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RÉSUMÉ 

La mesure de la perte cholinergique cérébrale pourrait être la meilleure façon d’identifier et quantifier 
l’évolution de la maladie d’Alzheimer. Le [18F]-fluoroéthoxybenzovesamicol (FEOBV) est un nouveau 
radiotraceur utilisé avec l’imagerie cérébrale par tomographie d’émission de positons (TEP) qui se lie au 
transporteur vésiculaire de l'acétylcholine. Chez l'animal et l'humain, le FEOBV s'est révélé sensible et 
fiable pour caractériser les terminaisons nerveuses cholinergiques présynaptiques. Dans le cadre de cette 
thèse, le FEOBV a été utilisé pour la première fois chez des patients atteints de la maladie d'Alzheimer 
(MA), afin de mieux en connaître son potentiel comme biomarqueur.   

L'échantillon comprend 12 participants répartis également entre un groupe de sujets contrôle et de 
patients atteints de la MA. Chaque participant a été évalué à l'aide des échelles cognitives « Mini-Mental 
State Examination » (MMSE) et « Montreal Cognitive Assessment » (MoCA). Ils ont aussi subi trois séances 
d'imagerie cérébrale par TEP avec (1) le FEOBV comme traceur des terminaisons cholinergiques, (2) le 
[18F]-NAV4694 (NAV) comme traceur de la protéine bêta-amyloïde et (3) le [18F]-Fluorodéoxyglucose (FDG) 
comme traceur du glucose et indice métabolique. Le ratio de la valeur de fixation standard 
normalisée (SUVR) a ensuite été calculé pour chaque traceur et comparé entre les deux groupes à l'aide 
de tests-t voxel-à-voxel. Des corrélations ont également été calculées entre chaque traceur et les échelles 
cognitives, ainsi qu'entre le FEOBV et les deux autres radiotraceurs. Les résultats ont montré des 
réductions importantes de l’activité du FEOBV dans de multiples zones corticales connues pour être 
touchées dans la MA. Ces réductions étaient non seulement détectées dans le groupe MA, mais chez 
chacun des patients pris individuellement. Les traceurs FDG et NAV ont également permis de distinguer 
les deux groupes, mais avec une plus faible sensibilité que le FEOBV. De plus, l’activité du FEOBV était 
positivement corrélée à l’activité du FDG dans de nombreuses régions corticales, et négativement 
corrélées à l’activité du NAV dans certaines zones restreintes. Les échelles cognitives MMSE et MoCA 
présentaient aussi des corrélations significatives avec l’activité du FEOBV et du FDG. Ainsi, nos résultats 
confirment une sensibilité et fiabilité optimale du traceur FEOBV pour identifier la MA et en quantifier la 
sévérité. La mesure de la perte neuronale cholinergique chez l’humain représente donc un excellent 
biomarqueur de la MA. 

Dans le but de vérifier si la perte des terminaisons cholinergiques corticales, telle que mesurée par le 
FEOBV, concorde bien avec la mort neuronale des cellules cholinergiques, une seconde étude fut mise sur 
pied. Celle-ci s’intéressait aux corrélations entre, d’une part, l’intensité du signal FEOBV au niveau du 
cortex et, d’autre part, le degré d’atrophie des noyaux cholinergiques du prosencéphale basal (ChBF). Ces 
analyses ont été réalisées à partir du même échantillon de participants décrit plus haut. Des régions 
d’intérêts (RI) corticales ont été définies à partir des résultats obtenus avec le FEOBV dans la première 
étude. Une segmentation du ChBF a aussi été effectuée à partir des images IRM de chaque participant. 
Des comparaisons ont alors été réalisées entre les deux groupes, ainsi que des corrélations chez les 
patients atteints de la MA entre l’activité du FEOBV dans des RI corticales et le volume des noyaux du ChBF, 
comprenant le noyau basal de Meynert (Ch4) et le septum médial/médian verticale de la bande diagonale 
de Broca (Ch1/2). Les patients atteints de la MA ont montré à la fois des volumes du ChBF-Ch4 et une 
activité du FEOBV plus faible que les sujets sains. De plus, les volumes de la subdivision du noyau Ch4 
étaient significativement corrélés à l’activité du FEOBV observée dans les RI. Par ailleurs, les volumes de la 
subdivision du noyau Ch1/2, qui reste relativement intacte dans la MA, n'étaient pas corrélés à l’activité 
du FEOBV dans l'hippocampe, ni dans aucune zone corticale. Ces résultats suggèrent que la dénervation 
cholinergique corticale mesurée par le FEOBV est proportionnelle à l'atrophie du ChBF mesurée par IRM, 
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ce qui confirme la fiabilité et la validité du traceur FEOBV pour quantifier la dégénérescence cholinergique 
dans la MA. Cette conclusion est également celle formulée par une équipe de chercheurs canadiens qui 
ont utilisé nos données avec le FEOBV dans la MA, pour illustrer les fortes corrélations avec les mesures 
du ChBF obtenus dans un vaste échantillon issu de l'Alzheimer's Disease Neuroimaging Initiative (ADNI). 
Leurs résultats ont montré que la topographie de dénervation cholinergiques telle que mesurée par le 
FEOBV dans la MA est concordante avec les patrons de dégénérescence du ChBF, ce qui renforce la 
consistance de nos propres résultats. 

