 

  Knowing the anatomical organization and functional relevance of the locus coeruleus 

(LC) is especially crucial since it is fundamental for basic physiological and cognitive processes; 

moreover, its degeneration has been connected to a variety of neurodegenerative diseases 

including Alzheimer's and Parkinson's diseases[63,64].  This extensive review of the literature 

takes into account the anatomy of the LC, its function in memory and the processing of new 

stimuli, results of animal research, and the effect of aging on both the structural integrity and 

functional effectiveness of the LC.  



20 

1.2.1. The Human Locus Coeruleus  

1.2.1.1. Anatomical Review  

Located bilaterally in the dorsal pons of the brainstem, the LC lies near to the lateral 

boundary of the fourth ventricle[62].  The presence of neuromelanin in noradrenergic neurons—

a crucial indicator of both localization and identification of locus coeruleus neurons—helps to 

explain its bluish-gray color[65].  The locus coeruleus is the main source of norepinephrine in 

the brain according to histological studies showing a high concentration of noradrenergic 

neurons, over 30,000 in human subjects[61]. 

A neural complex, the locus coeruleus stretches rostro-caudally through its projections in 

the pons and has a strongly concentrated distribution close to the fourth ventricle.  Widespread 

efferent projections connect the LC to numerous cortical and subcortical areas, including the 

prefrontal cortex, thalamus, amygdala, hippocampus, cerebellum, and spinal cord[65].  High-

resolution magnetic resonance imaging (MRI) has made it feasible to do in vivo LC studies, 

therefore enabling research into age-related alterations and degeneration[65,66]. 

1.2.1.2. Noradrenergic Projection Pathways 

Forming some of the most common networks in the central nervous system, the 

noradrenergic projections from the LC, include both ascending and descending fibers[67].  

Affecting higher cognitive functions including attention, arousal, memory, and emotional 

processing, the ascending paths mostly point to locations including the prefrontal cortex, 

hippocampus, amygdala, thalamus[63], and all other cortical areas, while it might have some 

weaker connections with some regions or a lack of direct projection in the case of the primary 

visual cortex (V1)[68]. Ascending projections would be maintaining arousal and adjusting 
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attentional focus depending on the wide innervation of the cerebral cortex, especially in the 

frontal and parietal lobes[69]. 

Descending projections from the LC reach the spinal cord and autonomic regions, 

thereby altering nociceptive processing, pain management, and motor behavior[70].  Descending 

neural pathways are crucial for the modulation of the sympathetic nervous system's functions 

which is essential for stress reactions and adaptive behaviors.  These projections have dual 

character, which makes the LC an important hub combining cognitive processes with 

physiological reactions[70]. 

1.2.1.3. Norepinephrine Receptors 

Norepinephrine (NE) interacts with two primary categories of adrenergic receptors: alpha 

(α) and beta (β) adrenergic receptors. The α-adrenergic receptors are categorized into subtypes 

α1, and α2, whereas the β-adrenergic receptors are distinguished into β1, β2, and β3 

subtypes[71]. G-protein coupled receptors (GPCRs) play a crucial role in modulating neuronal 

excitability and neurotransmitter release by transducing signals via intracellular second 

messengers, notably cyclic adenosine monophosphate (cAMP) and inositol trisphosphate (IP3) 

pathways[71]. When NE is present, α1 receptors usually mediate excitatory effects that increase 

cellular activity and promote vasoconstriction, while α2 receptors primarily act as inhibitory 

autoreceptors that control NE signaling and reduce NE production. β-adrenergic receptors impact 

learning and memory by improving synaptic transmission and promoting long-term potentiation 

(LTP)[72,73]. 

The characteristics of the NE system elucidate the function of the LC in promoting 

arousal and wakefulness: in states of alertness, increased norepinephrine release amplifies 
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cortical neuron excitability, leading to EEG desynchronization, which is a hallmark of 

alertness[74,75]. Conversely, during sleep or times of reduced arousal, the activity of the locus 

coeruleus diminishes, promoting synchronized EEG patterns that indicate relaxation or sleep[74]. 

This delicate interplay between neurotrophic activities and NE receptor activation highlights the 

LC-NE system's crucial involvement in modulating cognitive functions required for adaptive 

behavior, maintaining awake, and enabling arousal. 

1.2.1.4. Neurotrophic Factors 

The neurotrophic effects of norepinephrine, particularly its involvement in signal 

transduction, are noteworthy. Norepinephrine (NE) plays a crucial role in promoting neuronal 

survival and augmenting neurogenesis, particularly within the hippocampus[76]. It affects the 

strength and plasticity of synapses by regulating signaling pathways associated with neurotrophic 

factors. The neurotrophic influence can enhance neuronal connectivity and promote survival in 

challenging environments, thereby improving cognitive functions such as memory and 

attention[76,77]. According to present research, norepinephrine from the LC can reduce 

microglial activation and the synthesis of pro-inflammatory cytokines, therefore reducing 

neurotoxicity[78]. 

1.2.1.5. Formation of Neuromelanin Pigment 

Neuromelanin is a type of melanin that is dark brown pigmented and has a vital 

neuroprotective role against oxidative stress, it is found mainly in the Locus Coeruleus (LC) and 

Substantia Nigra (SN)[79]. The detailed step-by-step process for the creation of NM pigment is 

shown in Figure 1 (adapted from Zucca et al. 2017 to better explain the details). The process 

starts by oxidizing catecholamines such as norepinephrine or dopamine (DA), which are closely 
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related molecules, using Iron (FeIII) in order to get DA-o-quinoine, which in turn goes under 

three distinct routes. The first one undergoes cyclization, polymerization, and further oxidation 

to create Eumelanin. The second route is to have a conjugation with protein residues to create 

protein-DA adducts. And the last route is to react with L-cysteine or Glutathione to produce 

cysteinyl-DA compounds, which would turn into Pheomelanin after further oxidation. According 

to the mixed melanogenesis model, the last two routes are faster than the first one and thus 

produce more protein-pheomelanin which will be coated with eumelanin. This would produce an 

insoluble and undegradable pigment that is fused with lysosomes and autophagic vacuoles which 

contain mainly lipids and proteins, thus forming the neuromelanin organelle which continues to 

accumulate as people age[79] and cannot be removed unless neurons degenerate after which can 

be broken down and removed by microglia[79]. 
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Figure 1. Step-by-step Synthesis Process of Neuromelanin Organelle 
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1.2.2. The functional relevance of the Locus Coeruleus in cognitive processes 

1.2.2.1. Arousal, Attention, and the LC-NE system 

The locus coeruleus is fundamental in the modulation of arousal and attention by 

regulating norepinephrine levels across the brain.  The LC shows high-frequency phasic firing 

under periods of enhanced vigilance or stress, which releases bursts of norepinephrine, 

improving cognitive processing and enabling quick responses[80].  Conversely, low-frequency 

tonic firing preserves baseline arousal, which is essential for keeping attention over extended 

lengths of time[67]. 

The activation of the LC optimizes the brain's ability to respond to salient stimuli, thereby 

facilitating both involuntary and voluntary attentional mechanisms, by increasing general arousal 

levels[81].  Tonic LC activity increases the responsiveness of neuronal networks connected to 

attention and alertness, enhancing the ability to process incoming sensory information and 

engage in cognitive tasks[82].  Moreover, neurodegenerative diseases like Alzheimer's disease, 

where age-related LC degeneration can impair attention and higher cognitive abilities, have been 

linked to disruptions in the LC-NE system[83]. 

  Furthermore, neuroimaging and physiological measurements are required to better 

understand the link between arousal and attention.  Recent advances in event-related potential 

studies have revealed links between phasic arousal and neural correlates of attention allocation, 

emphasizing how the LC's modulation of attention is dependent on its ability to adjust arousal 

levels in response to both internal and external cues[81].  This dynamic interplay is important 

when considering how LC integrity predicts cognitive performance, where impaired 

norepinephrine signaling, particularly in the context of neurodegenerative diseases such as 
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Alzheimer's and Parkinson's disease, is associated with attention deficits and cognitive 

decline[83,84]. 

DSP-4, a neurotoxin that impairs LC-NE signaling, has been demonstrated to influence 

behaviors associated with neurodegenerative symptoms and cognitive impairments, underlining 

the system's significance in mood regulation and cognitive performance[85].  Furthermore, the 

LC-NE system's ability to adaptively manage blood flow and oxygen demand under heightened 

arousal highlights its crucial role in preserving cognitive efficiency and neuronal health, 

especially in age-related or pathological cognitive decline86.  Understanding the LC-NE system 

has significant implications for creating tailored therapeutic approaches to improve attention 

deficiencies in Alzheimer's disease and other neurodegenerative illnesses. 

1.2.2.2. Novelty detection and memory processing 

The locus coeruleus has a vital role in memory processes, especially the encoding of 

information and consolidation of emotionally relevant information87.  In response to new 

stimuli, phasic activation of the LC stimulates synaptic plasticity in memory-associated areas 

including the hippocampal region, therefore helping to consolidate long-term memory88. 

The capacity of the locus coeruleus to adapt in response to environmental fluctuations 

contribute to its role in novelty detection.  The LC's response to unexpected stimuli appears to be 

essential for encoding events of significance and enabling quick changes in behavior63.  Apart 

from consolidating memory, this process has been shown to be facilitated through heightened 

noradrenergic transmission to hippocampus and amygdala, which enhances emotional tagging89. 
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1.2.3. LC-NE system in Animal Models 

The functional relevance of the locus coeruleus and its involvement in a sequence of 

cognitive and physiological processes has been greatly clarified by animal models.  Rodent 

studies have shed important light on the function of LC activation in memory consolidation, 

attention, arousal, and stress responses90,91.  Using optogenetic stimulation, pharmacological 

modification, and lesion studies among other experimental approaches, scientists have 

demonstrated how variations in LC activity influence behavior and cognitive ability92. 

1.2.3.1 LC Activation and Cognitive Improvement 

One very interesting result of studies on the locus coeruleus (LC) in animal models is the 

support of cognitive processes provided by focused stimulation.  Particularly in demanding 

activities requiring constant attention, studies employing optogenetic techniques have 

demonstrated that selective activation of LC neurons is linked to enhanced attentional 

functioning and memory consolidation90. Increased norepinephrine levels underlie the 

facilitation of synaptic plasticity and long-term potentiation (LTP), both of which are crucially 

important in the storage of memories. These effects of LC stimulation are most obviously 

evident in the hippocampus 90. 

pharmacological stimulation of LC function using adrenergic agonists has also shown 

positive effects on cognitive ability.  Particularly in learning and memory paradigms, 

norepinephrine injection or pharmacological enhancement of noradrenergic transmission has 

been proven to specifically improve performance on tasks91.  These investigations confirm the 

theory that LC-evoked norepinephrine release is a crucial control of cognitive enhancement, 

particularly in conditions requiring high alertness or quick decision-making. 
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1.2.3.2 Stress-induced cognitive decline and LC hyperactivity 

However, elevated LC-NE function does not always provide a physiological benefit. 

Extended chronic stress has been demonstrated to induce hyperactivity in the locus coeruleus 

(LC), which increases norepinephrine release and thereby induces receptor desensitization.  

Particularly with regard to memory and attention, this hyperactivated condition has been related 

to deficits in cognitive function89.  Longterm LC stimulation—which simulates stress—has been 

shown in studies utilizing animal models to result in cognitive impairment.  These findings imply 

that, whereas prolonged hyperactivity may have deleterious effects, acute activation may 

enhance cognitive ability93. 

Furthermore, animal models of stress have shown that LC hyperactivity is linked to 

decreased learning90 and more anxiety-like behaviors.  This phenomenon probably reflects a 

maladaptive reaction whereby the constant norepinephrine release finally disturbs brain circuits 

in charge of balanced cognitive processing.  Therefore, therapeutic strategies aimed at reducing 

stress-related cognitive impairment seek to control LC activity without causing hyperactivity90. 

1.2.3.3 Models of Neurodegenerative Disease and LC Dysfunction 

Particularly in models of Alzheimer's and Parkinson's disease, studies including animal 

models have been crucial in clarifying the degradation of locus coeruleus neurons in 

neurodegenerative disease and allow investigation of the mechanisms and consequences of LC 

degeneration on other pathophysiological processes and behavior.  Reflecting the human patient 

patterns, some transgenic mice used to model AD show a significant loss of LC neurons94.  

Reduced levels of norepinephrine in such model systems correspond with significant deficits in 

spatial memory and attentional performance. Treatments targeting either LC integrity or 
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norepinephrine levels have successfully ameliorated cognitive impairment in animal models, 

implying possible treatment approaches for human neurodegenerative illness94. 

The TgF344-AD rat model is a transgenic animal model that expresses mutant human 

APP and PS1 genes. This model recapitulates both amyloid and tau pathology and shows early 

tau accumulation in the LC prior to its spread to the hippocampus and entorhinal cortex[91]. 

Quantification of CP13+ phosphorylated tau in the LC, mEC, and hippocampus at 6 and 16 

months confirms a progressive pathology, with significantly increased tau burden in TgF344-AD 

rats compared to wild-type controls. This study also showed the anatomical progression of p-tau 

and Aβ pathology with age, supporting the LC’s role as a potential initiator of tau propagation. 

This model reflects early-stage tau-related changes prior to overt neurodegeneration, and is well-

suited for mechanistic studies investigating LC-origin tau seeding and noradrenergic dysfunction 

in AD-like progression[91]. 

1.2.3.4 Therapeutic Strategies in Animal Models 

Correcting cognitive impairment by pharmaceutically targeting the LC-NE system has 

shown encouraging results in animal models.  Agents raising noradrenergic transmission—that 

is, those of adrenergic agonists and norepinephrine reuptake blockers—have shown 

improvements in attentional as well as mnemonic function92.  Promising first results in 

preserving cognitive status in neurodegenerative models have also come from gene therapy 

targeted at re-establishing LC neuron activity94. The APP/PS1 mouse model is a well-known 

example of a model that mimics many of the alterations that are observed in the brain of people 

who have Alzheimer's disease (AD). 
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Absence of a preclinical model that faithfully replicates early tau accrual in LC, loss of 

LC innervation, and related behavioral deficits have hindered mechanistic insights and 

therapeutic development. Thus, researchers started using the TgF344-AD transgenic rat model, 

which expresses mutant human amyloid precursor protein (APP) and presenilin-1 (PS1), for 

histological and behavioral markers of LC dysfunction analogous to early AD. In these rats, 

hyperphosphorylated tau appears in the LC before its presence in the entorhinal cortex or 

hippocampus and correlates with reduced noradrenergic innervation in these regions. Progressive 

loss of norepinephrine and LC fibers was observed without significant LC neuron loss. In vitro, 

LC neurons expressing mutant tau showed reduced neurite length despite maintained viability, 

linking early tau pathology to structural degeneration. Behaviorally, TgF344-AD rats exhibited 

impaired cognitive flexibility, which was restored by chemogenetic LC activation via designer 

receptors exclusively activated by designer drugs (DREADDs)95. These findings support 

TgF344-AD rats as a robust model for early LC pathology in AD and highlight a promising 

therapeutic window targeting the LC-NE system95. Another study showed that α2A adrenergic 

receptor activity is increased in the AD animal model compared to healthy ones96. Having an in 

vivo treatment to block this receptor decreases Aβ-induced glycogen synthase kinase 3β 

(GSK3β) activation and tau hyperphosphorylation, and as a result, it enhances cognitive function 

in AD mouse models and ameliorates AD-related pathological changes96.  

Furthermore, animal models have proved crucial in evaluating lifestyle modifications that 

can help to slow down the deterioration of the locus coeruleus. Exercise and living in enriched 

conditions have proved to be helpful for LC neuron survival and norepinephrine retention, 

thereby enhancing cognitive resilience91.  These results imply that in the face of aging and 
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disease, pharmacological as well as non-pharmacological treatments could perhaps offer 

protective advantages for LC functioning and support cognitive processes. 

Thus, animal models offer priceless insights into the functional dynamics of the LC and 

its role in cognition and neuroprotection.  Experimental manipulation of LC activity has 

advanced our knowledge of how noradrenergic modulation affects stress adaptation, memory, 

and attention.  Translation of these discoveries into practical applications aiming at maintaining 

LC integrity and cognitive health depends on ongoing research in animal models. 