 

 

Mots clés : Maladie d’Alzheimer (MA); Démence; Biomarqueur; Noyaux cholinergiques du prosencéphale 
basal; Tomographie d’émission de positons (TEP); [18F]-fluoroéthoxybenzovesamicol (FEOBV) 
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ABSTRACT 

Measuring brain cholinergic degeneration might be considered as the best approach to identify and 
quantify Alzheimer's disease (AD). The [18F]-fluoroethoxybenzovesamicol (FEOBV) is a new radiotracer 
used with positron emission tomography (PET) neuroimaging technique. This radiotracer binds to the 
vesicular acetylcholine transporter and was previously found reliable to characterize presynaptic 
cholinergic nerve terminals in both animals and humans. It has been used in the current study to quantify 
brain cholinergic loss in AD, for the first. Twelve subjects were included in this thesis project, divided 
equally in healthy subjects and patients with probable AD, all assessed with the Mini-Mental State 
Examination (MMSE) and Montreal Cognitive Assessment (MoCA) cognitive scales. In this thesis, the 12 
participants underwent three consecutive PET imaging sessions with (1) [18F]-FEOBV (FEOBV) as a tracer 
of the cholinergic terminals, (2) [18F]-NAV4694 (NAV) as an amyloid-beta tracer, and (3) [18F]-
Fluorodeoxyglucose (FDG) as a glucose tracer and brain metabolic measurement. Standardized uptake 
value ratios (SUVRs) were computed for each tracer and compared between the two groups using voxel 
wise t-tests. Correlations were also computed between each tracer and the cognitive scales, as well as 
between FEOBV and the two other radiotracers. Results showed major reductions of FEOBV uptake in 
multiple cortical areas known to be affected in AD. These reductions were seen both in the AD group as a 
whole when compared to the control group, and in each individual AD subject.  FDG and NAV were also 
able to distinguish the two groups, but with lower sensitivity than FEOBV. FEOBV uptake values were 
positively correlated with FDG in numerous cortical areas, and negatively correlated with NAV in some 
restricted areas. The MMSE and MoCA cognitive scales were found to correlate significantly with FEOBV 
and FDG, but not with NAV. These results suggest optimal sensitivity and reliability of the FEOBV 
radiotracer to identify AD and quantify its severity. Measuring cholinergic neuronal loss in human with 
FEOBV is therefore as an excellent surrogate biomarker for AD.  

In order to verify whether cortical cholinergic denervation, as measured with FEOBV, correlated well with 
cholinergic cell death, a second study was conducted with the data set obtained from the first study. This 
second study aimed at correlating the FEOBV cortical uptake with the degree of atrophy of the cholinergic 
nuclei of the basal forebrain (ChBF). Cortical regions of interest (ROIs) were defined from the results 
obtained with FEOBV in the first study. ChBF segmentation was also performed using MRI images of each 
participant. These variables were compared between the two groups, and partial correlations were 
performed in the AD patients between FEOBV uptake in specific ROIs and volumetry of the corresponding 
ChBF subareas, which include the nucleus basalis of Meynert (Ch4), and the medial septum/vertical limb 
of the diagonal band of Broca (Ch1/2). Patients with AD showed both lower ChBF-Ch4 volumetric values 
and lower FEOBV cortical uptake than healthy volunteers. Volumes of the Ch4 subdivisions correlated 
significantly with the FEOBV uptake values observed in the relevant ROIs. Volume of the Ch1/2, which 
remains relatively unaffected in AD, did not correlate with FEOBV uptake in the hippocampus, nor with 
any cortical area. We concluded that cortical cholinergic denervation as measured with FEOBV-PET is 
proportional to ChBF atrophy measured with MRI-based volumetry, further supporting the reliability and 
validity of FEOBV-PET to quantify cholinergic degeneration in AD. Such a conclusion was also obtained by 
a team of Canadian researchers who used our data with FEOBV in AD, to illustrate the strong correlations 
with the ChBF volumetry obtained in a large sample from the AD Neuroimaging Initiative (ADNI). Their 
results showed that the cholinergic denervation topography as measured by FEOBV in AD was consistent 
with the patterns of ChBF degeneration, reinforcing therefore the consistency of our own results. 
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CHAPITRE 1 

LITERATURE REVIEW AND BACKGROUND 

1.1 Epidemiology and clinical presentation of Alzheimer’s Disease (AD) 

Alzheimer's disease (AD) is a progressive neurodegenerative disease and the leading cause of dementia 

(Hebert et al., 2003). According to World Health Organization, AD accounts for more than half of the 

dementia cases and affects more than 47 million people worldwide. This number is increasing with the 

ageing population, and it is predicted to reach 66 million by year 2030, and 115 million by 2050 (Wortmann, 

2012).  In Canada, it is estimated that the prevalence of AD will double by 2038 to more than 770,000 

people, placing a heavy burden on the Canadian society (Herrmann et al., 2015).  

AD may be present as an inherited form in a small percentage of patients (less than 5% of cases) aged 65 

or younger (early-onset AD), however the majority of AD cases are sporadic (late-onset AD), with an 

increase in prevalence with the advancing age. Indeed, age is commonly considered as the strongest risk 

factor for developing AD (Hebert et al., 2001; Liu et al., 2013), doubling the incident rate every five years 

after the age of 65 (Lindsay et al., 2002). Other risk factors include female sex, genetic and environmental 

risk factors. Women are at a greater risk of developing AD, almost a twofold increased risk compared to 

men (Farrer et al., 1997; Zhao et al., 2016). A sudden drop in sex hormones during the fifth decade and a 

longer life span are speculated to explain this increased susceptibility (Seshadri et al., 1997; Pike, 2017). 

AD has also been linked to certain genetic predisposition. The variation in Apolipoprotein E (APOE) 

genotype is a well-established risk factor for AD (Liu et al., 2013; Husain et al., 2021). In human, the APOE 

gene encodes for the apolipoprotein-E lipid transport protein (apoE), with three major isoforms (E2, E3, 

E4) that regulate lipid metabolism and redistribution. Carriers of the APOE4 allele are known to present 

with an increased predispositions to AD and an earlier age of onset, compared to non-carriers (Borgaonkar 

et al., 1993; Sando et al., 2008; Liu et al., 2013; Husain et al., 2021). Cardiovascular risk factors (diabetes, 

hypertension, and obesity) or unhealthy lifestyle habits such as smoking, sedentary life, decreased social 

and mental activity, have also been associated with an increased AD risk (de Bruijn & Ikram, 2014; Crous-

Bou et al., 2017). Conversely, some protective factors have been identified to reduce the risk of developing 

AD. Cognitive, social and intellectual activity together with higher education and occupational attainment 

have shown to decrease the risk of cognitive decline and AD by increasing cognitive reserve, the capacity 

of the brain to resist the effects of neuropathological damage (Stern, 2012; Martorana et al., 2021).  
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The clinical symptomatology of AD is characterized by an insidious onset and progressive cognitive decline, 

interfering with independence in everyday activities. According to the DSM-5 diagnostic criteria, the 

cognitive decline must be significant and affect one or more of cognitive domains (complex attention, 

executive function, learning and memory, language, perceptual-motor, or social cognition) (American 

Psychiatric Association, 2013). In addition, the observed deficits must not be explainable by any other 

medical or psychiatric conditions (American Psychiatric Association, 2013). The earliest and the most 

distinguishable cognitive feature in typical AD is an impairment in episodic memory and learning, which is 

present in more than 71% of confirmed post-mortem cases (Reed et al., 2007; Baker et al., 2018). Other 

cognitive functions may also be affected with the progression of the disease, but are generally of lesser 

magnitude, such as attention, working memory, executive function, and language (Dubois et al., 2007; 

McKhann et al., 2011). It must be mentioned that an atypical clinical presentation of AD may also arise, 

where memory impairment is not the principal feature. The atypical or non-amnestic presentation could 

present prominent deficits in domains such as language, visuospatial and executive functioning (McKhann 

et al., 2011). Furthermore, concurrent neuropsychiatric symptoms such as behavioral disorders, 

depression, and personality changes may also be present early on and worsen over the course of the 

disease. With the evolution of the disease, the neurodegeneration progressively affects the whole central 

and peripheral nervous systems, causing motor, autonomic and systemic complications such as a 

dehydration, malnutrition or infection which lead to incapacitation and ultimately death. Currently, there 

is no curative treatment or disease-modifying medication in AD. 

It is generally assumed that AD evolves over decades before the onset of the first noticeable cognitive 

symptoms. Compensatory processes are therefore thought to occur during the preclinical or 

asymptomatic phase despite the initial neuropathological changes (Albert et al., 2011; Sperling et al., 2011; 

Gaubert et al., 2019). The Mild Cognitive Impairment (MCI) phase is thought to occur as a transitional or 

prodromal phase of AD. Although the MCI does not affect daily activities, it can be detected and objectified 

using cognitive testing batteries. The MCI can be categorized further as an amnestic or a non-amnestic 

type, the former being at highest risk to evolve towards an AD diagnosis within three to five years 

(McKhann et al., 2011).  

Currently, the clinical diagnosis of AD is principally based on the progressive deterioration of cognitive and 

behavioral functions, and the presence of some risk factors such as being a carrier of APOE4 allele. The 

cognitive symptoms are mainly measured using standardized neuropsychological scales in clinical settings. 



 

21 

However, these symptoms are not always specific to AD and cannot identify or measure the biological 

processes underlying the disease, nor detect the disease at its preclinical stage. Other forms of dementias 

with different neuropathologies such as Lewy body dementia (LBD), and frontotemporal dementia (FTD) 

could present comparable and overlapping clinical symptoms to AD, making the differential diagnosis 

challenging (Weintraub et al, 2012; Rascovsky et al., 2011; McKeith et al., 2017). Furthermore, it is not 

uncommon to have a mixed presentation, that is a combination of two or more types of dementias, posing 

further difficulty in the differential diagnosis. For instance, co-occurrence of AD and vascular dementia (VD) 

is estimated at 30% of the diagnoses in clinical settings (Matej et al., 2019). Given the complexity in 

differential diagnosis and the need to detect AD very early on, even at a preclinical stage, effort has been 

made to shift from the clinical diagnosis towards a biological diagnosis based on an AD neuropathology 

(Perrin et al., 2009; Jack et al., 2010, 2018). 

1.2 Neuropathology of AD 

The exact etiopathology of AD remains unknown, but it is believed to be multifactorial, involving an 

interplay of several degenerative pathways, leading to synaptic loss and neurodegeneration with disease 

progression (Chen & Mobley, 2019). Although several neuropathological hallmarks have been 

characterized in AD, the most studied are the brain aggregation of amyloid beta (Aβ) and tau proteins, 

leading respectively to the accumulation of the senile plaques and intracellular neurofibrillary tangles 

(NFT), which ultimately lead to neuronal death (Hardy & Higgins, 1992; Braak & Braak, 1991; Naseri et al., 

2019; Hampel et al., 2021).  

1.2.1 Tau, amyloid, and neurodegeneration in AD 

Amyloid plaques are formed from aggregation of Aβ peptides which are produced by the enzymatic 

cleavage of the amyloid precursor protein (APP) (Hardy & Selkoe, 2002). In a normal, “non-amyloidogenic” 

metabolic pathway, APP is successively cleaved by the a-secretase and g-secretase enzymes, resulting in 

a soluble extracellular segment, which gets cleared in the cerebrospinal fluid (CSF). The purpose of APP 

and its metabolism are not very well understood, but there is some evidence showing that it plays a 

neurotrophic role (Meziane et al., 1998; Roch et al., 1994; Tan & Gleeson, 2019). For reasons yet unclear, 

APP is sometimes “dys-metabolized”, starting with a cleavage by a different enzyme, b-secretase, which 

produce extracellular insoluble segments of either 40 or 42 amino acids-long (Aβ40 and Aβ42). Unlike the 

larger and soluble APP segments, these Ab fragments are hydrophobic and lipophilic, so instead of being 

cleared in the CSF, they tend to get trapped in the extracellular space and accumulate together, forming 
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fibrillar aggregates called amyloid plaques. The non-aggregated Ab monomers are not toxic, and may even 

have neuroprotective properties (Giuffrida et al., 2009). Indeed, it has been shown that Ab is modulated 

in response to a variety of environmental stressors (exposure to microorganisms, viral challenges, 

infectious agents) and is able to induce pro-inflammatory activities. There is evidence indicating that Ab 

can act as an antimicrobial peptide, that is, it can bind directly to pathogens and eliminate them, 

highlighting its protective role in the immune system of the brain (Soscia et al., 2010; Bourgade et al., 2015; 

Gosztyla, Brothers & Robinson, 2018). However, in their oligomeric form, Ab exert neurotoxic effects on 

the surrounding neurons (Goodman & Mattson, 1994). The toxic outcome of oligomeric Ab might be 

mediated by several different pathways, including disruption of mitochondrial function (Lustbader et al., 

2004), formation of extraneous ion channels that disrupt homeostasis (Kagan, 2012), and inhibition of the 

Wnt signaling pathways (required for synaptic plasticity), eventually triggering cell death by apoptosis 

(Caricasole et al., 2003).  