1.2.4.  The LC in neurodegenerative diseases and healthy aging 

1.2.4.1. LC Aging and Integrity 

The aging process entails a slow decrease in locus coeruleus neuron functionality as well 

as density.  Reduced LC contrast in elderly people has been observed by neuroimaging studies; 

evidence of this points to neuronal death and lowered norepinephrine production97.  These 

losses are linked to deficiencies in attention, memory, and executive function, so LC integrity 

presents a good biomarker for age-related cognitive decline98.  

1.2.4.2. Evidence Connecting Pathology of Alzheimer's Disease and Cognitive Decline to Early 

Locus Coeruleus Degeneration  

Strong evidence points to degeneration of the locus coeruleus (LC) in AD, implying that 

LC dysfunction may represent a potential clinical biomarker94. Early degeneration is associated 

with low norepinephrine levels in relevant brain regions such the hippocampal and cortical 

regions, which are critical for the consolidation of memory and executive function99.  
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Neuropathological studies show the presence of neurofibrillary tangles (NFTs) made of 

hyperphosphorylated tau proteins in the LC, clearly identifiable even in the preclinical stages of 

Alzheimer's disease. According to postmortem work, The LC accumulates tau before such 

pathology is spread into the entorhinal cortex, hippocampus, or any other brain region 99,100. 

Also, preceding to medial temporal lobe tau accumulation, there is confirmed LC integrity 

changes happening, suggesting that initial tau spreading originates from the LC and it starts 

seeding tau elsewhere through its neuronal projections100. This finding reveals the LC's 

selective vulnerability to AD tau pathology underscoring the relevance of a detailed 

understanding of LC pathology in AD.  

Reduced levels of arousal and cognitive flexibility follow from compromised 

noradrenergic innervation of the cortex and hippocampal tissue resulting from neuronal loss in 

the LC. Thus, the disturbed norepinephrine signaling of the impaired LC has been connected to 

problems in attention control, memory loss, and increased sensitivity to stress101. Daily 

functioning depends on these cognitive abilities, hence, their loss seriously reduces the quality of 

life of those suffering from Alzheimer's disease.  

A recent neuroimaging study implies that subjects displaying reduced integrity of the 

locus coeruleus, as measured by neuromelanin-sensitive magnetic resonance imaging (MRI), 

show a faster cognitive deterioration and exhibit increased accumulation of amyloid-beta and tau 

pathology98. Furthermore, postmortem studies show that LC degeneration is consistently linked 

to cognitive impairment and tau burden in the cortex99.  

Apart from direct neuropathological data, investigations using animal models have 

revealed that lesions of the locus coeruleus cause lower cognitive capacities, which are 
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suggestive of the early memory loss usually connected to Alzheimer's disease91. The models 

also imply a higher buildup of amyloid-beta plaques following disturbance of LC function, 

implying that LC degradation can not only aggravate but also initiate amyloid-related 

pathologies94.  

Human postmortem studies also corroborate the LC’s early involvement in tau pathology. 

Based on histological scoring of tau severity in rostral, middle, and caudal LC segments, this 

study shows that tau pathology increases significantly with advancing Braak and Braak 

stage[94]. However, no significant differences were found along the rostrocaudal LC axis, 

suggesting uniform vulnerability across LC subregions. These findings were derived from aged 

human donors with varying degrees of AD pathology, reinforcing that LC tau accumulation 

occurs even in early or preclinical stages. This histological data adds important context to the 

interpretation of NM-MRI signal changes, helping to validate imaging biomarkers against 

cellular-level pathology[94]. 

1.2.5 Noradrenergic Hypothesis of Alzheimer's Disease  

According to the noradrenergic theory of Alzheimer's disease, primary causes of the 

disease's development are degeneration of the locus coeruleus (LC) and consequent lack of 

norepinephrine. Not only does norepinephrine help to sustain arousal and attention, but it also 

modulates neuroinflammatory processes101. Degeneration of the LC might thus set off an 

unregulated inflammatory reaction that aggravates neuronal damage and accelerates cognitive 

decline78.  

The fact that norepinephrine depletion aggravates the inflammatory response in animal 

models of Alzheimer's disease supports this notion even more; nonetheless, stimulation of 
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noradrenergic signaling has been shown to reverse cognitive deficits and lower amyloid 

deposition102. Thus, interventions meant to maintain the integrity of the locus coeruleus or to 

increase norepinephrine signaling could have potential in slowing down disease progress and 

improving cognitive results102.  

Finally, mounting data emphasizes the important role that early LC degradation plays in 

the development of Alzheimer's disease. Both neuropathological and experimental findings point 

to the loss of LC neurons as a trigger for later amyloid and tau disease, hence aggravating 

cognitive decline95,100. More study is required to clarify the processes by which LC 

dysfunction fuels AD progression and to create focused treatments meant to maintain LC 

integrity and minimize cognitive loss.  

1.3. Importance of NM-MRI LC Imaging and Automated Segmentation 

Human neuroimaging has emerged as a critical technical advancement in understanding 

AD pathophysiology, considerably improving our ability to visualize and define the complex 

brain changes associated with this neurodegenerative disorder.  Conventional neuroimaging 

modalities, such as structural magnetic resonance imaging, functional MRI, and positron 

emission tomography, have been instrumental in elucidating the anatomical and functional 

alterations linked to Alzheimer's disease, thereby aiding in early diagnosis and monitoring 

disease advancement103–105. These imaging modalities enable researchers to investigate critical 

biomarkers, including amyloid beta deposition and tau tangles, which are closely associated with 

cognitive impairment in Alzheimer's disease patients106,107. 

Despite the invaluable insights derived from these traditional methodologies, substantial 

gaps persist in the investigation of neuroimaging correlates that could enhance knowledge and 
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prognostic capabilities for Alzheimer's disease, especially for the locus coeruleus-norepinephrine 

(LC-NE) system.  This system, has not been thoroughly examined in relation to Alzheimer's 

disease, although recent research indicates that its degeneration may be associated with 

neurovascular dysfunction and cognitive decline108,109.  The incorporation of machine learning 

and automation algorithms in neuroimaging applications is still nuanced and offers prospects for 

enhancing diagnostic criteria and tailoring treatment strategies, highlighting the necessity for 

more refined methodologies to interpret and analyze the extensive neuroimaging data currently 

accessible110,111.  It is essential to identify and address existing gaps in the pursuit of 

enhancing outcomes for individuals at risk for AD112,113. 

1.3.1. Introduction to MRI and Neuromelanin Imaging Physics 

Using the magnetic characteristics of hydrogen nuclei, magnetic resonance imaging 

(MRI) is a non-invasive imaging method that produces comprehensive anatomical images.  

MRI's basic idea is found in the interaction of nuclear magnetic moments with a strong external 

magnetic field114.  Because of their magnetic dipole moments, hydrogen nuclei (protons) align 

in a magnetic field and produce a net magnetization along the field axis115.  A radiofrequency 

(RF) pulse then disturbs these aligned nuclei, leading to their entering an excited state and 

generating transverse magnetism116. 

As the protons relax back to their equilibrium condition, the energy received during this 

excitation process is then discharged.  Two processes underlie this relaxation: transverse 

relaxation (T2) and longitudinal relaxation (T1), which separately define the decrease of 

transverse magnetization and the recovery of net magnetism97.  The MRI coils gather the 
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produced RF signals, then process their amplitude and phase to provide highly spatial resolution 

anatomical images114. 

Using variations in T1 and T2 relaxation durations and also magnetization transfer 

dynamics, neuromelanin-sensitive MRI (NM-MRI) images brain areas high in neuromelanin, 

including the locus coeruleus (LC) and substantia nigra62.  The high iron content of 

neuromelanin, gives it paramagnetic characteristics which contribute to its unique MRI 

contrast117.  NM-MRI uses the contrast between neuromelanin-rich and neuromelanin-poor 

areas to improve imaging a tiny nucleus like the LC115.  

High-field MRI (3T and 7T), which increases signal-to-noise ratios (SNR) and spatial 

resolution, has evolved from advances in MRI physics.  These developments especially help to 

visualize small nuclei like the LC, which has a diameter of roughly 1-2 mm118.  High-field MRI 

additionally enhances the contrast between neuromelanin-rich and neuromelanin-poor regions, 

therefore enabling exact anatomical localization and assessment of LC integrity115. 

1.3.2. Neuromelanin-sensitive MRI 

Recent advances in MRI technology have transformed our capacity to visualize 

noradrenergic nuclei, including the LC, and assess its integrity.  By their unique contrast 

characteristics, high-resolution imaging methods including neuromelanin-sensitive MRI have 

become well-known for their capacity to distinguish between healthy and degenerative LC 

114,115.  Mostly accumulating in the LC and the substantia nigra, neuromelanin offers a special 

target for MRI research64,114. Postmortem studies were also used to validate that a reduction in 

neuromelanin signal is correlated with decreased dopaminergic neuronal populations in PD 

patients using NM-MRI, showing its ability to monitor AD or PD disease progression119,120.  
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Additional postmortem data highlights the extent of LC neuronal loss in AD and PD. A 

study demonstrates a significant (~55–82%) reduction in LC cell density in AD and PD patients 

relative to age-matched controls[135]. This reduction was quantified using immunohistochemical 

methods on human brainstem samples and visually confirmed via photomicrographs. 

Importantly, the population included clinically diagnosed AD and PD patients, enabling clear 

pathological group comparisons. Such cellular-level validation is critical for interpreting LC 

signal loss seen in NM-MRI and underlines the transdiagnostic relevance of LC degeneration 

across neurodegenerative diseases. In line with these findings, a study conducted a stereological 

analysis of human postmortem brains and demonstrated progressive reductions in both LC 

volume and neuronal counts across the clinical spectrum of AD, with significant losses evident 

even at early Braak stages. These observations highlight the vulnerability of the LC at preclinical 

and prodromal phases and further support its potential as an early-stage biomarker target for in 

vivo imaging approaches[136]. 

Research has shown that areas rich in neuromelanin, such as the LC, show particular MRI 

signal features reflecting their functional condition and neuronal integrity.  The contrast shown in 

NM-MRI is especially related to the concentration of neuromelanin, a consequence of 

catecholamine metabolism. This approach has shown promise not only in discriminating between 

the LC and other cortical structures but also in revealing the dynamics of LC neuron health 

across the lifespan115,121.  The LC has been evaluated using advanced imaging modalities, 

including magnetization transfer imaging at 3T and 7T, which are all considered NM-MRI 

studies, therefore enabling more exact examination of the integrity of noradrenergic pathways in 

humans114. 
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1.3.3. From Manual to Automated Segmentation 

Conventional methods of LC segmentation in MRI images have mostly depended on 

manual segmentation.  Time-consuming and prone to inter- and intra-observer variability69, 

these manual techniques usually entail visual inspection and expertly hand delineated 

boundaries.  Furthermore, lacking standardization, manual segmentation affects data quality and 

reproducibility, and anatomical precision, which varies depending on different study sites or by 

several operators119.  Large cohort analyses or meta-analyses are difficult to do since this 

unpredictability and labor greatly reduces the scalability of research. 

Manual segmentation is further complicated by the complexity of LC architecture, which 

is marked by tiny size (about 1-2 mm in diameter) and proximity to adjacent brainstem 

structures62,114.  Consequently, even minor errors in hand delineation can cause appreciable 

variations in volumetric and structural data122.  The development of automated segmentation 

methods has become a main focus in neuroimaging research to overcome these difficulties. 

Using cutting-edge algorithms, automated segmentation techniques localize and precisely 

define the LC.  By means of anatomical landmarks and neuroanatomical atlases to standardize 

the segmentation process, these techniques aim to reduce human error and improve 

reproducability122.  Moreover, automated methods provide high-throughput data processing, so 

enabling researchers to effectively examine vast databases and obtain more statistically 

significant findings69,123. 

Often requiring fine-tuning for particular datasets, early automated techniques were 

limited in their capacity to generalize well across different populations and imaging 

technologies119.  Recent developments, however, have included adaptive algorithms that may 



39 

change to fit different image qualities and subject demographics, therefore greatly improving the 

accuracy and resilience of LC segmentation114.   

To guide accurate LC segmentation, histological reconstructions have been used to map 

the rostrocaudal axis of the LC in postmortem human brains[124]. This study visualized 

neuromelanin content using high-resolution microscopy, enabling 3D modeling of LC volume 

across individuals. Such histological atlases provide anatomical ground truth for validating NM-

MRI signal localization and segmentation approaches, ensuring more precise extraction of LC 

metrics across studies. They are especially useful when standardizing across imaging centers or 

comparing different field strengths (e.g., 3T vs. 7T)[124]. 

Ultimately, moving from manual to automated segmentation marks a significant advance 

in the precise and quick evaluation of LC integrity.  Particularly in studies involving aging and 

neurodegenerative diseases114,115, automated methods are probably going to become the gold 

standard as technology develops since they enable dependable, repeatable, and scalable analysis 

of LC structure. 

1.3.4. NM-MRI and Neurodegenerative Diseases 

NM-MRI's possible use as a biomarker in neurodegenerative illnesses is highlighted by 

newly published data indicating the detection of early LC degeneration.  Reduced neuromelanin 

signal intensity has been linked to cognitive deficiencies and grey matter atrophy in AD, 

suggesting that this tool is a reliable non-invasive method that should be used more in 

research124,125.  Also, research on patients with Parkinson's disease (PD) has shown that non-

motor symptoms including apathy and cognitive decline121,126 are linked to reduction in LC 

integrity.  These results highlight the need to evaluate LC integrity in clinical environments for 
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not only neurodegenerative illness diagnosis but also for understanding the intricate details of 

their progression. 

1.3.5 Use of LC Imaging in Human Aging and AD Research 

MRI LC visualization mostly depends on the neuromelanin NM-related hyperintensity 

seen in T1-weighted, turbo spin echo (TSE), and magnetizing transfer (MT) sequences.  These 

sequences take advantage of NM's paramagnetic characteristics that accumulate gradually in LC 

neurons over adulthood79,127.  The LC signal shows a distinct trend of increasing until midlife 

and then falling with age128,129.  

Results from cognitively unimpaired older people imply that age-related LC signal 

decrease might not be benign.  Reduced LC signal, particularly in the rostral LC, is linked in 

multiple studies to poorer memory function, lower cortical thickness, and greater cortical 

microstructural degeneration122,129,130.  Reduced LC signal particularly corresponds with 

greater levels of plasma phosphorylated tau (pTau), a hallmark of AD pathology, therefore 

underlining the idea that LC degeneration in aging may communicate early pathogenic processes 

rather than physiological decline131. 

 LC-MRI studies consistently show reduced LC signal in people with mild cognitive 

impairment (MCI) and AD dementia compared to healthy controls132,133.  Supporting LC-MRI 

as a possible prognostic marker, longitudinal data show that MCI patients with lower baseline 

LC signal are more likely to advance to AD dementia132. 

In human in vivo imaging studies, NM-MRI signal from the LC has been linked to tau 

burden using PET tracers. Another study used longitudinal NM-MRI and tau PET imaging to 

show that lower LC integrity (measured as decreased NM-MRI signal) precedes medial temporal 
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lobe tau accumulation by approximately three years, as measured by standardized uptake value 

ratios (SUVRs) using the tau-specific tracer [^18F]flortaucipir (AV-1451). This tracer binds 

paired helical filament tau aggregates, thereby reflecting the regional burden of neurofibrillary 

tangle pathology. Crucially, this study demonstrated that LC-related tau spread followed a 

topographical pattern consistent with Braak staging and was associated with subsequent 

cognitive decline.  These results come from cognitively unimpaired and MCI participants in the 

DIAN or ADNI cohorts, emphasizing the utility of LC signal as a surrogate marker for early tau 

pathology[100]. Notably, correlations with tau deposition were stronger than those seen for 

amyloid PET, aligning with neuropathological evidence suggesting the LC is more directly 

involved in tau propagation. The inclusion of large human cohorts enables stratified analysis and 

strengthens generalizability, though diverse racial and ethnic representation remains limited in 

such samples. 