The amyloid cascade hypothesis, which assumed cortical accumulation of Ab as the primary driving force 

of AD pathogenesis, dominated the field of AD research for the past two decades. However, the validity of 

this hypothesis has been questioned. Mainly because therapeutic approaches targeting to clear Ab failed 

to show any amelioration in cognition, and longitudinal studies showed that there was an uncoupling of 

amyloid concentration with disease progression very early on in the disease (Drachman, 2014; Mullane & 

Williams, 2013, 2018). Focus thus shifted towards the detection and characterization of tau protein.  

Tau proteins are well-known components of the neuronal cytoskeleton, serving mainly as stabilizers of the 

microtubules involved in axonal guidance and intracellular transport. The phosphorylation of tau depends 

on several kinases including GSK-3, CDK5, MAP and PKA which together control its function (Iqbal et al., 

2005; Pei et al., 1999; Lindwall & Cole, 1984). In AD, however, this regulatory mechanism is disrupted, and 

levels of phosphorylated tau (p-tau) are much higher than in healthy brains (Khatoon et al., 1992). This 

hyperphosphorylation leads to the polymerization of tau into paired helical filaments, which forms 

complex neurofibrillary tangles (NFTs). These intraneuronal NFTs interfere with the normal function of tau 

and other microtubule-associated proteins, resulting in cytoskeletal disruption that eventually leads to cell 

death by apoptosis (Alonso et al., 1994; Iqbal et al., 2010; Kametani & Hasegawa, 2018). 

Like amyloid plaques, NFTs accumulation follows a specific spatial pattern in the brain, appearing first in 

the transentorhinal cortex, then progressively spreading to the limbic region and neocortical areas (Braak 
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& Braak, 1991; Braak & Del Tredici, 2018). However, recent findings have challenged the cortical origin of 

AD, as they show an early subcortical tau pathology (Braak & Del Tredici, 2011; Arendt et al., 2015; Geula 

et al., 2021). These studies suggest that AD tauopathy may begin earlier than previously thought as it is 

detectable in subcortical nuclei projecting to the cerebral cortex, such as the cholinergic neurons of the 

basal forebrain (ChBF) (Arendt et al., 2015; Stratmann et al., 2016; Tiernan et al., 2018). Although Schliebs 

& Arendt (2011) had previously shown that there was an early cholinergic dysfunction in the ChBF rather 

than cell death in MCI, their subsequent findings actually showed an early neuronal loss in this region, 

which became detectable at preclinical stage and was clearly manifested at the prodromal MCI stage 

(Ardendt et al., 2015; Richter et al., 2022).  

1.2.2 Cholinergic dysfunction in AD 

The central cholinergic system is the most affected neurochemical system in AD showing the earliest 

neuropathological changes in the evolution of the disease (Geula & Mesulam, 1999). This cholinergic loss 

is the most clinically relevant event in AD as it is closely coupled with the decline in cognitive functioning 

and disease severity (Mesulam et al., 2004, 2013). It is noteworthy to mention that other systems such as 

the noradrenergic, glutamatergic, dopaminergic and serotoninergic systems also undergo pathological 

remodeling in AD, although these are generally much less affected than the cholinergic cells (Dringenberg, 

2000; Garcia-Alloza et al., 2005; Grudzien et al., 2007; Lai et al., 2002; Nazarali & Reynolds, 1992). In this 

thesis the focus will be on the cholinergic system. 

Cholinergic neurons of the basal forebrain provide the primary source of the neurotransmitter 

Acetylcholine (ACh) to the cortex and the hippocampus (Mesulam, 1990). ACh is considered as a primary 

neuromodulator in the brain. Indeed, the neocortex is densely innervated by cholinergic projections and 

the ACh release regulates the activity of efferent circuitry involved in higher-order cognitive functions such 

as attention and memory (Hasselmo & Sarter, 2011; Colangelo et al., 2019). Because of its prominent role 

in regulating such functions, deficits in cholinergic transmission could potentially influence all aspects of 

cognition (Sarter & Bruno, 1999; Hasselmo & Sarter, 2011; Ballinger et al., 2016). In AD, there is a 

progressive degeneration of cholinergic neurons of the ChBF and their projections (Mesulam &Geula, 1988; 

Teipel et al., 2011; Grothe et al., 2012; Kilimann et al., 2014). As a result, there is a reduction in the 

enzymatic activity of choline acetyltransferase (ChAT) and acetylcholinesterase (AChE), the enzymes 

responsible for ACh synthesis and degradation, respectively. There is also a decline in the vesicular 

acetylcholine transporter (VAChT) located in the presynaptic cholinergic terminals (Wenzel et al., 2021), 
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which is responsible for the transport of cytoplastic ACh into the presynaptic vesicles (See Figure 1.1 for 

an overview of the central cholinergic transmission). 