LC signal may be more tightly correlated to tau than amyloid measurements.  For the 

entorhinal and temporal cortices, LC signal negatively correlates with tau PET levels, for 

instance; amyloid correlations seem more diffuse and indirect125,134.  LC signal predicted 

future tau accumulation independent of amyloid load in autosomal dominant AD individuals, 

implying that LC-MRI could act as a surrogate for tau pathology131. 

Beyond structural connections, LC integrity has been associated with several cognitive 

and behavioral traits of AD.  Lower LC signal has been linked to poorer memory, attention, and 

executive function132,135–137.  Furthermore, LC signal is related to neuropsychiatric 

symptoms and circadian rhythm disturbances because of its function in arousal and behavioral 

control125,130. 
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  Finally, important new perspectives on the function of the noradrenergic system in aging 

and AD are offered by LC imaging using MRI.  Evidence points to LC degeneration, observable 

in vivo, as not just a first sign of AD but also a possible cause of tau pathology and cognitive 

loss.  Therefore, LC-MRI is not only a useful tool in AD research but may also have potential 

clinical application as a biomarker for early identification, risk assessment, and therapy 

monitoring in AD. 
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1.4 Aims and Hypotheses  

This Ph.D. thesis is divided into 3 principal aims and hypotheses.  

 

Aim 1: 

To evaluate the accuracy and utility of the automated  LC segmentation method developed by 

our group for assessing locus coeruleus (LC) integrity from neuromelanin-sensitive MRI (NM-

MRI), in comparison to gold-standard manual segmentation and other methods. 

Hypothesis 1: 

We hypothesize that the FT method will demonstrate strong concordance with manual 

segmentation across multiple validation metrics—including signal contrast-to-noise ratio (CNR), 

test–retest reliability (ICC), and spatial agreement (DICE coefficient)—and will be as effective 

capture AD-related LC degeneration as alternative manual segmentation methods. 

Aim 2: 

To investigate the loss of LC integrity over time as measured with our segmentation method in 

older adults across the AD spectrum. 

Hypothesis 2: 

We hypothesize that LC integrity would decrease to a greater extent over time in AD participants 

compared to cognitively normal older adults.  
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Aim 3: 

To examine the longitudinal relationship between LC integrity and cognitive performance across 

multiple domains in early and late stages of Alzheimer’s disease, as well as in healthy aging. 

Hypothesis 3: 

We hypothesize that LC integrity will be positively associated with cognitive function in 

domains linked to noradrenergic function, including executive function, logical memory, and 

novel object recognition. While in healthy aging, LC signal is expected to show minimal 

association with cognition, consistent with preserved LC integrity in this group. 
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2.1.  Methods for Aim 1 

2.1.1 Participants and clinical measures 

The first study sample consisted of 190 participants from the community or outpatients at 

the McGill University Research Centre for Studies in Aging were enrolled in the Translational 

Biomarkers of Aging and Dementia (TRIAD) cohort138, McGill University, Canada. Clinical 

and demographic characteristics of the sample are shown in Table 1a. The cohort participants had 

a detailed clinical assessment, including the Clinical Dementia Rating Scale (CDR) and Mini-

Mental State Examination (MMSE). Cognitively unimpaired participants had no objective 

cognitive impairment and a CDR score of 0. Mild cognitive impairment (MCI) individuals had 

subjective and objective cognitive impairment, preserved activities of daily living, and a CDR 

score of 0.5. Patients with mild-to-moderate sporadic Alzheimer’s disease dementia had a CDR 

score between 0.5 and 2 and met the National Institute on Aging and the Alzheimer’s 

Association criteria for probable Alzheimer’s disease determined by a physician139. Participants 

were excluded if they had other inadequately treated conditions, active substance abuse, recent 

head trauma, or major surgery, or if they had MRI/PET safety contraindication.  

The second and third study samples, used for aim 1, consisted of healthy individuals 

enrolled from the community (Sample 2: n=12, age=27.1±2.8 years, n=4 male, 8 female; Sample 

3: n=30, age=42.1±16.2 years, n=16 male, 14 female). Study procedures were approved by the 

Douglas Institute Research Ethics Board (Sample 1) and the University of Ottawa Research 

Ethics Board (Samples 2 and 3). All participants provided written informed consent140. 
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Table 1a. Demographic characteristics of the sample of older adults (Aim 1)140 

Age (n=190), mean (SD), y 71.42 (7.0) 

Male (n=190), No. (%) 70 (36.85) 

CN (n=190), No. (%) 118 (62.11) 

AD (n=190), No. (%) 28 (14.74) 

MCI (n=190), No. (%) 44 (23.16) 

CDR score (n=188), mean (SD) 0.2 (0.37) 

MMSE score (n=187), mean (SD) 27.74 (3.78) 

Tau-positive (n=190), No. (%) 56 (29.47) 

Braak stage 0-1 (n=160), No. (%) 92 (57.5) 

Braak stage 2-3 (n=160), No. (%) 27 (16.88) 

Braak stage 4-6 (n=160), No. (%) 41 (25.62) 
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2.1.2. Image acquisition  

Neuroimaging data for Sample 1 were acquired at the Montreal Neurological Institute 

(MNI). Magnetic resonance (MR) images were acquired on a 3T Prisma scanner. NM-MRI 

images were collected via a turbo spin echo sequence with the following parameters: repetition 

time (TR) = 600 ms; echo time (TE) = 10 ms; flip angle = 120°; turbo factor = 4; in-plane 

resolution = 0.6875 × 0.6875 mm2; partial brain coverage overlaying the pons and midbrain with 

field of view = 165 × 220; number of slices = 20; slice thickness = 1.8 mm; number of averages 

= 7; acquisition time = 8.45 min. Whole-brain, T1-weighted MR images (resolution = 1 mm, 

isotropic) were acquired using an MPRAGE sequence for preprocessing of the NM-MRI and 

PET data. Quality of MRI images was visually inspected for artifacts immediately upon 

acquisition, and scans were repeated when necessary, time permitting140.  

Neuroimaging data for Sample 2 and Sample 3, were acquired at the Brain Imaging 

Centre of the Royal Ottawa Institute for Mental Health Research on a 3T Siemens Biograph MR-

PET scanner. For Sample 2, NM-MRI images were collected via a 2D gradient-recalled echo 

sequence with magnetization transfer pulse (2D-GRE with MT) sequence with the following 

parameters: repetition time (TR)=685 ms; echo time (TE)=3.97 ms; flip angle=50°; in-plane 

resolution=0.639 × 0.639 mm2 ; partial brain coverage with field of view (FoV)=166×224; 

matrix=260×352; number of slices=18; slice thickness=2 mm; slice gap=0 mm; magnetization 

transfer frequency offset=1,200 Hz; number of excitations (NEX)=5. Whole-brain, T1-weighted 

MR images (resolution=1 mm, isotropic) were acquired using an MEMPRAGE sequence. The 

2D-GRE MT sequence was acquired twice for all participants within the same hour and subjects 

were asked to get on and off the scanning table to reposition their head between the test and 

retest scans.  Sample 3 protocol included a 2D-GRE sequence (very similar to that used in 
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Sample 2 but with 24 thinner (1.5 mm) slices), a TSE sequence (very similar to the sequence 

used in Sample 1), and the same MEMPRAGE sequence as Sample 2. Immediately after 

acquisition, quality of MRI images was visually inspected for smearing of banding artifacts 

affecting the midbrain or pons and scans were repeated when necessary, time permitting140. 

2.1.3. Manual LC segmentation  

We followed a commonly used protocol for manual LC segmentation101,118,127,141. 

This is a 2D segmentation method that localizes the LC on a single axial slice. Using MRIcron 

software for visualization, the LC was found by two trained raters (A.S., R.G.) on an axial slice 9 

mm under the inferior colliculus (Sample 1; for sample 2 the distance was slightly different, 8 

mm, due to a change in slice thickness). On this slice, the LC was defined on the left and right 

sides as a 5-voxel cross covering hyperintense voxels near the 4th ventricle. In cases of 

discordance between raters, consensus was obtained between the raters and C.M.C. for a final 

mask. Contrast-to-noise ratio (CNR) was calculated using the same method as for the funnel tip 

segmentation (Section 2.4; for all LC segmentation methods the reference region was segmented 

in the same automated manner in order to isolate the impact of variability of LC segmentation on 

LC metrics by avoiding variability in measurement of the reference region signal).  The LC 

signal values were calculated by averaging CNR values for all voxels under the mask. LC signal 

from the manual masks from the 2 raters prior to consensus showed excellent agreement, 

ICC=0.86 (within the range of interrater agreement reported previously for manual segmentation, 

ICC ranging from 0.84-0.98129,142). Three versions of the manual mask were generated, one 

retaining all 5 voxels per side, one with 4 voxels per side (dropping the voxel of lowest intensity 

in order to match the size of the LC mask generated by the automated method) and one with only 

a single, peak-intensity voxel per side (Figure 3). These smaller masks were generated in part 
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because the in-plane resolution of our images was lower than that of some prior NM-MRI 

studies[128,130], and therefore some voxels under a 4-voxel mask would be expected to show 

partial volume effects. We assumed partial volume effects would be minimal in the case of the 

peak-intensity voxel[143]. 

2.1.4. Automated LC segmentation 

LC signal was measured using a semi-automated algorithm[146] incorporating steps 

similar to those described in previous studies[147,148]. This method performs an intensity-

threshold-free cluster search within an overinclusive mask of the LC in native space. For 

simplicity we refer to it as a ‘funnel tip’ (FT) method, see Figure 2 for summary of the steps in 

the algorithm. Although LC signal is measured on native-space NM-MRI images, it is necessary 

to spatially normalize the NM-MRI images in order to register an overinclusive LC mask 

(referred to as the LC search mask) from MNI space to native space for each participant. Initial 

preprocessing steps were performed using ANTs software. To bring the NM-MRI image of each 

participant into standardized space, T1-weighted images were normalized to MNI152 space 

(MNI152NLin2009cAsym; 1 mm isotropic resolution), then NM-MRI images were coregistered 

to the T1-weighted images, and finally these two transforms were applied to the NM-MRI 

images. A visualization template (Figure 2) was created by averaging the spatially normalized 

NM-MRI images from all participants[143].  

Subsequent steps used custom MATLAB scripts. An LC search mask was drawn over the 

MNI-space visualization template to cover the LC, defined as the hyperintense voxels at the 

anterior-lateral edge of the 4th ventricle spanning 15 mm in the rostrocaudal axis (from MNI 

space coordinates z= -16 to -30, see Figure 2). The rostrocaudal limits were set based on the 
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position of the LC from a brainstem atlas[149] and cell counting work[150], spanning from the 

inferior colliculus to the posterior recess of 4th ventricle, while excluding the extreme rostral and 

caudal ends to minimize edge effects. The mask was divided into 5 rostrocaudal sections of equal 

length (3 mm). The full LC search mask and the 5 mask sections were then warped to native 

space using the inverse transformation generated in the spatial normalization step and resampled 

to NM-MRI image space. This warped LC search mask defined a search space wherein to find 

the LC for each participant. A cluster-forming algorithm was used to segment the LC within this 

space, defined as the 4 adjacent voxels (total area=1.96 mm2) on each side and axial slice with 

the highest mean signal. The automated segmentation was visually inspected and was found to 

perform some operations suboptimally, requiring manual correction (error rate Sample 1=1.2%, 

error rate Sample 2=4.6%, error rate Sample 3 MT=4.6%, TSE=4.6%). Manual corrections were 

performed if the automatically selected voxels appeared to be within a hyperintense artifact 

occasionally present within the bottom slices of the 4th ventricle or if they were far from the 

expected location of the LC based on anatomy (edge of 4th ventricle) and its position on adjacent 

slices (this issue most commonly occurs on the rostral and caudal ends where LC neurons are 

more scattered[150]). In most of these cases the LC was redrawn in a probable position near the 

edge of the 4th ventricle and in rare cases the LC mask was excluded from the slice if the 

hyperintense artifact appeared to obscuring the LC itself[143]. CNR for each voxel v in a given 

axial slice was then calculated as the relative difference in NM-MRI signal intensity I from a 

reference region RR in the same slice as:  

𝐶𝑁𝑅v =
(𝐼𝑣 −𝑚𝑜𝑑𝑒(𝐼𝑅𝑅))

𝑚𝑜𝑑𝑒(𝐼𝑅𝑅)
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We selected a reference region used in our prior work[146,151],  the central pons (Figure 

220), defined by a circle of radius 11.6 mm, centered on the midline, 32.6 mm anterior to the 

LC[143]. It was selected, by our group and other groups[128,152], as well since it has a close 

proximity to the LC and it is in the same axial slice throughout the full rostrocaudal extent of the 

LC. Also, it is considered large and contains relatively little signal variability, which facilitates 

estimation of signal from the structure and reduces the influence of noise. Thus, every LC-

containing axial slice was linked to one of the 5 rostrocaudal LC sections based on which of the 

5 sectioned LC masks was present on that slice (if 2 sectioned masks were present on the same 

slice, the LC section was defined for each side by the sectioned mask covering the most LC 

voxels). LC signal was calculated for each of the five sections by averaging CNR values from all 

LC voxels within the section (4-voxel version) or only the peak-intensity voxels from each side 

and slice within the section (peak-intensity voxel version). Each section covered between 1 and 2 

slices in native space. For instance, for the middle LC section, 53% of cases had two slices 

assigned, 47% of cases had 1 slice assigned, and no cases were missing the section entirely[143]. 

In order to compare the FT (3D) method to the manual (2D) method, it was necessary to 

determine in which of the rostro-caudal LC sections from the FT method that the manual mask 

tended to be located. For 66.5% of participants, the manual mask fell in the middle LC section, 

for 27.7% in the mid-caudal section, for 5.0% in the mid-rostral section, for 0.8% in the extreme-

caudal section, (see Figure 2D). Therefore, all analyses using the FT method (excepting those 

described in Section 2.5) retained only the LC signal from the middle section (MNI coordinates 

z=-22 to -24). Conveniently, the middle LC, has shown the greatest signal loss seen in AD in 

some studies[146] (though some studies have found the rostro-middle portion most 

affected[136,153]).  
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Finally, an alternative automated LC segmentation was applied using the conventional 

approach of applying a binary mask of the LC in standardized space NM-MRI images warped to 

standardized space (no smoothing applied). To better match to the other segmentation methods, 

only the portion of the standardized space mask covering MNI coordinates z=-22 to -24 (the 

middle LC segment defined with the FT method) was retained. One binary mask was taken from 

a prior publication[144] (standardized space mask 1, SS 1; Rigid and affine transformations in 

ANTs with nearest-neighbor interpolation brought the mask to MNI152NLin2009cAsym 1mm 

space.), and one was generated from our own dataset by thresholding the visualization template 

at CNR>11% (standardized space mask 2, SS 2; see Figure 3). The average of peak voxels from 

the left and right sides on all 3 slices was extracted for both masks and used in subsequent 

analyses[143]. 
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Figure 2. LC segmentation via FT method. A: visualization template in MNI space created by 

averaging the spatially normalized NM-MRI images from participants in Sample 1. B: magnified 

views of the visualization template with the LC search mask overlaid. This mask was manually 

traced on the visualization template over the hyperintense region surrounding the LC and 

divided into five sections (displayed in different colors), each spanning 3mm in the z-axis. C: 

unprocessed NM-MRI image showing the pons of a representative individual; the central pons 

reference region is encircled in white. Contrast-to-noise ratio for all voxels was calculated 

relative to signal extracted from this region. The LC search mask (yellow, signifying the middle 

section) was deformed from MNI space to native space to provide a search space wherein the LC 

was identified on left and right sides as the four adjacent voxels with highest signal contrast. The 

peak-intensity voxel was then identified from these. D: Variability in manual LC mask position 

within the sections of the FT mask. Each black speck represents the position of the manual LC 

mask from a single participant from Sample 1. The greatest proportion of manual LC masks 

were located in the middle LC section so this section was selected when comparing to the 

manual mask[143]. 
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Figure 3. Three different LC segmentation approaches. NM-MRI image from a representative 

participant is shown in native space (top) and standardized MNI space (bottom). Magnification 

around the fourth ventricle shows LC segmented using a manual approach, the funnel tip (FT) 

approach, and a mask in standardized space mask 2 (SS 2; the version created from this dataset 

is shown). For all subjects, full LC coverage was fixed as 4 voxels per slice (1.8 mm2 on the left 

and right). The peak-intensity voxel is shown in bright red on the manual and FT masks. To 

concord with previous implementations, a 5-voxel version of the manual mask was created and 

the lowest-intensity voxel, excluded from the 4 voxel version, is shown in darker red[143]. 
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2.1.5. 3D reconstruction of LC structure by FT method 

 The previous tests only assessed the middle portion of the LC; therefore, an additional 

test was needed to assess the accuracy of the FT segmentation of the LC along its entire rostro-

caudal extent. We leveraged the known structure of the LC as a roughly contiguous, rod-shaped 

structure and examined whether the position of FT-segmented peak-intensity voxels were 

consistent with a linear shape. Data was collected from 30 participants (Sample 3) scanned with 

both an 2D-GRE with MT sequence and a TSE sequence and linear fit was assessed for both 

sequence types[143].  