As part of the cholinergic dysfunction, pre and post synaptic ACh receptors such as ionotropic nicotinic 

receptors (nAChRs) and metabotropic muscarinic receptors (mAChRs) also undergo changes. The brain 

nicotinic receptors have at least six a subunits (a2-a7), and three ß subunits (ß2-ß4) that together make 

the different subtypes. The presynaptic a7-nAChRs and the pre and post synaptic a4ß2-nAChRs are the 

most abundant subtypes of nicotinic receptors expressed in the human cortex and undergo substantial 

decline in AD (Hernandez & Dineley, 2012). Muscarinic receptors consist of many subtypes (M1-M5), of 

which M1 and M2 subtypes are mainly expressed in the brain and considered the most relevant in AD 

(Caulfield & Birdsall, 1998). The presynaptic M2 subtype, expressed in the basal forebrain/septum, is 

shown to decrease in AD (Caulfield & Birdsall, 1998; Flynn et al., 1995), while the postsynaptic M1 subtype, 

which is expressed throughout the cortex and hippocampus is believed to be preserved (Terry & 

Buccafusco, 2003; Overk et al., 2010). This M2/M1 distribution pattern in AD is thought to reflect a 

reduction of the presynaptic terminals, caused by a significant loss of neurons arising from the ChBF and 

projecting to the cortex (Whitehouse et al., 1982; Hampel et al., 2018).  

Figure 1.1 Cortical cholinergic neurotransmission 

 
This figure demonstrates cortical cholinergic neurotransmission.  Ach is synthesized in the cytoplasm of 
the nerve terminal from choline and acetylcoenzyme-A, by the synthesis enzyme, choline 
acetyltransferase (ChAT). Ach is then transported into the presynaptic vesicles via the vesicular 
Acetylcholine transporter (VAChT) and stored there. When released in the synaptic cleft, ACh binds to 
nicotinic (nAChR) and muscarinic receptors (mAChR).  The degradation enzyme, Acetylcholinesterase 

M2 

M1 a4ß2 

a7 
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(AChE), present in the synaptic cleft breaks down Ach upon release into choline and acetate. The liberated 
choline in this reaction is captured and re-enters the nerve terminal and is again used for the synthesis of 
Ach.   ( Figure created using www.Biorender.com) 
 

1.3 The Basal Forebrain Cholinergic System  

1.3.1 The cholinergic systems of the brain 

Cholinergic innervation is widely distributed and includes multiple nuclei located in the central and 

peripheral nervous systems. These nuclei can be distinguished according to their projection sites as shown 

in Table 1.1.   

Table 1.1 Cholinergic nuclei, efferent projections and interneurons 

Basal forebrain Cholinergic system 

o Ch1 (medial septal nuclei) projecting to hippocampus; 
o Ch2 (vertical limb nucleus of the diagonal band of Broca) projecting to the hippocampus and 

hypothalamus; 
o Ch3 (horizontal limb nucleus of the diagonal band of Broca) projecting to the olfactory bulb 

and piriform cortex; 
o Ch4 (nucleus basalis of Meynert) projecting to the cortical mantle, and amygdala. 

 

Cholinergic nuclei of the brainstem 
o Ch5 (pedunculopontine nucleus (PPN)) projecting to the thalamic complex and partially the 

medial dorsal striatum; basal forebrain, brainstem, and spinal cord; 
o Ch6 (laterodorsal tegmental complex (LDT)) projecting to the thalamic complex and partially 

the anteroventral striatum; basal forebrain, brainstem, and spinal cord; 
o Ch7 (medial habenula in the epithalamus) projecting to the interpeduncular nucleus of the 

mesencephalon; 
o Ch8 (parabigeminal nucleus of the mesencephalon) projecting to the superior colliculus ; 
o Medial vestibular nucleus (pons) projecting to the cerebellum and the basal interstitial 

nucleus of the cerebellum; 
o The dorsal motor nucleus of the vagus and vagus nerve efferents that provide 

parasympathetic innervation to the GI tract. 

Other cholinergic nuclei 
o Striatal cholinergic interneuron; 
o Cholinergic enteric neurons and glial cells;  
o The descending and sigmoid colon receive parasympathetic innervation from sacral 

cholinergic preganglionic neurons; 
o Interomediolateral preganglionic sympathetic neurons; 
o Spinal cord cholinergic interneurons.  

 

This table summarizes the different cholinergic nuclei and interneurons in the central nervous system and 
their projection sites (From Mesulam, 1990, 2004, 2013). 
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Not all of these cholinergic systems have a prominent role in AD pathology as most of the literature in this 

field is concerned with Ch1 to Ch4. These nuclei correspond to the ChBF as a whole, and they are 

distributed in a series of heterogenous areas without clear borders projecting to the entire cortical mantle, 

the hippocampal complex, and the amygdala (Mesulam, 2004) (See Figure 1.2). Among them, Ch4, also 

called nucleus basalis of Meynert (NBM), has been described as the most severely affected in AD and will 

be discussed in detail below.  

Figure 1.2 Basal forebrain cholinergic systems. 

Schematic representation of the main basal cholinergic nuclei and their projection sites in the brain. NBM 
or the Ch4 projects to the cortical mantel, MS and BD (Ch1/Ch2) project mainly to the hippocampus 
(Adapted from Newman et al., 2012, p.2). 

1.3.2 Nucleus basalis of Meynert and its cortical projections  

Detailed human anatomical studies show that NBM is a flat nearly horizontal structure extending from the 

olfactory tubercle anteriorly to the level of the uncal hippocampus, spanning 13-14 mm in the sagittal 

plane (Mesulam &Geula, 1988). In humans, NBM has around 210,000 neurons in each hemisphere of 

which 90% are cholinergic and interspersed with smaller GABAergic neurons (Gilmor et al., 1999; Mufson 

et al., 2003). NBM or the Ch4 is the largest nucleus of the basal forebrain, and its cholinergic neurons can 

be further subdivided into five subsectors based on their cortical topographical projections (based on the 

topography of their cortical projections) (see figure 1.3). These include the anterior part of Ch4 which 

    

   

MS = medial septal nuclei (Ch1) 

DB = vertical limb nucleus of the 

diagonal    band of Broca (Ch2) 

NBM = nucleus basalis of Meynert       

(Ch4) 



 

27 

subdivides this into anteromedial (Ch4am) and anterolateral (Ch4al) subsectors; the intermediate part 

which subdivides into intermediodorsal (Ch4id) and intermedioventral (Ch4iv) subsectors, and the most 

posterior part (Ch4p) (Mesulam & Geula, 1988; Mesulam et al., 1983, Mesulam, 2004).  