To assess linear fit along the x-dimension, a linear regression was performed with the x-

coordinates for peak voxel locations as the dependent variable and the z-coordinates as the 

independent variable. This was repeated for the y-dimension (y-coordinates as dependent 

variable and z-coordinates as independent variable) and repeated for the left and right LC. 

Residuals from these regressions identified FT-segmented LC voxels that were distant from the 

fit line (outliers). For comparison purposes, the FT mask’s linear fit was compared to that of a 

highly linear mask (the center of the LC search mask) and an inconsistently linear mask (created 

by permuting LC voxel positions within the LC search mask, 1000 permutations in bootstrapped 

participants)[143].  

2.1.6. PET Acquisition and Analysis 

All participants in Sample 1 had [18F]AZD4694 and [18F]MK6240 PET scans acquired to 

estimate brain levels of Aβ and tau respectively, using a brain‐dedicated Siemens high resolution 

research tomograph. See previous studies for more detailed PET methods[154,155]. For the Aβ 

tracer, [18F]AZD4694, SUVR values were extracted from a composite set of regions including 
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the precuneus, prefrontal, orbitofrontal, parietal, temporal, anterior, and posterior cingulate 

cortices[156]. Aβ positivity (Aβ status) was defined, similar to prior work[157], as SUVR value 

>1.55 at baseline or at a subsequent time point if [18F]AZD4694 was not available at baseline. 

SUVR scores from the tau tracer [18F]MK6240 were extracted from predefined ROIs to 

determine Braak stage, similar to prior work[158]. Tau positive cases were defined as those with 

SUVR >1.24 in the temporal ROI. Discordant cases (where regional tau burden did not follow 

the anatomical progression proposed by Braak) were excluded from analyses of Braak 

stage[143]. 

2.1.7. Statistical Analysis 

Statistical tests were performed on MATLAB software. Intraclass Correlation Coefficient 

(ICC(3,K)) was used to test agreement between methods and between images. Dice Similarity 

Coefficient (DSC) was used to determine spatial overlap between LC masks. Linear regression 

and partial correlations were used to calculate effect-size measures relating LC-signal to clinical 

and biological measures of AD severity. Scan-rescan variability was calculated using the 

following equation[143]:  

2 ∗ |𝑠𝑐𝑎𝑛 − 𝑟𝑒𝑠𝑐𝑎𝑛|

𝑠𝑐𝑎𝑛 + 𝑟𝑒𝑠𝑐𝑎𝑛
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2.2.  Methods for Aims 2 and 3 

2.2.1. Participants and clinical measures 

Study participants (n=266) consisted of individuals over 50 years of age from the TRIAD 

cohort[141] (an expanded version of the sample used in Aim 1 that also included longitudinal 

data). Participants had a detailed clinical assessment, including the Clinical Dementia Rating 

Scale (CDR) and Mini Mental State examination (MMSE; for clinical and demographic 

description of the sample see Table 1b). Cognitively unimpaired participants had no objective 

cognitive impairment and a CDR score of 0. Mild cognitive impairment (MCI) individuals had 

subjective and objective cognitive impairment, preserved activities of daily living, and a CDR 

score of 0.5. Patients with mild-to-moderate sporadic AD dementia had a CDR score between 

0.5 and 2 and met the National Institute on Aging and the Alzheimer’s Association criteria for 

probable AD determined by a physician[142]. Participants were excluded if they had other 

inadequately treated conditions, active substance abuse, recent head trauma, major surgery, or 

MRI/PET safety contraindication. AD patients did not discontinue medications for this study. 

The Douglas Institute Research Ethics Board approved this study. All participants provided 

written informed consent. 
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 Table 1b. Clinical, cognitive and demographic measures 

p-value were from t-tests for continuous variables and chi-square tests for categorical variables. 

 

 

 Aβ-negative 

(n=148) 

Aβ-positive 

(n=118) 

p-value  

Age, mean ±SD 70.86 ±6.21 70.76 ±7.07 0.91 

Male, No (%) 56 (37.8%) 44 (37.29%) 0.15 

CDR, mean ±SD 0.12 ±0.23 0.55 ±0.56 <0.001 

Years of Education, mean ±SD 15.76 ±3.56 15.08 ±3.52 0.12 

APOE ε4 Carrier (%) 43 (29.1) 83 (70.34) <0.001  

Diagnosis (CN/AD/MCI) 117/3/28 34/40/44 <0.001  

Global Cognition (MMSE), mean ±SD 29.08 ±1.53 25.85 ±5.18 <0.001 

Object Recognition (BORB), mean ±SD 30.43 ±1.79 28.66 ±3.76 <0.001 

Verbal Fluency, mean ±SD 39.64 ±10.32 32.48 ±13.40 <0.001 

Executive Functioning (TMT-B), mean 

±SD 

56.32 ±28.55 37.74 ±29.44 <0.001 

Speed of Processing (TMT-A), mean 

±SD 

52.63 ±29.87 40.76 ±29.32 0.013 

Logical Memory (WAIS), mean ±SD 15.33 ±4.84 8.37 ±7.18 <0.001 

Working Memory (digit span), mean 

±SD 

16.32 ±3.94 14.38 ±4.73 <0.001 
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2.2.2. Image acquisition  

The same acquisition has been used as described in Aim 1 above. 

2.2.3. PET Acquisition and Analysis 

The same acquisition has been used as described in Aim 1 above. 

2.2.4. NM-MRI processing 

LC signal was measured using a semi-automated algorithm developed by our group 

(same as the one used for Aim 1); see previous papers for a more complete description of the 

algorithm and performance of the method in terms of reliability and performance in the context 

of AD[143,146]. This “funnel-tip” method performs an intensity-threshold-free cluster search 

within an overinclusive mask of the LC that has been transformed from standardized space to 

native space. It thereby estimates the signal from the LC at its hyperintense putative “core” on 

each cross-sectional (axial) slice through the structure. Similar to other algorithms, it calculates 

contrast-to-noise ratio (CNR) of the LC relative to a central pons reference region, applies an LC 

search mask on native space NM‐MRI images[159] and divides the LC into rostrocaudal 

sections[147] (we calculated LC signal for 5 sections on the right and left side), 

We used a multivariate approach, guided by work in other neuroimaging modalities[160], 

to generate a single metric of LC integrity that incorporates information from all LC sections and 

reflects the extent to which an individual’s pattern of LC signal across sections is AD-like or 

healthy. To make this metric, we first carried out a mixed-effects logistic regression analysis 

with clinical diagnosis of AD as the dependent variable (MCI were excluded) and LC signal 

from all 10 LC sections as fixed factors and subject as a random factor. The regression 
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coefficient produced by this analysis for each LC section was saved (see Figure 4) and used to 

calculate the log of the odds ratio of CN status for each study participant based on their LC 

signal (this step was applied to all participants including those with MCI).  We refer to this log of 

the odds ratio as the LC patternCN, participants with positive values have greater odds of being 

CN than AD. Figure 4 shows that the LC pattern linked to CN status is high signal in middle and 

mid-caudal LC sections relative to signal on the rostral and caudal ends of the LC. Note that LC 

patternCN was highly correlated with a simpler LC integrity metric, LC signal averaged from 

bilateral middle LC sections (r=0.77, the middle section was selected because it was the one that 

was most affected in AD in our prior work in this cohort[143]).  
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Figure 4. Schematic map of the LC with colors reflecting coefficients for each LC section 

derived from a logistic regression with CN status as dependent variable. These coefficients were 

applied to calculate the log of the odds ratio of CN status for each participant (LC patternCN) the 

summary metric of LC integrity used for the current study.  
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2.2.5. Cognitive Tests 

For aim 3 of this doctoral thesis, we used cognitive tests to analyze the cognitive decline 

in healthy and AD patients such as MMSE, BORB, TMT, WAIS-III digit span test, Wechsler 

Memory Scale (WMS) logical memory test, and Verbal fluency test (letter and category 

fluency). 

Mini-Mental State Examination (MMSE) is a widely used brief cognitive assessment tool 

to screen for cognitive impairments, especially in older adults. It evaluates various cognitive 

functions, including orientation, memory, attention, language, and visuospatial skills. The test 

consists of a series of questions or tasks that assess different cognitive domains[161]. The 

MMSE is scored out of 30 points, with each task contributing a certain number of points. higher 

scores indicate better cognitive function[161]. 

The Birmingham Object Recognition Battery (BORB) is a neuropsychological test used 

to assess object recognition abilities in individuals. It's often utilized to evaluate how well 

someone can identify and discriminate between various objects. The BORB consists matching 

and identifying objects based on their visual characteristics.  performance in object recognition is 

based on accuracy and response time. The results are then compared to norms [162]. 

the Trail Making Test (TMT) is a neuropsychological assessment tool that evaluates 

cognitive functions such as executive function, attention, visual-motor tracking, and mental 

flexibility. It consists of two parts: Trail Making Test Part A (TMT-A) and Trail Making Test 

Part B (TMT-B). In TMT-A, participants are asked to connect a sequence of numbers (1, 2, 3, 

etc.) distributed randomly on a sheet of paper. The goal is to connect the numbers in ascending 

order as quickly as possible. While in TMT-B, participants are required to connect both numbers 
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(1, 2, 3, etc.) and letters (A, B, C, etc.) in alternating sequence (1-A-2-B-3-C, etc.). Lower scores 

on both TMT-A and TMT-B indicate better performance, as faster completion times are 

associated with more efficient cognitive processing and better attentional control[163]. 

The WAIS-III Digit Span Test is a component of the Wechsler Adult Intelligence Scale - 

Third Edition (WAIS-III), a widely used intelligence test to assess cognitive abilities in adults as 

working memory, attention, and auditory processing speed. The Digit Span Test measures a 

person's working memory and attention by evaluating their ability to repeat back a sequence of 

digits in the order they were presented (forward digit span) or in reverse order (backward digit 

span). The score is based on the longest sequence of digits the participant correctly repeats in 

either order[164]. 

Logical memory is a subtest in the Wechsler Memory Scale-IV (WMS-IV). based on two 

independent stories. In the first part of the test (logical memory I), the two narrative stories are 

verbally given, and the participants should try to immediately recall the stories as much as they 

can. In the second part of this test (logical memory II), a free recall for both stories is elicited 

after a 20-30 minute delay. For every correct detail the participant would score a point. The 30 

yes/no recognition questions about these stories are provided subsequently to test the recognition 

ability[165]. 

The verbal fluency test is a short test of verbal functioning which has two tasks: category 

fluency and letter fluency. In this test every participant is given one minute to produce as many 

unique words as possible within a semantic category (animals, food, drink…) or starting with a 

given letter (S, R, L…). Then, the score in each task can be calculated by adding the number of 

unique correct words in each task[166]. 
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2.2.6. Statistical Analysis 

Statistical analyses employed linear mixed effects models and robust linear regression 

implemented in MATLAB software. Our initial analysis examined the impact of time on the LC 

signal. This linear mixed-effects model employed an LC patternCN as dependent variable, a 

random subject factor, and the fixed factors were: time since baseline (time), Aβ status, time × 

Aβ status, age at baseline, sex, and scan date pre/post covid-19 pandemic onset. The pre/post 

covid-19 dummy covariate was included in analyses examining time effects on the LC because 

the pandemic occurred between the baseline and follow up scans of many participants and there 

is evidence that the LC may be vulnerable to covid-19 infection[167–171]. This analysis was 

repeated in different subgroups of participants examining the impact of time on LC signal with 

the same model except for exclusion of the Aβ status and time × Aβ status fixed factors. 

Change-over-time metrics were calculated for the following measures: LC patternCN, tau 

burden in the Braak stage 1 ROI ([18F]MK6240 SUVR), and performance on the object 

recognition task (BORB score). These change-over-time metrics are denoted by adding a Δ 

symbol before the variable name. They were calculated by extracting the slope from a linear 

regression performed for each subject with the measure of interest at all available time points as 

the dependent variable and the interval of time between assessments as the dependent variable.  

The next analysis examined how Aβ and tau burden influence ΔLC patternCN at the 

earliest stages of AD. We selected participants who were CN and at Braak stage 0 at study 

baseline and performed a robust regression to predict ΔLC patternCN based on Aβ status, Δtau 

burden (SUVR) in the Braak stage 1 ROI, age, and sex. This analysis was performed with and 

without an interaction term for Aβ status × Δtau burden. 
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The next set of analyses examined the impact of LC signal on cognition. These linear 

mixed-effects models employed a cognitive measure as dependent variable, a random subject 

factor, and the following fixed factors: LC patternCN, age at study baseline, sex, and time. These 

were repeated for different cognitive measures and in different subgroups of participants. For the 

object recognition test (BORB), we also analyzed the correlation between LC change over time 

and performance change over time. We performed a robust regression analysis with ΔBORB 

performance as the dependent variable and ΔLC patternCN, age, and sex as dependent variables. 

For purposes of visualization, we provide statistical maps displaying the time effect 

(Figure 8) and correlations to cognition (Figure 10) for all LC sections. These were generated by 

running the above-described linear-mixed effects regression models for all 10 LC sections. 
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Chapter 3. Aim 1: Characterization of an 

automated method to segment the human locus 

coeruleus (findings published in Human Brain 

Mapping)[143] 
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3.1. Evaluation of Different LC Segmentation Methods 

This chapter’s findings addressed the challenge of imaging the LC, a deep brainstem 

structure implicated in neurodegenerative diseases like AD, using NM-MRI. Due to its small size 

and the limitations of manual segmentation (e.g., time-consuming, subjective, and unsuitable for 

large or multisite studies), we developed a semi-automated method called the funnel-tip (FT) 

approach. This chapter evaluates the FT method’s accuracy, reproducibility, and ability to detect 

LC signal loss associated with Alzheimer's disease (validated via tau-PET imaging), comparing it 

to manual and other automated segmentation techniques. By testing across multiple MRI 

sequences and assessing 3D structural outputs, this research aimed to establish FT segmentation 

as a reliable and scalable tool for studying LC integrity and its role in AD.  

3.1.1. LC Signal Values 

 For the locus coeruleus (LC), three segmentation methods were used: segmentation in 

standardized space, manual, and a semi-automated (Funnel Tip, FT) method. Based on how 

many voxels were retained per axial slice, each method was further divided into two categories: a 

single voxel that represented the highest signal ‘peak intensity’ or a small cluster of 4-5 

voxels (see Figures 2 and 3). These methods were used on 190 older adult participants' 

neuromelanin-sensitive MRI (NM-MRI) data (Sample 1)[143]. 

 We utilized our chosen imaging metric, the contrast-to-noise ratio (CNR), to evaluate the 

LC signal. Peak-voxel CNR values from the manual and FT approaches were almost the same: 

22.2% (±5.53) for the manual method and 22.0% (±5.22) for FT (Table 2a). Nevertheless, the 

standardized-space approach had significantly decreased CNR. In contrast to the standardized-

space peak-voxel segmentation (15.0% ± 4.0), the peak-voxel FT technique yielded a much 

higher CNR (22.0% ± 5.2), with a very significant difference (p < 10−89, paired t-test). These 
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findings imply that while the standardized space approach might be hampered by factors like 

voxel interpolation, resolution resampling, or inaccurate voxel targeting during spatial 

normalization, the FT method captures high-intensity LC voxels with similar efficacy to manual 

segmentation[143]. 

3.1.2. Agreement between LC metrics 

 When using masks of the same size, the FT and manual method demonstrated strong 

agreement, according to an evaluation of inter-method reliability. The range of the intraclass 

correlation coefficients (ICCs) was 0.89 to 0.91. On the other hand, with ICCs ranging from 0.52 

to 0.66, masks produced using the standardized space method showed less agreement with the 

other peak-voxel-based techniques (refer to Table 2a). Additionally, there was a significant 

degree of agreement between the left and right LC for the manual peak-voxel and FT peak-voxel 

methods (ICC(2,k) = 0.85 and 0.89, respectively)[143]. 

 There was a bias when comparing masks of different sizes (e.g., single-voxel vs. 4 voxel), 

where the peak-voxel masks had higher CNR values, and slightly lower ICCs (Table 2a). 

However, ICC(3,k) values above 0.83 indicated that consistency was excellent across all 

approaches (Table 2b). According to Bland-Altman plot, there was little proportional bias 

between our manual and FT methods (Figure 5). Dice similarity coefficients (DSCs) on the same 

axial slice were used to evaluate the spatial overlap between FT and manual segmentations. 

The findings showed a substantial overlap: peak-voxel masks had a DSC of 0.64 ± 0.47 and 4-

voxel masks had a DSC of 0.54 ± 0.40 (Figure 6). The manual method's tendency to choose 

different axial slices because of cruder anatomical targeting along the rostrocaudal axis was one 

of its limiting factors, which restricted the upper limit of DSC to 0.67, thus it about two thirds of 

the cases in which both methods searched for the LC on the same axial slice (121 and 132 cases 
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for the left and right LC respectively, Figure 2). Spatial agreement between peak-voxel FT and 

manual methods significantly increased when studying only these cases that were searching on 

the same 2D image, reaching 0.98 ± 0.13 (right LC) and 0.95 ± 0.23 (left LC)[143]. 

 Lastly, we investigated whether automatic segmentation was hampered by decreased LC 

signal contrast in tau-positive individuals due to LC degeneration. Nevertheless, tau pathology 

had no effect on the high level of agreement. The resilience of the FT approach even in 

pathological instances is demonstrated by the fact that the ICC for tau-positive persons (0.94) 

was marginally higher than that for tau-negative participants (0.90), and the DSC values were 

equal (0.64 in both groups)[143]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



71 

Table 2a. LC signal (CNR) as measured by different LC segmentation approaches and level of 

agreement (ICC (2,k)) between these metrics 

 CNR  

mean±std 

Agreement between methods (ICC(2,k)); constant bias reported in parentheses 

Manual    

5-voxel  

Manual   

 4-voxel  

Manual 

 peak-

voxel 

FT             

4-voxel  

FT  

peak-voxel 

FT             

4-voxel 

unfixed  

FT 

peak-voxel 

unfixed 

SS mask 1  

peak-voxel 

Manual 

5-voxel 

13.8±3.7 
 

- - - - - - - - 

Manual 

4-voxel 

15.9±4.0 
 

0.92 (2.1) - - - - - - - 

Manual 

peak-

voxel 

22.2±5.5 
 

0.49 (8.4) 0.65 (6.3) - - - - - - 

FT  

4-voxel 

16.7±3.9 
 

0.78 (2.9) 0.90 (0.8) 0.62 (-5.5) - - - - - 

FT  

peak-

voxel 

22.0±5.2 
 

0.44 (8.2) 0.60 (6.1) 0.91 (-0.2) 0.70 (5.3) - - - - 

FT  

4-voxel 

unfixed 

16.7±3.8 
 

0.77 (2.9) 0.89 (0.8) 0.61 (-5.5) 1.0 (0.0) 0.70 (-5.3) - - - 

FT 

peak-

voxel 

unfixed 

22.1±5.2 
 

0.42 (8.3) 0.57 (6.2) 0.90 (-0.1) 0.69 (5.4) 0.99 (0.1) 0.70 (5.4) - - 

SS 

mask 1 

peak 

voxel 

15.0±4.0 0.85 (1.2) 0.87 (-0.9) 0.52 (-7.2) 0.90 (-1.7) 0.57 (-7.0) 0.89 (-1.7) 0.55 (-7.1) - 

SS 

mask 2 

peak 

voxel 

16.1±4.0 0.81 (2.3) 0.90 (0.2) 0.60 (-6.1) 0.96 (-0.6) 0.66 (-5.9) 0.95 (-0.6) 0.64 (-6.0) 0.94 (1.1) 

FT=funnel-tip segmentation method, SS mask 1=standardized space from Dahl et al1, SS mask 

2=standardized space created from this dataset, unfixed=fully automated funnel-tip method with 

no manual corrections applied[143]. 
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Table 2b. LC signal (CNR) as measured by different LC segmentation approaches and level of 

agreement (ICC (3,k)) between these metrics 

 Agreement between methods (ICC(3,k)) 

Manual 

5-voxel 

Manual 

4-voxel 

Manual 

peak-

voxel 

FT         

4-voxel 

FT         

peak-

voxel 

FT         

4-voxel 

unfixed 

FT         

peak-

voxel 

unfixed 

SS mask 

1 peak 

voxel 

SS mask 

2 peak 

voxel 

Manual 

5-voxel 

- - - - - - - - - 

Manual 

4-voxel 

0.99 - - - - - - - - 

Manual 

peak-

voxel 

0.91 0.94 - - - - - - - 

FT  

4-voxel 

0.90 0.91 0.86 - - - - - - 

FT  

peak-

voxel 

0.85 0.88 0.91 0.95 - - - - - 

FT  

4-voxel 

unfixed 

0.89 0.90 0.85 1.0 0.95 - - - - 

FT 

peak-

voxel 

unfixed 

0.84 0.87 0.90 0.94 0.99 0.95 - - - 

SS 

mask 1 

peak 

voxel  

0.87 0.86 0.85 0.94 0.92 0.93 0.91 - - 

SS 

mask 2 

peak 

voxel 

0.89 0.90 0.87 0.97 0.94 0.96 0.93 0.96 - 

FT=funnel-tip segmentation method, SS mask 1=standardized space from Dahl et al1, SS mask 

2=standardized space created from this dataset, unfixed=fully automated funnel-tip method with 

no manual corrections applied[143]. 



73 

 

 

Figure 5: Bland-Altman plot examining proportional bias between LC signal measured using the 

manual and FT methods (peak-voxel version). Nearly flat regression slopes (solid line) suggest 

little evidence of proportional bias: constant bias or mean difference was also very small 

(dashed line). Dotted lines are two standard deviations above and below the mean 

difference[143]. 
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Figure 6: Heatmap showing proportion of subjects where the manual and FT LC masks 

overlapped. Overlap between the 5-voxel manual mask and the 4-voxel FT mask is shown at left 

and overlap between the peak-intensity voxels derived form these masks at right. Failure of 

peak-intensity voxels to overlap was almost always due to discordance regarding the axial slice 

wherein to search for the LC[143].  
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3.1.3. Sensitivity to Signal Loss Associated with AD 

 Correlations between LC signal values and clinical/pathological AD markers were 

calculated in order to assess each segmentation method's capacity to capture AD related LC 

signal loss (Table 3). Similar correlation strengths were demonstrated by the manual and FT 

techniques, usually falling within the medium effect size range. The greatest numerical effects 

were demonstrated by the FT approach employing peak-intensity voxels, which included a 

correlation of r = –0.35 with Braak stage and Cohen's d = 0.64 for differentiating tau-positive 

cases. the corrected FT variant numerically outperformed a fully automated version of the FT 

approach (i.e., without manual corrections). The standardized space approach, showed worse 

relationships with measures related to AD[143] and therefore was excluded from further 

analyses. 
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Table 3. Effect size estimates of the relationship between LC signal metrics and AD severity 

measures 

 Control vs 

AD 

(excluding 

MCI) 

(n=139) 

Tau 

positivity 

(n=190) 

Tau 

burden  

(n = 189) 

Braak 

stage 

(n = 160) 

Cognitive 

impairment 

(MMSE)  

(n = 187) 

Dementia 

severity 

(CDR)  

(n = 187) 

Cohen’s d Cohen’s d Pearson 

R 

Pearson 

R 

Pearson R Pearson R 

Manual 5-voxel 0.39 0.45 -0.24 -0.25 0.19 -0.14 

Manual 4-voxel 0.45 0.47 -0.27 -0.28 0.21 -0.18 

Manual peak-

voxel 

0.57 0.48 -0.31 -0.31 0.25 -0.23 

FT 4-voxel 0.42 0.58 -0.29 -0.29 0.21 -0.21 

FT peak-voxel 0.56 0.64 -0.33 -0.35 0.25 -0.26 

FT 4-voxel 

unfixed 

0.37 0.59 -0.26 -0.28 0.16 -0.25 

FT peak-voxel 

unfixed 

0.48 0.63 -0.29 -0.32 0.18 -0.25 

SS mask 1 peak 

voxel 

0.43 0.53 -0.27 -0.26 0.21 -0.17 

SS mask 2 peak 

voxel 

0.46 0.48 -0.28 -0.25 0.22 -0.19 

FT=funnel-tip segmentation method, SS mask 1=standardized space from Dahl et al1, SS mask 

2=standardized space created from this dataset, unfixed=fully automated funnel-tip method with 

no manual corrections applied. Tau positivity and tau burden were measured in the temporal 

cortex. All analyses controlled for age and sex[143]. 
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3.2. Reproducibility Across and within NM-MRI sequences  

3.2.1. Reliability of Scan-Rescan and LC location 

 A separate cohort (Sample 2, n = 12) underwent two scans on the same day utilizing a 

2D-GRE NM-MRI sequence with magnetization transfer (MT) in order to evaluate test–retest 

stability. With ICCs above 0.7 for bilateral CNR values, both the FT and manual segmentation 

methods demonstrated excellent reliability (Table 4). Scan-to-rescan variability was modest 

across all methods, ranging between 8.4% and 12.0%[143]. 

 

 Additionally, we evaluated whether the LC spatial localization held steady across scan-

rescan sessions by testing the overlap between the images following rigid-body registration of 

the rescan images and LC masks to the original scan. a 4-voxel mask was used in this analysis as 

interpolation during registration may impair the accuracy of single-voxel masks. All cases 

showed at least partial overlap between scan and rescan masks, indicating reliable localization 

across sessions using the FT method (mean DSC = 0.48 ± 0.15). Crucially, the CNR of 

overlapping voxels was greater (19.2% ± 3.2) than that of non-overlapping ones (15.3% ± 2.5), 

indicating that the FT approach may more accurately capture the core (higher intensity) LC 

region. The manual mask (4-voxel), on the other hand, produced a lower average DSC (0.24 ± 

0.26), most likely as a result of inconsistent axial slice selection[143]. 
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Table 4. Reproducibility of LC signal[143] 

 CNR, 

Bilateral 

LC 

(n = 12) 

Reliability of CNR values Scan-rescan 

variability 

(Bilateral LC, 

%) 

 mean±std ICC (3,k) 

Bilateral LC 

ICC (2,k) 

Bilateral 

LC 

ICC (2,k) 

Left LC 

ICC (2,k) 

Right LC 

mean±std 

Manual 5-

voxel 

16.9±3.3 0.85 0.85 0.88 0.59 12.0±7.4 

Manual 4-

voxel 

19.0±3.3 0.87 0.88 0.88 0.71 8.4±7.2 

Manual 

peak-

voxel 

24.8±3.6 0.78 0.79 0.51 0.71 10.2±6.2 

FT 4-

voxel 

19.5±2.6 0.75  0.73 0.81 0.57 10.7±8.6 

FT peak-

voxel 

24.5±3.0 0.82 0.82 0.86 0.62 8.4±5.7 

FT 4-

voxel 

unfixed 

19.4±2.7 0.73 0.73 0.80 0.58 11.3±8.5 

FT peak-

voxel 

unfixed 

24.6±2.9 0.79 0.79 0.67 0.61 9.3±5.3 
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3.2.2. Consistency across NM-MRI sequences 

 We studied data from Sample 3 (n = 30), where subjects were scanned using both a 2D-

GRE MT sequence and a turbo spin echo (TSE) sequence on the same day, in order to investigate 

the performance of the FT approach across various NM-MRI acquisition protocols. Compared to 

the TSE (CNR = 17.3 ± 5.0), the MT sequence had a greater LC signal intensity (CNR = 28.8 ± 

4.3). Despite these variations, the two modalities' signal consistency was still high, as evidenced 

by the FT peak-voxel approach's ICC(3,k) of 0.71, which shows good cross-sequence 

agreement[143]. 

 

3.3. Structural Validity of automated LC segmentation 

 Because manual segmentation is usually restricted to 2D axial views, many previous 

studies were restricted to a single rostrocaudal slice of the LC. Thus, complete three-dimensional 

reconstruction of the LC is an advantage of the FT method. We examined whether the segmented 

LC matched the anticipated rod-like, linear structure of the nucleus in order to assess the 

anatomical realism of this reconstruction (Figure 2)[143]. 

 For all Sample 3 cases, the spatial coordinates of FT-derived peak-intensity voxels along 

the rostrocaudal length of the LC were subjected to linear regression. Also to closely observe the 

variability in performance across implementations, and further establish the utility of our 

method, we assessed the data from both MT and TSE sequences. The residuals from these 

regressions demonstrated LC voxels that were distant from the straight line estimating the LC 3D 

anatomy (Figure 7 shows fit lines, and Table 5 shows angles relative to the y axis)[143].  

The idealized LC trajectory was depicted by the fit lines that were produced (Figure 7). 

For the left LC, 96.1% (TSE) and 91.7% (MT) of LC voxels fell within one voxel diameter on 
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the x-axis, indicating that the majority of voxels closely followed these lines. Moreover, table 6 

shows lower variance along the y-axis. Lastly, the middle section (section 3; Table 7) had smaller 

residual errors, compared to the rostral and caudal sections (sections 1 and 5) which showed 

larger residual errors[143]. 