Figure 1.3 NBM/Ch4 subdivisions with corresponding cortical topographic projections. 

 

 

Schematic representation of the five subdivisions of the NBM (Ch4) and their corresponding cortical 
projection sites visualized by different colors. These include the anterior part of Ch4 which subdivides this 
into anteromedial (Ch4am) and anterolateral (Ch4al) subsectors; the intermediate part which subdivides 
into intermediodorsal (Ch4id) and intermedioventral (Ch4iv) subsectors, and the most posterior part 
(Ch4p). Cortical projections of the Ch4ai are not currently known (From Liu et al., 2015, p. 530).                             

These cholinergic nuclei are oriented in a caudal-rostal axis and are known to innervate the cortex in a 

concordant posterior-anterior pattern (Liu et al., 2015). The anterior part of the Ch4 innervates more 

anterior parts of the cortex and the posterior part innervates more posteriors areas. Indeed, the Ch4am 

and Ch4al provide the major cholinergic projection to medial aspects of frontal, parietal and cingulate 

cortices, and frontoparietal opercular and amygdalar regions, respectively (Mesulam, 2013; Liu et al., 

2015). Whereas, the Ch4p subsector has a more restricted projection site which is the superior temporal 
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gyrus and the temporal pole (Mesulam, 2013; Liu et al., 2015). The intermediate NBM (Ch4id and Ch4iv) 

subsectors have similar projection patterns and innervate the remainder of the cortical mantle. Prominent 

projections are sent to ventrolateral orbital, insular, periarcuate, peristriate areas as well as to the inferior 

parietal lobule (Mesulam, 2013; Liu et al., 2015). Alongside their principal projections, each Ch4 subsector 

sends lesser projections innervating adjacent and non-ascent cortical areas, except for the Ch4p which has 

a more restricted projection site (Mesulam & Geula, 1988; Mesulam et al., 1983). Overall, those cortical 

innervations are not uniform, as there are differences in the regional density of projections, with limbic 

and paralimbic areas receiving substantially higher levels of cholinergic input than adjacent neocortical 

association areas (Mesulam, 2013).  

Despite the widespread Ch4 cortical efferent, the afference towards Ch4 is not reciprocal or symmetrical 

as it is restricted mainly to fibers originating in the limbic and paralimbic areas (Mesulam & Geula, 1988; 

Russchen et al., 1985). Subcortical structures such as thalamus, amygdala, hypothalamus, and other 

neurotransmitter systems originating in the brainstem (substantia nigra, raphe nuclei nucleus locus 

coeruleus) also provide additional input to the Ch4 (Mesulam, 2013; Jones & Cuello, 1989). Given the 

extensive anatomical connections with various cortical and subcortical areas, and the distal locations of 

these areas, the long cholinergic fibers arising from the NBM are more susceptible than any other CNS 

neurons to be affected by changes occurring at any place along their course. 

1.3.3 Neuronal vulnerability of nucleus basalis of Meynert and their fate in AD 

Post-mortem data from Whitehouse and colleagues (1982), demonstrated for the first time a profound 

loss of NBM cholinergic neurons (Ch4) in patients with AD, and a severe denervation of the cortex. Indeed, 

the loss of Ch4 neurons appears to be selective in AD as the other cholinergic nuclei (Ch1,2,3,5,6) remain 

relatively preserved (Mesulam, 2013 ; Liu et al., 2015). Recent in vivo neuroimaging studies also confirmed 

the selective vulnerability and early NBM (Ch4) degeneration in AD patients (Hanyu et al., 2002; Teipel et 

al., 2011, 2018). Furthermore, longitudinal voxel-based morphometric analyses showed that progressive 

atrophy of NBM follows a posterior to anterior pattern, with the posterior Ch4 showing smaller volumes 

already detectable in preclinical and MCI stages compared to the anterior part (Grothe et al., 2010, 2012). 

Most importantly, recent in vivo longitudinal structural imaging studies show early volumetric reductions 

and pathological changes (pretnagles, changes in gene expression and dysregulation of neurotropic and 

neurotransmitter signaling)  in the cholinergic neurons of NBM as this precedes the cortical spreading of 

AD pathology and memory impairment, emphasizing the selective vulnerability of the NBM cholinergic 
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neurons early on in AD entorhinal (Fernández-Cabello et al., 2020; Tiernan et al., 2018a, 2018b; Schmitz & 

Spreng, 2016).  

Cholinergic neurons of NBM have very specific morphological and metabolic properties rendering them 

susceptible, more than any other type of neurons, to early neurofibrillary tangle formation and 

neurodegeneration in AD (Mufson et al., 1989; Mesulam, 2013; Tiernan et al., 2018a). Indeed, post-

mortem studies have shown that the loss of cortical cholinergic innervation is associated with and is 

probably caused by the neurofibrillary tangles that accumulate primarily in the NBM (Braak & Del Tredici, 

2013; Cantero et al., 2020). The NBM cholinergic neurons are among the largest and most complex 

neurons with very long axonal length, spreading throughout the cortical mantle with more than 1000 

branchs per neuron, requiring therefore a very high demand in energy and trophic factors such as the 

nerve growth factor (NGF) (Szutowicz et al., 2014; Wu et al., 2014; Chen & Mobley, 2019). Evidence 

indicates that b-amyloid and NFT formations may ultimately disrupt NGF metabolism, causing the 

degeneration of the NBM cholinergic neurons early on, while sparing the other cholinergic nuclei which 

express no specific NGF receptors (Cuello et al., 2019; Fahnestock & Shekari, 2019).  

Non-pathological aging has also been shown to negatively impact the ChBF (Schliebs & Arendt, 2011). 