 Our comparison of FT-based voxel fits to two reference models—(1) a "positive control" 

based on the LC search mask center (the LC core) and (2) randomly permuted coordinates within 

the LC search mask (permuted 1000 times in bootstrapped subjects, which should lead to highly 

variable linear fits)—helped put the regression accuracy into context. Particularly in the y-axis 

dimension, FT-derived fits had significantly less error than the permuted model across both MT 

and TSE sequences, while many subjects showed error consistent with the ‘LC core’ positive 

control (Figure 7, Table 8)[143]. 
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Figure 7. Linear structure of the FT LC mask. A: schematic of hypothetical data showing linear 

fit of peak-intensity voxels (black circles) segmented using the FT method within the LC search 

mask (rainbow colors). B, C: Idealized LC structure revealed by linear regression on LC peak 

voxel coordinates from the FT method. Lines for all participants are overlaid in native space 

after setting the origin as the midpoint between the left and right middle LC sections. D: Axial 

view of the pons of a representative subject overlaid with the LC search mask (green). FT peak 

voxel coordinates are shown in orange, the center coordinate of the LC search mask is shown in 

blue (‘LC core’ positive control), and a permuted coordinate is shown in yellow. E: The 

distribution of linear fit error for all these types of coordinates for the right LC is shown with 

curves in matching colors. The LC core (blue) showed minimal error and the permuted 

coordinates (yellow) showed highly variable error. The FT peak-intensity voxels (orange) often 

showed error of a similar magnitude to the LC core and never showed greater error than the 

mean of permuted voxels (black vertical line)[143].  
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Table 5. Angle of LC fit lines relative to y-axis[143]  

 X-dimension 

(Left) 
X-dimension 

(Right) 
Y-dimension 

(Left) 
Y-dimension 

(Right) 

TSE 15.2°±5.4 -14.0°±5.0 1.4°±4.1 2.0°±3.7 

MT 15.6°±3.4 -17.0°±4.2 -0.0°±3.79 -0.0°±3.7 
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Table 6. Fraction of FT peak-intensity voxels deviating from linear structure[143] 

 >1 voxel diameter away >2 voxels diameter away 

 

X -

dimension 

(Left) 

X -

dimension 

(Right) 

Y -

dimension 

(Left) 

Y -

dimension 

(Right) 

X -

dimension 

(Left) 

X -

dimension 

(Right) 

Y -

dimension 

(Left) 

Y -

dimension 

(Right) 

TSE 8 (3.9%) 7 (3.4%) 2 (1.0%) 3 (1.5%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 

TSE fully 

automated 
6 (3.0%) 9 (4.5%) 0 (0%) 4 (2.0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 

MT 21 (8.3%) 23 (9.1%) 10 (4.0%) 12 (4.8%) 0 (0%) 1 (0.4%) 1 (0.4%) 0 (0%) 

MT fully 

automated 
22 (8.8%) 26 (10.3%) 11 (4.4%) 11 (4.4%) 3 (1.2%) 3 (1.2%) 0 (0%) 1 (0.4%) 
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Table 7. Error in linear fit of LC coordinates per LC section[143] 

 X-dimension (Left) 

(mean±std) 

X-dimension (Right) 

(mean±std) 

Y-dimension (Left) 

(mean±std) 

Y-dimension (Right) 

(mean±std) 

MT TSE MT TSE MT TSE MT TSE 

1 (rostral)  0.69±0.45 0.50±0.29 0.57±0.37 0.41±0.30 0.53±0.35 0.38±0.29 0.58±0.47 0.23±0.20 

2 0.73±0.46 0.51±0.26 0.57±0.33 0.44±0.35 0.54±0.41 0.38±0.32 0.57±0.31 0.30±0.31 

3 (middle) 0.53±0.41 0.42±0.25 0.53±0.28 0.42±0.31 0.42±0.25 0.33±0.21 0.45±0.29 0.27±0.24 

4 0.54±0.29 0.50±0.37 0.65±0.38 0.49±0.39 0.50±0.32 0.38±0.19 0.41±0.27 0.27±0.26 

5 (caudal) 0.62±0.40 0.43±0.38 0.86±0.48 0.52±0.29 0.53±0.42 0.34±0.19 0.55±0.38 0.38±0.27 
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Table 8. Error in linear fit of LC coordinates from FT method and control conditions[143] 

Sequence  X-dimension 

(Left) 

(mean±std) 

X-dimension 

(Right) 

(mean±std) 

Y-dimension 

(Left) 

(mean±std) 

Y-dimension 

(Right) 

(mean±std) 

TSE FT Peak Voxel 0.64±0.21 0.63±0.26 0.47±0.18 0.41±0.23 

LC Core 0.41±0.10 0.40±0.10 0.47±0.17 0.42±0.13 

Permuted Voxel 1.23±0.40 1.30±0.43 1.12±0.39 1.17±0.41 

TSE Fully 

Automated 

FT Peak Voxel 0.64±0.22 0.66±0.33 0.44±0.22 0.42±0.25 

LC Core 0.41±0.10 0.40±0.10 0.47±0.17 0.42±0.13 

Permuted Voxel 1.23±0.40 1.30±0.43 1.12±0.39 1.17±0.41 

MT FT Peak Voxel 0.81±0.24 0.82±0.26 0.66±0.24 0.67±0.23 

LC Core 0.44±0.08 0.43±0.08 0.50±0.14 0.47±0.11 

Permuted Voxel 1.37±0.39 1.35±0.39 1.25±0.37 1.28±0.38 

MT Fully 

Automated 

FT Peak Voxel 0.87±0.35 0.83±0.30 0.66±0.21 0.66±0.27 

LC Core 0.44±0.09 0.43±0.08 0.50±0.14 0.47±0.11 

Permuted Voxel 1.37±0.39 1.35±0.39 1.25±0.37 1.28±0.37 
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Chapter 4. longitudinal investigation of locus 

coeruleus norepinephrine system integrity and 

cognitive performance across the Alzheimer’s 

spectrum (Paper under review, NPP). 
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4.1. Longitudinal Change in LC signal 

The locus coeruleus (LC), the brain’s primary source of norepinephrine, is increasingly 

recognized for its central role in cognitive function and its early vulnerability in AD. NM-MRI 

enables non-invasive in vivo assessment of LC integrity, and growing evidence suggests that LC 

signal loss may precede clinical symptoms and relate to tau pathology and cognitive decline. 

However, longitudinal investigations of these relationships remain limited. This chapter’s 

findings addressed this gap by examining LC signal loss over time in a large cohort of older 

adults. Using a validated automated LC segmentation method (FT-method), we quantified the 

NM-MRI signal and studied its association with a broad set of cognitive domains, including 

global cognition, verbal memory (via two distinct measures), working memory, executive 

function, speed processing, object recognition, and verbal fluency. Participants were stratified by 

amyloid-β and tau PET imaging biomarkers, allowing us to investigate group-level and within-

group associations between LC integrity and cognition.  

To assess LC change over time, n=266 study participants were included in a linear mixed 

effects model. We did not see evidence that the LC patternCN was differentially changing over 

time between Aβ-positive and Aβ-negative individuals (time × Aβ status interaction t474=-0.47). 

Therefore, we reasoned that further division into early and later phase AD groups may be needed 

to reveal AD-associated LC degeneration over time. We did not measure significant change over 

time in a healthy aging group (CN, Aβ-negative, and at Braak stage 0, n=86; ΔLC 

patternCN/year=-0.023, CI=-0.24—0.19, t139=-0.21, p=0.83, linear mixed effects model 

controlling for age at baseline, sex, and scan date prior to covid-19 pandemic), nor in patients 

with later stage AD (Aβ-positive and braak stage 4-6, n=56) who actually showed a non-

significant increase over time (ΔLC patternCN/year=0.13, CI=-0.096—0.35, t80=1.14, p=0.26). It 
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was the early-stage AD group (Aβ-positive and Braak stage<4, n=59) who showed a marked 

decrease in LC signal over time (ΔLC patternCN/year=-0.43, CI=-0.66—-0.20, t95=-3.72, 

p=0.0003). For detailed visualization of how the LC signal changed over time in all rostro-caudal 

sections, see Figure 8 and Supplementary Figure 1 for raw data scores for every subject across 

all Braak stages. 
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Figure 8. Effect of time on LC integrity. Schematic LC maps showing LC signal loss over time 

for all rostrocaudal sections in sub-groups of participants (left: healthy aging, middle: early AD, 

right: later AD). 
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Supplementary Figure 1. Raw data of LC patternCN metric change over time in every single 

participant across all Braak stages. 
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4.2. LC change proximal to AD onset 

Next, given our observation of pronounced LC loss in the early stages of AD and prior 

evidence that the LC may be one of the first brain regions affected in AD[172,173], we examined 

a group who had little or no indication of AD at baseline (all were CN and at Braak stage 0 

though some were Aβ-positive) and examined the relationship between Δtau (in the Braak stage 

1 ROI) and ΔLC patternCN over time in a robust linear regression (Figure 9). We found that Aβ 

positivity was associated with reduction over time in LC patternCN (t52=-2.83, p=0.0065). In 

contrast to Aβ, a positive Δtau over time was correlated with an increase in ΔLC patternCN over 

time (t52=3.82, p=0.0004). Rerunning this analysis with an Aβ-positivity × Δtau interaction term, 

revealed a near-significant interaction (t51=-1.95, p=0.057) that we broke down to find a strong 

positive correlation between ΔLC patternCN and Δtau in the Aβ-negative group (t44=4.28, 

p=0.0001) but not in the Aβ-positive group (t5=-0.52, p=0.62).  

The Aβ finding is intuitive (suggesting that the LC is becoming more AD-like over time 

in Aβ-positive individuals). On the other hand, the finding that tau accumulation is linked to a 

positive ΔLC patternCN reflecting a shift toward an apparent improvement in LC health, is 

surprising.  This appeared to be driven by three participants who, of all participants in this 

subgroup, had both the most positive Δtau in the Braak 1 ROI and the most positive ΔLC 

patternCN over the follow-up interval (Figure 9). There were other AD-risk signs in these three 

cases, one had a substantial increase in tau burden in the Braak stage 2 ROI, another had a 

substantial drop in MMSE score, and two were APOE4 carriers. 
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Figure 9. Relationship between change in LC integrity and tau accumulation over time in older 

adults with little to no evidence of AD at study baseline (CN and at Braak stage 0). Left: 

scatterplot showing change in tau burden over time in the Braak stage 1 ROI versus change in 

LC patternCN over time. Aβ-positive cases (red) were more likely to decrease in LC patternCN 

over time (become more AD-like) compared to Aβ-negative cases (blue). A positive ΔLC 

patternCN, reflecting a more CN-like pattern, was paradoxically correlated to positive Δtau 

accumulation over time. This was driven by three participants (shown in violet) who had the 

greatest increase in both tau and LC patternCN. Right: vector plot of the same data. Each line 

represents a different participant. The dots plot the value of LC patternCN and tau burden at 

baseline and the other end of the line plots the value after 1 year of follow-up (based on the slope 

fitted to all available time points). The three influential cases (violet) show long vectors pointing 

towards the top right corner. The vertical line at LC patternCN=0 represents the point where the 

odds of CN:AD =1. The horizontal line represents the threshold to convert to Braak stage 1. 
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4.3. Association of LC integrity to cognition 

Next, we considered the association between LC integrity and multiple domains of 

cognition in healthy aging and AD individuals taking into account data from all available time 

points using linear mixed effects model with additional fixed factors: time, age at baseline, and 

sex. When merging Aβ-positive individuals from Braak stage 1-6, all cognitive measures 

correlated positively to LC patternCN, the strongest association was with the novel object 

recognition test (BORB: T125=4.10, p=0.00007, Table 9, correlations of BORB combined score 

versus LC patternCN across the Braak stages is presented in Supplementary Figure 2. ). In the 

healthy aging group, only working memory (WAIS digit span) showed a significant correlation 

to LC patternCN (T129=2.50, p=0.014, Table 9, correlations of working memory versus LC 

patternCN across the Braak stages is presented in Supplementary Figure 3).   

To minimize the risk of correlation strength being inflated by examining measures across 

such a broad range of AD severity, and in line with evidence from the prior section that LC 

signal may be impacted differently across the AD spectrum, we performed subsequent analysis 

dividing the AD group into early (Aβ-positive, Braak stage<4) and later (Aβ-positive, Braak 

stage 4-6) groups. In the early AD group, LC patternCN correlated positively to general cognitive 

impairment (MMSE score, t93=2.31, p=0.023) and executive function (TMT-B test, t48=2.87, 

p=0.006, Table 9). In the later AD group, LC patternCN correlated positively to several measures 

including object recognition (BORB test, t64=3.41, p=0.0011), logical memory (t64=2.57, 

p=0.013, correlations of logical memory versus LC patternCN across the Braak stages is 

presented in Supplementary Figure 4), and verbal fluency (t66=2.41, p=0.019, Table 9, 

correlations of verbal fluency versus LC patternCN across the Braak stages is presented in 

Supplementary Figure 5). The findings from the AD subgroups that survived FDR correction 
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were the relationship of LC patternCN to TMT-B in early AD and its relationship to object 

recognition, logical memory, and verbal fluency in later AD (for these measures that survived 

FDR correction, maps visualizing the relationships across all LC sections in later AD are 

provided in Figure 10).  

Given the strong relationship we observed in AD between object recognition and LC 

integrity, we reasoned that this cognitive test may be sensitive enough to reveal a relationship 

between change over time in task performance and change over time in LC patternCN. We tested 

this in the later AD group and found a significant correlation suggesting loss of LC integrity over 

time is associated with increasing impairment in object recognition (t11=2.69, p=0.021, Figure 

11). We further examined subscale scores of this object recognition test and found that the 

relationships to LC integrity both in the full AD sample and the later AD group were apparent 

when attempting to recognize novel stimuli (imaginary animals comprising the ‘unreal subscale’, 

t=4.02 and 3.66 respectively) but were not significant when recognizing familiar stimuli 

(common animals on the ‘real subscale’, t=1.97 and 1.04 respectively). 
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Table 9. Relation of LC patternCN to cognitive measures in study subgroups 

 CN & Braak 0 & 

AB- 

AB+ Braak 1-6 Braak <4 & AB+ Braak 4-6 & AB+ 

Global 

Cognition 

T137=-0.36 T141=2.24* T93=2.31* T78=1.93 

Logical memory T130=1.18 T125=2.82** T85=-0.01 T64=2.57* 

Working 

Memory 

T129=2.50* T125=2.87** T84=0.40 T65=2.19* 

Speed of 

Processing 

T71=1.33 T56=2.50* T48=1.81 T22=1.08 

Executive 

Functioning  

T71=1.25 T53=3.51*** T48=2.87** T19=0.00 

Verbal Fluency T130=1.24 T127=2.98** T85=1.19 T66=2.41* 

Object 

Recognition 

T129=-0.43 T125=4.10*** T85=1.71 T64=3.41** 

***p<0.001, **p<0.01, *p<0.05 
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Figure 10. LC schematic maps association of NM-MRI signal across all LC sections to cognitive 

measures. Relationships to executive function (TMT-B performance) are shown for the subgroup 

of early AD participants (Braak<4 & AB+) and the other measures are shown for the subgroup 

of later AD participants (Braak>3 & AB+). 
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Figure 11. Longitudinal loss in LC integrity is associated with reduction in object recognition 

over time in AD participants (Aβ-positive, Braak stage<4). Scatterplot at left shows change in 

object recognition performance versus change in LC integrity over time. The same data is 

plotted at right as a vector plot with the dots plotting baseline values of object recognition and 

LC patternCN and the other end of the line plotting the value after 1 year of follow-up (based on 

the slope fitted to all available time points). Most lines are running between the top right and 

bottom left corner, consistent with the positive line fitted on the scatterplot at left. 
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Supplementary Figure 2. BORB combined scores versus LC patternCN across Braak staging. 
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Supplementary Figure 3. Working Memory scores versus LC patternCN across Braak staging. 
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Supplementary Figure 4. Logical Memory scores versus LC patternCN across Braak staging. 
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Supplementary Figure 5. Verbal Fluency scores versus LC patternCN across Braak staging. 
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5.1. Discussion for Aim 1 

Our results endorse a semi-automated approach for segmenting the LC (FT method). The 

FT method demonstrated a high level of agreement with the manual segmentation regarding LC 

localization and signal (ICC=0.91), which is comparable to previous automated techniques (ICCs 

ranging from 0.90 to 0.93)[130,145]. In comparison to manual segmentation, the FT method 

demonstrated a comparable level of correlation with clinical and pathophysiological indicators of 

Alzheimer's disease severity, thereby establishing convergent validity due to the recognized 

influence of Alzheimer's disease on the LC[144], and indicating its efficacy in assessing the LC 

signal in both healthy and degenerated conditions. The FT method demonstrated exceptional 

scan-rescan reliability (ICC=0.82 for the peak-voxel method), approaching the upper range of 

prior findings of LC signal ICC, which varied from 0.36 to 0.875, and exhibited consistent 

spatial targeting of high-contrast voxels across repeated scans . The structure of the locus 

coeruleus produced by this FT method was congruent with the established morphology of the 

LC, characterized as a continuous, rod-like structure[174]. This method also revealed good 

performance when processing data from the two most commonly used NM-MRI sequence types 

(TSE and MT), and displayed high consistency in extracting LC signal across these sequences. 

Our analysis revealed that a more straightforward automated LC segmentation utilizing a 

fixed mask in standardized space exhibited a decrease in the contrast-to-noise ratio (CNR) and a 

reduced capacity to detect Alzheimer's disease-associated degeneration relative to alternative 

methodologies, including a fully automated FT approach. Other groups have documented 

promising outcomes utilizing analogous methodologies[97,175,176], and it is probable that this 

technique could be refined compared to our implementation (e.g., improving reference region 

signal extraction methods, selecting LC voxels, optimizing the mask, or warping the mask, 
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excluding artifacts, and extracting signals in native space). A challenge with averaging all 

voxels[130,144] in a fixed LC mask is that the mask must be tiny to avoid overlapping with the 

surrounding tissue or cerebrospinal fluid; nevertheless, at this size, it might still inadequately 

target the LC. Techniques related to FT address this issue by beginning with a larger 

overinclusive mask (LC search mask) that covers adjacent tissue and cerebrospinal fluid, thereby 

minimizing the likelihood of missing the LC due to their large size.  

Conversely, the risk associated with these methodologies is that, in segmenting the LC 

within this search mask, they depend not only on external anatomical location data but also on 

the image intensity itself, so generating circularity and a positive bias. They may occasionally 

choose voxels that are not the LC but exhibit hyperintensity due to noise, artifacts, or other tissue 

characteristics. This risk may be intensified in the context of LC degeneration when the disparity 

in signal intensity between the LC and adjacent tissue diminishes. The approach minimizes the 

possibility of selecting an isolated hyperintense voxel, which is less likely to indicate LC, by first 

identifying a hyperintense cluster of nearby voxels ('narrowing the funnel') before locating the 

brightest single voxel inside this cluster. The risk of inaccurate segmentation is decreased by 

visual examination and manual adjustments; however, this process hinders full automation and 

involves subjectivity. Considering the theoretical advantages and disadvantages of the FT 

approach, it seems that the strengths may surpass the limitations, as the method effectively 

captured LC signal loss in AD more proficiently than a standardized space ROI approach and 

comparably to manual segmentation. Additionally, the agreement with manual segmentation 

remained unaffected despite the reduction of LC signal intensity in AD. 

We evaluated different methodologies by altering the size of the LC cross-section and 

implementing manual adjustments to the FT approach. Smaller LC cross-sections (a single peak-
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intensity voxel) had a higher correlation numerically with AD severity compared to larger cross-

sections, while masks of varying sizes showed comparable performance regarding agreement 

with manual segmentation and scan-rescan reliability. Nevertheless, our data may not have been 

ideally suited to ascertain the appropriate dimensions of the LC mask. Our images exhibited 

worse in-plane resolution relative to other studies (including those that established the manual 

segmentation protocol[128]), and within a 4-voxel cross-section, certain voxels are likely 

affected by partial voluming. Utilizing a greater resolution may yield advantages by 

incorporating many voxels in the cross-section to comprehensively analyze the structure and 

diminish noise. Conversely, analyzing the peak-intensity voxel may increase the range of LC 

signal values, thereby enhancing the identification of correlations. The FT method, whether 

applied to a cluster of voxels or an individual voxel, is not intended to define the axial 

boundaries of the LC. Even at high resolution, it cannot extract signals from all LC voxels, but 

only from a central portion of the LC in each axial slice.  

Concerning manual corrections, our data indicates that they are advantageous when 

possible but may not be critical, as there was virtually excellent agreement between the corrected 

and uncorrected versions of the FT segmentation (ICC=0.99), with both reflecting AD-related 

signal loss. The requirement for manual correction may vary based on the specific dataset, as we 

have observed discrepancies across NM-MRI acquisition protocols regarding error rates (ranging 

from less than 1% to 6.5%), influenced by factors such as signal-to-noise ratio or the occurrence 

of hyperintense artifacts in the fourth ventricle, which are more prevalent in certain acquisitions. 

The influence of segmentation errors in our dataset (Sample 1) appears to be moderate compared 

to others we have seen, as the error rate was low (1.2%); yet, some errors were attributable to 

artifacts, resulting in significant CNR values. The FT technique provides a filtering option to 
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automatically reject extreme CNR values; nevertheless, it must be employed judiciously, 

possibly necessitating study-specific criteria. These findings instill confidence that it is plausible 

to establish an acquisition strategy that would mitigate the likelihood of errors and provide 

substantial assurance for employing the FT approach in a completely automated manner, 

particularly in clinical settings where manual correction would be difficult. 

The FT technique offers a notable advantage by enabling the evaluation of LC signals in 

up to five subsections along the complete rostrocaudal extent of the LC.  Nevertheless, several 

research studies in this area focused solely on the middle LC region to better conform to the 

prevailing manual technique.  Therefore, we developed a test to assess the capacity of the FT 

technique to reconstruct an LC with a conformation that aligns with its recognized form as an 

almost linear, rod-like structure.  The LC is a continuous nucleus, and it is expected that its 

position on adjacent slices will be close and often overlapping.  The majority of LC voxels 

classified by the FT method were situated adjacent to a linear regression line.  The variations 

from the line may have arisen from segmentation issues or the inherent structure of the LC 

diverging from linearity.  This is anticipated to occur intermittently in both the rostral and 

especially the caudal regions of the LC, where cell counting studies have demonstrated more 

fluctuation in LC cell location[153].  Consistent with this, the discrepancy in the linear fit was 

typically more pronounced at the extremes of the LC. 

In this doctoral thesis, we developed and validated the funnel-tip (FT) segmentation 

method for extracting locus coeruleus (LC) signal from neuromelanin-sensitive MRI, 

demonstrating high reliability, anatomical accuracy, and strong associations with Alzheimer's 

disease (AD) pathology and cognition. This work formed the foundation for a successful Mitacs 

internship with Terran Biosciences, a biotechnology company that integrated the FT method into 
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NM-101, the first FDA-approved software for neuromelanin MRI analysis in a clinical 

context[177]. During this internship, I contributed directly to refining and validating the 

software’s LC processing pipeline, applying it to large-scale longitudinal datasets and helping 

establish its clinical utility. This hands-on experience deepened my understanding of medical 

imaging software development and regulatory pathways, while allowing me to translate my PhD 

research into a clinically applicable tool for early AD detection. 
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5.2. Discussion for Aims 2 and 3 

This thesis leveraged the use of NM-MRI, measured for the full extent of the LC, by 

collecting neuroimaging data to perform longitudinal assessments for a large sample of tau-

positive and tau-negative subjects, in addition to gathering longitudinal PET scans and seven 

cognitive measures. This would be the first longitudinal study to connect all these measures and 

factors for a better understanding of LC signal over time and its relation to cognition in AD and 

healthy subjects. 

This study examined longitudinal changes in locus coeruleus integrity and its correlation 

with cognition in a substantial and well-defined cohort of an older population across the 

Alzheimer's disease spectrum.  Several significant findings emerged, starting with the decline in 

LC integrity which was most pronounced during the early stages of Alzheimer's disease (Braak 

stages 1-3), while no substantial change was observed in the later stages of Alzheimer's or in 

healthy aging.  Upon closer examination of people without baseline symptoms of Alzheimer's 

disease, we observed a counterintuitive correlation between tau accumulation and changes in our 

LC metric over time.  This may be pertinent to the onset of Alzheimer's disease.  Then we 

investigated the correlation between LC integrity and cognition across many domains.  Our 

analysis revealed that, over the whole spectrum of Alzheimer's disease severity, the integrity of 

the locus coeruleus was associated with performance on all cognitive assessments.  A more 

rigorous examination aimed at minimizing spurious correlations arising from illness progression 

and restricting analyses to either early Alzheimer's disease (Braak stage < 4) or late Alzheimer's 

disease (Braak stage > 3) revealed that numerous cognitive metrics continued to exhibit 

substantial correlations with LC integrity.   



109 

Although many cognitive assessments have previously been associated with the locus 

coeruleus's role in Alzheimer's disease (e.g., logical memory[40,134,140]), the measure 

demonstrating the most significant correlation, object recognition, has not been examined in this 

context.  This assessment indicated a deficiency in the recognition of imaginary animals, which 

may highlight the significant contibution of the LC-NE system in compromised novelty detection 

in Alzheimer's disease, while the reason that there was no relation of LC to BORB in early AD/ 

healthy aging may be that variability in this cognitive metric is low in these groups, it is an easy 

test and probably not sensitive enough in these groups.  Ultimately, our work successfully 

examined healthy aging using a more stringent criteria than most previous findings that omitted 

Aβ and tau imaging.  We discovered that, excluding working memory, in the context of healthy 

aging, LC integrity had no significant correlation with cognition, aligning with findings that 

indicate minimal LC degradation in healthy aging[136]. 

 The work in this thesis also produced a singular metric of locus coeruleus (LC) integrity 

across all rostrocaudal LC sections, LC patternCN, representing the log of the odds that an 

individual is cognitively normal or has Alzheimer's disease based on their LC signal.  This 

multivariate approach offers advantages over analyzing an average of the entire LC or particular 

LC sections without accounting for information from other parts.  For instance, based on the 

pattern, an individual exhibiting a high LC signal in the middle of the LC is more protected 

against AD if they simultaneously possess a low signal at the rostral-caudal ends of the LC, in 

contrast to another individual with a high LC signal at both the middle and the ends of the LC.  

We had reasoned that a multivariate LC measure would aid in quantifying LC signal loss over 

time, as various biological or imaging factors may affect LC signal in a manner distinct from 

AD-related degeneration across LC sections.  This strategy demonstrated that the most 
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significant degeneration of the locus coeruleus (LC) occurred during the early stages of 

Alzheimer's disease, specifically between Braak stages 1-3. Notably, an analysis of LC signal 

variation over time across all LC sections during this phase (Figure 8, middle) revealed a pattern 

that is different from the cross-sectional pattern associated with cognitive normality (LC 

patternCN, see Figure 4): a reduction in the middle section of the LC while showing an increase 

trend at the extremities of the LC.  

 The decline in LC signal observed in early Alzheimer's disease aligns with previous 

research investigating the early or at-risk phase of the condition.  We acknowledge two previous 

imaging studies addressing this issue, both of which identified a substantial reduction in LC 

signal, either in individuals genetically predisposed to AD[40] or in a heterogeneous cohort of 

AD and MCI[138].  Postmortem analysis has similarly revealed the most significant decline in 

LC volume between Braak stages 0 and 1 in middle LC[136].  Conversely, a substantial sample 

of older adults exhibited no significant change in LC signal over time, even demonstrating a 

numerical increase, which was unexpected yet aligned with our findings in the healthy aging 

cohort[134].   

Autopsy investigations have played a crucial role in confirming the early and progressive 

degeneration of the locus coeruleus in Alzheimer’s disease. The LC, known for its dense 

population of neuromelanin-pigmented noradrenergic neurons, exhibits substantial neuronal loss 

in AD, with estimates suggesting that more than half of these neurons may be lost by the time of 

late-stage disease[135]. Neuropathological assessments have shown that this degeneration often 

begins early, even in preclinical stages, preceding substantial cortical involvement[136]. 

Importantly, this loss of neuromelanin-containing neurons tends to follow the trajectory of tau 

pathology, which is known to first accumulate in the LC before spreading to connected brain 
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regions[94]. This temporal relationship suggests that LC degeneration may play a seeding or 

accelerating role in broader neurodegenerative cascades associated with AD[78]. 

Detailed postmortem histological analyses have further revealed that reductions in 

neuromelanin pigmentation within the LC are strongly correlated with disease severity and 

cognitive decline[135]. The extent of neuromelanin depletion has been found to increase across 

Braak stages, aligning with the progression of tau pathology and neurofibrillary tangle 

burden[136]. Some studies have also highlighted that neuromelanin-rich neurons are especially 

vulnerable to tau aggregation and neurodegeneration, suggesting a possible role of neuromelanin 

in modulating neuronal susceptibility[94]. Moreover, the pigment’s known ability to chelate 

redox-active metals such as iron implicates it in oxidative stress pathways, providing a potential 

mechanistic link between neuromelanin loss and neuroinflammation[178]. Together, these 

findings position LC neuromelanin as both a marker of noradrenergic neuron integrity and a 

window into the molecular mechanisms underpinning AD-related degeneration. 

The inability of our study to detect longitudinal change in LC signal during healthy aging 

or in the later AD group may be attributed to various factors.  Minor variations in LC signal may 

not rise above the threshold of test-retest noise, perhaps necessitating an extended follow-up 

period beyond the 2-4 year interval to detect substantial change.  Moreover, we do not directly 

assess LC degeneration but instead evaluate LC signal, which is influenced by various factors 

that might potentially enhance the signal (e.g., alterations in neuromelanin, iron, cell size, or 

macromolecule content) and mitigate a degeneration-associated decline.  We noted significant 

increases in signal over time for certain people, particularly in the later AD group (with larger 

magnitudes compared to decreases over time, as illustrated in Figure 11).  This may hide LC 
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degradation and could have contributed to our inability to identify a decline in signal over time in 

the later AD group if some of these impacts vary more significantly at this stage of the illness.  

 The dataset revealed a noteworthy significant correlation between ΔLC patternCN and 

Δtau binding in Braak stage 1 among people who had no evidence of AD at baseline (Figure 9).  

We chose to meticulously analyze this sample to identify individuals that exhibit initial 

indications of Alzheimer's Disease (AD) only after the baseline evaluation, thereby showing how 

LC signal changes with the onset of AD, as indicated by Δtau in the Braak 1 region of interest 

(ROI).  Three patients were identified with significant Δtau and additional Alzheimer's disease 

risk variables determined post-hoc.  Remarkably, these were the three cases among the group 

exhibiting the most positive ΔLC patternCN, resulting in a strong positive correlation with Δtau.  

An increase in LC patternCN may indicate improvement in LC health; however, we propose that 

this could result from an elevation in LC signal not secondary to improved LC integrity, but 

rather due to an alternative cause that could elevate LC signal as a preliminary step prior to LC 

damage.  Biological factors that enhance the LC signal comprise iron accumulation, 

neuromelanin accumulation, and neuronal swelling.  All of these factors could be plausibly 

enhanced by Alzheimer's disease pathogenesis.  Accelerated neuromelanin buildup may arise 

from APOE ε4-mediated inhibition of VMAT, and there is substantial evidence of elevated iron 

levels in the brain in Alzheimer's disease, which could be a critical factor leading to neuronal 

damage[176–179].   

Future research must integrate LC imaging with iron imaging to examine this hypothesis.  

The topography of this change across the LC reveals that the positive shift in LC patternCN 

suggests the signal increase predominantly affects the same LC region that shows reduced signal 

in AD, aligning with the hypothesis that this increase signifies an insult directed at the same LC 
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subregion that will eventually experience integrity loss.  It is significant that the rise in LC signal 

was seen solely in Aβ-negative patients, whereas nearly all Aβ-positive cases at Braak stage 0 

exhibited a decline in LC signal.  The limited sample of emerging AD cases does not provide 

sufficient data for confident conclusions, prompting the inquiry of whether Aβ might inhibit the 

increase in LC signal. 

 Numerous studies have demonstrated a substantial association between LC integrity and 

cognitive performance in healthy individuals, those with mild cognitive impairment, and 

Alzheimer's disease patients.  This work confirms the longitudinal correlation between LC and 

many cognitive domains, as illustrated in Table 9, which includes global cognition[138,141], 

episodic memory[140,180], and processing speed[40,137], as documented in the literature. This 

study established and confirmed the correlation between LC and verbal fluency, logical memory, 

and object recognition, although it does not specify if any of these associations are stronger than 

others.  To directly investigate the relationship between LC signal and cognition while 

minimizing spurious correlation from sampling across a wide range of AD severity, we analyzed 

early and later AD subgroups and identified numerous significant associations.  In the early AD 

subgroup, the sole measure that survived multiple-comparisons correction was the TMT-B test.  

This finding aligns with extensive evidence regarding the LC-NE system's involvement in 

executive function and warrants replication in a larger sample (this test was administered to 

fewer participants than most tests in our sample) and utilizing a paradigm capable of examining 

specific aspects of executive function (e.g., cognitive flexibility, inhibitory control).   

In the later AD cohort, we identified multiple cognitive assessments that correlated with 

LC integrity, including logical memory, a frequently examined metric in previous LC imaging 

studies, the majority of which have demonstrated a positive correlation between this type of 
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memory and LC signal in AD or AD-risk populations[135,138,180].  Our observation of a 

correlation between LC signal and verbal fluency aligns with a previous publication involving 

older persons with and without MCI[131]. 

 It is noteworthy that the cognitive metric most closely associated with LC integrity, 

object recognition, has not been examined in previous LC imaging research to our knowledge.  