Aging is associated with reduced neurotrophic factors in the ChBF, accompanied by a gradual cell loss and 

diminished projection to the cortex and the hippocampus (Shekari & Fahnestock, 2019). In vivo MRI 

volumetric studies also confirm this selective involvement by showing ChBF atrophy in advancing aging in 

humans (Grothe et al., 2013). The NGF induced shrinkage of the cholinergic neurons of NBM and medial 

septal region of the basal forebrain neurons may account for the decline of cholinergic innervation that 

occurs with aging, leading to the known age-related cognitive and memory decline (Mesulam & Mufson, 

1983; Bartus et al., 1982). However, the cholinergic changes seen in AD are more severe when compared 

to non-pathological aging, which is thought to be exacerbated by the presence of amyloid and tau 

pathology (Schliebs & Arendt, 2011; Chen & Mobley, 2019). 

1.4 The basal forebrain cholinergic system and cognitive functioning 

Since the 70s, there has been a continuous interest towards the role of the central cholinergic system in 

cognition, as it was shown that cholinergic markers in the cerebral cortex were reduced in patients with 

AD and that these reductions correlated with both cortical pathology and the degree of cognitive 

impairment (Bowen et al., 1976; Perry et al., 1978). A vast number of experimental studies showed 
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learning and memory impairments after compromising the cholinergic system using pharmacological or 

lesion methods. The first experimental studies that evaluated the effects of Scopolamine (non-selective 

muscarinic receptor antagonist) on cognitive functions showed that when given to healthy volunteers, 

Scopolamine mimicked many of the cognitive dysfunctions (learning and memory deficits) that could be 

observed in aging or in AD (Crow & Grove-White, 1973; Drachman & Leavitt, 1974). Additionally, when 

given to AD patients, Scopolamine seemed to exacerbate their cognitive dysfunctions (Sunderland et al., 

1987). Conversely, cognitive performances were increased with cholinergic enhancers such as 

acetylcholinesterase inhibitor (AChEI), which works by partially blocking the degradation of acetylcholine 

in the synapse and enabling more of the neurotransmitter to reach and activate cholinergic receptors 

(Fibiger, 1991; Mohammed, 1993). These studies further reinforced the cholinergic hypothesis of memory 

dysfunction in geriatric aging and in AD, inciting the development of cholinergic enhancers for treating 

such cognitive deficits (Bartus et al., 1982).  

During the last decades, the role of the central cholinergic system in cognition has been refined. The 

development of the selective cholinergic immunotoxin 192-IgG-saporin (eliminates cells expressing nerve 

growth factor receptor ) was a breakthrough in this field (Wiley, 1992). This selective toxin binds to specific 

receptors expressed on the ChBF neurons and can induce specific cholinergic lesions when injected in 

discrete parts of the brain (cortical vs hippocampal). Animal behavioral studies using this method provided 

support for the role of cortical ACh in attentional processes, where ACh plays a vital role in the top-down 

control of attentional orienting, working memory and stimulus discrimination (Klinkenberg et al., 2011). 

As such, deficits in its transmission could impair learning and memory processes (Everitt & Robbins, 1997; 

Ballinger et al., 2016). In contrast, cholinergic signaling in the septal-hippocampal system is suggested to 

be involved in the encoding of new information, as a modulator of hippocampal networks (Everitt & 

Robbins, 1997).  

More recent experiments focus on the role of the cholinergic receptors in mediating the effects of 

acetylcholine on cognition. There is an emerging unanimity that blocking the postsynaptic M1 receptor is 

particularly associated with memory impairment, as this subtype is highly involved in memory and learning 

processes, and that the use of M1 agonists ameliorate cognitive decline in preclinical and clinical AD (Eglen, 

2006; Terry & Buccafusco, 2003; Hasselmo & Sarter, 2011). It is also shown that the presynaptic M2 

receptor (autoreceptor) antagonists may be associated with improvements in memory, perhaps by 

increasing acetylcholine release (Baratti et al 1993, Hasselmo & Sarter, 2011). Results regarding nicotinic 
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AChR subtypes, however, have been less consistent. It has been shown that nicotine (a non-selective 

nAChR agonist) can improve attentions in individuals with early-stage AD, through the activation of a4ß2-

nAChR (Sahakian & Coull, 1994). The effect of a7-nAChRs on attention is still conflicting as pharmacological 

studies have failed to implicate this receptor in such functions (Grottick & Higgins, 2000; Hasselmo & Sarter, 

2011). Thus, it appears that the role of ACh in cognition is different per brain region and per cholinergic 

receptor subtypes, emphasizing the complex role of the cholinergic system as an important 

neuromodulator of the brain.  

Currently, the most widely prescribed treatment for AD are the AChE inhibitors, such as donepezil. 

However, the success of these treatments has been very limited. Despite statistically significant 

improvements in cognitive tests and dementia scales observed in multiple clinical trials, the impact of 

these treatments in real life situations is modest at best. Moreover, these treatments remain symptomatic 

as they do not stop or reduce the AD neurodegenerative process. Consequently, the scientific and 

pharmaceutical communities have reoriented the focus of their works and investments during the last 

twenty years toward other therapeutic avenues, such as disease modifying drugs that may reduce Tau or 

Aβ aggregations. This reorienting of research strategies produced a great enthusiasm for new diagnostic 

tools that are based on Tau and amyloid proteins detection in the brain of patients with AD. However, it is 

still not known whether these proteins aggregations are the cause or the consequence of AD, and as such 

we might again be on a wrong track to find reliable biomarkers for this disease. Perhaps, the best approach 

would be to measure neuronal loss, irrespective of the pathophysiology. In this respect, measuring 

cholinergic cell death could be a gold standard, if a reliable marker could be found. 

1.5 The current biomarkers of AD 

A biomarker is a biological molecule in a given tissue that provides an objective and measurable indicator 

of a normal condition or of a disease state in a living individual. These molecules can be identified using 

various methods, such as detection in the blood, in the cerebrospinal fluid (CSF), or via imaging tools. In 

the field of neurodegenerative disorders, such as AD, a biomarker should reflect a pathological process 

that is s specific to AD, in order to distinguish this disease from other forms of dementias. It should also 

be highly sensitive to detect the disease early on and to follow the progression in a given individual. 