This measure was correlated just at the later stages of Alzheimer's Disease, potentially due to 

ceiling effects in individuals with milder impairment.  We contend that this measure functions as 

a novelty detection test by requiring participants to identify images of animals that do not exist in 

nature.  A substantial body of literature exists regarding the function of the LC-NE system in 

novelty detection and the associated deficiencies in novelty detection shown in Alzheimer's 

disease[181–184].  This test may be particularly sensitive in illustrating the effect of LC damage 

on behavior in AD, aligning with our capacity to identify a correlation between alterations in LC 

integrity and variations in task performance.  

 Our findings indicate that, in healthy aging, our LC metric did not substantially correlate 

with cognition, except for working memory, aligning with our observation of no LC signal loss 

in this cohort and previous evidence suggesting minor LC degeneration in healthy 

aging[136,137].  Consequently, any factors influencing LC signal variability without LC 

degeneration (such as neuromelanin and iron levels, cell size, or cell density) may have little 

impact on cognitive performance in healthy aging.  Multiple previous studies[40,135,185] also 

reported no significant correlation between LC signal and cognitive performance in healthy 

aging, while other investigations identified a correlation between LC signal and 

memory[129,130,134,186], global cognition[139], and executive function[186].  These 

correlations may, in certain instances, result from the unintentional inclusion of individuals with 



115 

prodromal Alzheimer's disease, as numerous studies lack the capability to screen for brain 

Alzheimer's disease markers.  This ambiguity prompted us to adopt a stringent criterion of 

healthy aging (absence of Aβ or tau, even in the Braak 0 region of interest).  The finding that 

working memory performance is correlated with LC signal in healthy aging is noteworthy; 

nonetheless, it contradicts previous research[134] and requires replication. 

Despite the growing body of evidence linking LC neuromelanin loss to Alzheimer’s 

disease (AD) progression, several methodological limitations and confounding variables remain 

insufficiently resolved in both imaging and postmortem literature. One significant concern 

involves the potential influence of pharmacological treatments on the structural and functional 

integrity of the LC. Participants in both autopsy and neuromelanin-sensitive MRI (NM-MRI) 

studies are often on various medications for cognitive, psychiatric, or cardiovascular conditions, 

which could potentially alter noradrenergic tone or neuromelanin metabolism[128]. However, 

detailed medication histories are frequently unavailable, similar to our dataset, or inconsistently 

recorded, making it difficult to disentangle disease-related changes in LC signal from 

medication-induced alterations. This limitation may particularly impact studies relying on cross-

sectional designs or mixed clinical cohorts. 

Furthermore, demographic variables such as sex, age, and race may also influence LC 

neuromelanin signal but are often underexplored or inconsistently accounted for. Age is a well-

known factor, as neuromelanin accumulates with age until midlife and may decline later due to 

neuronal loss, potentially confounding interpretations of LC signal in older adults[129]. 

Biological sex may also influence noradrenergic regulation due to hormonal modulation of LC 

activity, yet few studies are sufficiently powered to detect sex differences or stratify findings 

accordingly[190]. Racial and ethnic variation remains critically understudied; neuromelanin 
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content may vary with genetic background, and racial disparities in AD risk factors and access to 

care may further influence LC-related outcomes[191]. In our own dataset, we did not observe 

significant differences in LC signal based on sex or race; however, the very small proportion of 

non-White participants limits the strength and generalizability of this conclusion. The 

predominance of White individuals in both clinical and research samples introduces a bias that 

may obscure population-specific vulnerabilities or resilience patterns[190]. Future research must 

address these gaps by incorporating more demographically diverse and well-characterized 

samples, and by employing statistical models that can account for intersectional factors. 

In summary, this doctoral thesis provides the first longitudinal evidence linking locus 

coeruleus (LC) signal dynamics, tau accumulation, and cognitive performance across the 

Alzheimer's disease (AD) spectrum using multimodal imaging and automated LC segmentation. 

The findings reveal that LC degeneration is most pronounced during early AD and that changes 

in LC signal may precede neuronal loss, offering a potential early biomarker of AD risk. 

Importantly, our novel multivariate LC metric, LC patternCN, enhances detection of disease-

related changes and highlights the LC-NE system’s critical role in memory, novelty detection, 

and executive function, thereby informing both diagnosis and intervention strategies. 
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Chapter 6. Limitations, Strengths, Future 

Directions, and Conclusions 
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6.1. Strengths and Limitations of LC Segmentation Methods Development Experiments 

(Chapter 3) 

Our work had many strengths, including a substantial sample size comprising both healthy 

individuals and those with neurodegenerative illness (Sample 1), which was accessible for the 

majority of the tests performed.  A notable strength of our study was the confirmation of 

Alzheimer's disease diagnosis and severity (Braak stage[187]) for all people in this sample using 

tau PET imaging.  However, our study also possessed certain limitations.  Although the FT 

method demonstrated high scan-rescan reliability, in accordance with other LC segmentation 

techniques, our sample size for this assessment (n=12) was comparatively limited, constraining 

the accuracy of ICC estimates.  Moreover, although we showed good agreement of our method 

when utilized with both prevalent NM-MRI sequence types (TSE and MT) and indicated good 

agreement between these sequences, both types were not accessible for all assessments.   

Although we created a test to assess the FT segmentation along the rostrocaudal axis, it 

would have been preferable to compare its performance against manual segmentation for all LC 

sections.  While previous research has developed manual techniques to segment the entire 

LC[131], applying these approaches to a sample of this magnitude would be exceedingly 

laborious.  Moreover, the critical validation step about Alzheimer's disease severity would be 

less effective in certain segments of the LC that exhibit do not show clear signal loss in AD[126].   

Consequently, the ICC, DSC, and effect size metrics discussed herein solely represent the 

performance of the FT method for the middle section of the LC and cannot be extrapolated to the 

rostral and caudal regions of the LC, despite our 3D structural analyses offering some assurance 
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that the FT method attains adequate localization of the rostral and caudal LC.  As previously 

mentioned, it would have aligned more closely with other research employing the manual 

technique if we had acquired NM-MRI images at a higher resolution, given that the fixed-shape 

LC mask (a 5-voxel cross) included a broader area at this resolution.  This may have impeded the 

performance of the manual technique to some extent, but we endeavored to alleviate this risk by 

incorporating 4-voxel and 1-voxel manual LC masks.  Additionally, concerning resolution, there 

was diversity among samples in slice thickness, ranging from 1.5 to 2.0 mm.  We generally 

recommend a slice thickness of approximately 1.5 mm for best performance of the FT technique 

to maximize the number of measurements per LC section.  Nonetheless, a slice thickness of 2.0 

mm may be enough, as all LC sections were identifiable in every individual at this thickness.   

Lastly, although we examined a substantial cohort of healthy older adults and patients within 

the Alzheimer's disease spectrum, it would be advantageous to evaluate the performance of our 

technique in Parkinson's disease, another disorder characterized by significant degeneration of 

the locus coeruleus[173,188,189]. 
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6.2. Strengths and Limitations of longitudinal investigation of LC integrity and cognition 

(Chapter 4) 

  This work had numerous strengths as the largest longitudinal LC imaging investigation 

known in Alzheimer's disease, including the entire spectrum of AD and incorporating PET 

imaging of tau and Aβ.  However, not all participants possessed longitudinal data, and after 

subgroup split, the sample sizes remained small.  It is exciting to contemplate that we may have 

identified a few instances in the initial phases of conversion to Alzheimer's disease.  

Nonetheless, their scarcity renders generalization challenging.  Moreover, we cannot assert with 

certainty that these patients will develop Alzheimer's disease, as this hypothesis was 

predominantly reliant on continuous SUVR scores in the Braak stage 1 ROI.  This challenges the 

boundaries of inference, as the SUVR of the tau tracer is not a quantitative metric and may be 

more effective in identifying tracer presence exceeding a normal threshold than in quantifying 

quantities of this Alzheimer's disease marker.  Nevertheless, given the rarity of longitudinal 

studies on the initial onset of Alzheimer's disease in the brain and the significant variations in 

SUVR among a few individuals, we cautiously interpret these fortuitous observations as 

indicative of the early stage of Alzheimer's pathophysiology in these subjects.  

  Another restriction is the potential for circularity, given that our LC metric (LC 

patternCN) was both calculated and utilized within the same sample.  We believe this risk is 

negligible in our situation, as this metric was established through a group comparison (CN vs 

AD), and very few analyses in the study were conducted across groups; the most significant 

findings were noted in analyses limited to participants predominantly from one of these groups.  

Future research may utilize the LC patternCN measure established in this study for an out-of-

sample analysis to ascertain if this metric facilitates superior diagnostic differentiation compared 
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to a more rudimentary metric (e.g., entire LC or middle LC signal).  While this metric was 

established to separate CN from AD, it may not facilitate optimal differentiation within AD, 

specifically regarding the patterns of LC signal that differentiate early from later phases of AD. 
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6.3. Future Directions  

 The results of this work provide new understanding of the intricate details of locus 

coeruleus (LC) signal changes along the Alzheimer's disease (AD) spectrum and open many 

significant directions for further investigation. Since early AD showed the greatest LC signal 

drop, future research should incorporate extended follow-up times outside the present 2–4 year 

range. This would improve the temporal window of preclinical LC degeneration and enable 

identification of more slow or delayed signal alterations that might develop in later phases of 

AD. Furthermore, another important measure would be extended tracking to ascertain whether 

the transient rise in LC signal observed close to the start of tau pathology is predictive of later 

degeneration and whether this characteristic can be exploited as a consistent early biomarker.  

 Though our work concentrated on normal AD development, it is important to evaluate 

LC signal trajectories in variant forms of AD and other neurodegenerative dementias (e.g., 

Parkinson's disease dementia, Lewy body dementia, frontotemporal dementia). By means of 

comparison of LC signal patterns under various settings, one can construct disease-specific 

neurodegenerative signatures and clarify the function of the LC-NE system over several 

neuropathological processes which could be useful for potential as biomarker supporting 

differential diagnosis. 

 Moreover, analyzing LC signal responsiveness to treatment interventions in AD patients 

as well as cognitively healthy people becomes a crucial next step. Future work could target 

studying neuroprotective treatments, as well as pre- and post-treatment NM-MRI scans to 

evaluate whether particular interventions, such as cholinesterase inhibitors, noradrenergic 

medications, or lifestyle changes (e.g., exercise, mindfulness), can protect or decrease LC 

damage and consequent cognitive deterioration. Emerging data imply that, depending on disease 
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status, pharmaceutical regulation of the noradrenergic system can produce varied cognitive 

effects. For instance, although having no impact in healthy controls, clonidine, an alpha-2 

adrenergic agonist, was demonstrated to cause cognitive abnormalities in subjects with pre-

existing cognitive impairment. Especially with early-stage or prodromal AD, there are results 

that emphasize the significance of looking at how different pharmacological drugs change LC 

signal and affect cognition[190]. Also, another study done by our lab showed how the LC 

imaging ability in help to decide who would benefit from noradrenergic drugs used to treat 

neuropsychiatric symptoms like agitation and aggressivity[126]. By establishing these 

relationships, focused treatments will be discovered and created to support LC function and stop 

neurodegeneration.  

 Since our FDA cleared funnel-tip (FT) LC segmentation technique (NM 101 software), 

has shown great accuracy and repeatability, future endeavors should use it to evaluate 

generalizability over several separate cohorts around the world. Also, integrate multimodal 

imaging (e.g., iron-sensitive MRI sequences, diffusion tensor imaging) to better define structural 

and biological sources to LC signal variability.  

 Lastly, we see LC imaging as a potential technique to identify people at high risk for AD 

even before overt cognitive signs emerge. To fully understand the function of the LC-NE system 

in Alzheimer's disease, future studies should aim to combine longitudinal imaging, cross-disease 

comparisons, and therapeutic intervention trials employing consistent LC segmentation 

techniques. These guidelines will not only deepen our knowledge of AD pathophysiology but 

also help to create new clinical instruments for early diagnosis, disease monitoring, and focused 

therapy. 
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6.4. Conclusions 

 This doctoral thesis advances our understanding of locus coeruleus (LC) signal change 

and its significance across the Alzheimer's disease spectrum by integrating longitudinal 

neuromelanin-sensitive MRI (NM-MRI), tau and amyloid PET imaging, and cognitive 

assessments. Through this multifaceted approach, we offer critical insight into both the timing 

and behavioral relevance of LC degeneration, as well as a novel, validated automated 

segmentation method (FT method) that supports robust and scalable LC imaging in both research 

and potential clinical settings. Developing this method was essential to support the findings 

reported here but also has the potential to accelerate research on this topic by providing a 

convenient tool to extract useful information about the LC-NE system integrity in AD that could 

be used in future by researchers examining its clinical and pathophysiological correlates. As a 

potential biomarker, this tool could have potential for multiple applications in AD or other 

neurodegenerative conditions including supporting differential diagnosis, early diagnosis, 

predicting treatment response, and monitoring progression of neurodegeneration. While it is not 

yet proven as a clinically useful biomarker, this tool has already proceeded a long way on the 

path of steps needed for a biomarker. Started with development of the LC segmentation 

algorithm, demonstration and validation of its performance as a marker of LC degeneration (Aim 

1), harmonization of LC signal across scanners using ComBat[196] to allow results to be 

compared across scanners, translation of the algorithm into a commercial software package 

suitable for clinical use, and regulatory clearance by the FDA. Finally, the next step would be 

conducting a large and well-controlled study in AD showing clinical utility for the biomarker 

applications listed above. 

 NM-MRI is considered a new inexpensive and reliable tool to measure the LC signal in 
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vivo. Our results showed that our FT method of LC segmentation has high agreement with a 

manual method it is highly reproducible, eliminates interrater concerns, consistently targets the 

LC in 3D space, and has a better ability to detect AD-related LC degeneration (Cohen's d = 

0.64). Unlike other methods that either fail to capture subregional alterations or show reduced 

performance in advanced stages of degeneration, the FT method supports accurate, full-length 

segmentation of the LC along its rostrocaudal axis. Standardizing LC integrity assessments 

between individuals and scanners not only lessens the burden and subjectivity of manual tracing 

but also makes large-scale investigations more practical.  

 Our longitudinal data suggest that LC signal loss is most noticeable in early-stage AD, in 

line with postmortem and imaging data displaying middle LC susceptibility during the earliest 

phases of disease progression. Especially in those lacking AD pathology at baseline, we found a 

counterintuitive rise in LC signal over time linked with early tau accumulation in Braak stage I. 

Rather than an increase in LC function, this surprising signal spike may reflect 

pathophysiological precursors to LC degeneration—such as iron buildup, neuroinflammation, or 

alterations in neuromelanin metabolism. These results imply that LC signal dynamics are 

temporally sensitive and non-linear, which emphasizes the need of longitudinal imaging in 

catching transitory phases maybe indicating neurodegeneration and the potential benefit of 

multimodal imaging, for instance to monitor iron content (e.g. using quantitative susceptibility 

mapping) at the same time as NM-MRI.  

 Our results confirm earlier research tying LC signal to episodic memory ability, 

especially logical memory, and extend this knowledge by pointing to a robust correlation 

between LC integrity and object recognition—a cognitive domain that is not being studied in the 

literature in terms of LC function and AD. We interpret this result in the larger context of the 
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function of the LC-norepinephrine (LC-NE) system in novelty detection and suggest that poor 

object identification in later-stage AD may represent a breakdown in novelty-related brain 

processing. Other domains, including executive function (e.g., TMT-B), also exhibited 

substantial correlations with LC integrity, especially in early AD. While working memory 

emerged as the only LC-correlated domain in healthy aging, consistent with maintained LC 

structure in this group,  

 These findings taken together indicate the LC imaging is an invaluable tool for research 

into the role of the LC-NE system in the pathophysiology of AD. Furthermore, it is a possible 

early biomarker for AD risk. When combined with PET imaging and cognitive tests, the FT 

segmentation approach helps to more precisely define the LC's involvement during and even 

before the onset of AD. Moreover, the discovery of signal changes in people prior to appearance 

cognitive symptoms emphasizes the biomarker possibility of LC imaging as a marker of AD risk. 
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