Biomarkers specific to a neuropathological process in AD are sought after not only for detection but most 

importantly for the assessment of efficacy of a potential therapeutic treatment.  
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Several potential AD biomarkers have been explored during the last decades such as the detection of 

tau/Aβ proteins and quantification of neuronal loss using various methods. The field of neuroimaging has 

seen the fastest growth as a preferred tool for the development of a biomarker as it provides a visual map 

of these changes in the brain. Techniques such as brain magnetic resonance imaging (MRI) and positron 

emission tomography (PET) are commonly used in AD to measure brain atrophy and functional alterations. 

PET imaging is more prolific as it can be used to quantify synaptic/metabolic activity and detect various 

proteins in the brain (receptors, enzymes, transporters).  PET imaging is described in detail in the following 

subchapter. The search for the ideal biomarker, however, has not been fruitful as there are limitations 

with the currently used biomarkers. See table 1.2 and 1.3 for a list of different biomarkers, their 

characteristics, and limitations as a reliable tool for AD.  

Table 1.2 Different  AD biomarkers  

Biomarkers Characteristics Limitations 
CSF biomarkers   
 This method is used for the detection of 

tau and Aβ proteins in the CSF. An 
elevated (P-tau) or total tau (T-tau) level 
and a decreased Aβ42 / Aβ40 ratio are 
found in patients with AD and MCI who 
progress to AD (Buerger et al., 2006; 
Palmqvist et al., 2015; Santangelo et al., 
2020). 
These biomarkers are found to correlate 
with Aβ or tau levels detected by in vivo 
brain imaging or by post-mortem 
quantifications (Strozyk et al., 2003; 
Gordon et al., 2016).          

the variation in these indices is very 
low and it is almost impossible, in a 
given individual, to distinguish the 
different degree of severity 
evolving over a period of one or 
two years (De Leon, et al., 2006; 
Stomrud et al., 2015). 
The margin of error is very wide 
between the various laboratories 
that test for these CSF proteins, 
making this approach less reliable 
(Hansson et al., 2018). 
There  are also novel fluid 
biomarkers (neuroinflammation 
proteins) but their validity as AD 
biomarkers have yet to be validated 
(Molinuevo et al., 2018). 
 

MRI biomarkers   
 MRI volumetry is used to quantify brain 

atrophy. It can characterize 
hippocampal atrophy with high 
specificity in AD (González et al., 2016). 
3% reduction in hippocampal volume in 
patient with MCI, 10-30% reduction in 
patients with mild-to-moderate AD, and 
close to 40% loss in the most severe 
cases of AD are reported (Khan et al., 

Hippocampal atrophy is not 
exclusive to AD, and also observed 
in many other degenerative 
dementias (Elder et al., 2017; Patel 
et al., 2017).   
This method cannot detect the 
exact tissue type affected by the 
hippocampal atrophy (gliosis vs. 
neuronal loss), which could explain 
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2015; Westman et al., 2011a, 2011b; 
Josephs et al., 2017).                                       
There is significant correlation between 
hippocampal volume and AD cognitive 
severity (Jack et al., 1999, 2002). 
Higher annual rate of hippocampal 
atrophy in AD patients (2-6%) than in 
the normal aging population is 
demonstrated (0.2-1.7%) (Cover et al., 
2016).      
 

Inconsistent results between 
hippocampal atrophy measured by 
MRI and post-mortem 
neuropathological measures 
(amyloid plaques and tangles) 
(Burton et al., 2012). 

MRS biomarkers   
 Proton magnetic resonance 

spectroscopy (MRS) is used for the 
analysis of brain metabolites, such as N-
acetylaspartate (NAA), choline (Cho) 
and myo-inositol (mI), which are 
associated with neuronal loss and gliosis 
(Kantarci et al., 2000, 2005).                           
Results have shown a decrease in NAA 
and an increase in mI in amnestic MCI 
who convert to AD (Glodzik et al., 2015; 
Fayed et al., 2017), and a significant 
decrease in NAA and an increase in mI 
and Cho in AD (Wang et al., 2015). 
 

The MRS findings are not exclusive 
to AD, and also reported in patients 
with VD, and hypertensive subjects 
without dementia (Graff-Radford et 
al., 2013). 
MRS data is significantly affected by 
the AChE inhibitors used in the 
symptomatic treatment of AD 
(Modrego et al., 2006). 

This table summarizes the characteristics and limitations of different types of AD biomarkers such as those 
related to CSF, MRI and MRS. 
 
 
Table 1.3 Current PET imaging biomarkers in AD 

PET biomarkers Characteristics Limitations 
Biomarker of 
hypometabolism 

  

 
[18F]FDG 

[18F]fluorodeoxyglucose (FDG) is used 
for quantification of metabolic 
dysfunction. It is a marker of cellular 
glucose uptake, which is closely 
correlated with tissue metabolism and 
synaptic dysfunction. 
Reduction of FDG uptake in certain 
brain areas (temporal and parietal 
lobes) is considered as a hallmark of AD 
pathology, resulting in 90% correct 
classification of these patients (Chetelat 
et al., 2003; Rocher et al., 2003; 
Mosconi et al., 2013; Brown et al., 
2014). 

FDG provides only an indirect 
functional assessment of neuronal 
activity, and cannot be considered 
as a direct biomarker per se, as it 
does not directly quantify a 
neuropathological substrate 
specific to AD. 
Uptake by other cell types such as 
astrocytes, which could bias FDG 
results (Zimmer et al., 2017). 
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FDG-PET can predict the conversion of 
MCI to AD, and facilitate the differential 
diagnosis of AD, hence its widespread 
use as a supporting diagnostic tool 
(Minoshima et al., 2001;McKhann et al., 
2011; Pagani et al., 2017). 
 

 

Biomarker of 
Synaptic density 

  

 
[11C]UCB-J 
 
 
 

Most successful and suitable PET  ligand 
so far has been [11C]UCB-J, which binds 
to a ubiquitous synaptic vesicle 
glycoprotein 2 A (SV2A) found in 
synaptic vesicles of any neuron, 
independent of its neurotransmitter or 
neuron type (Nabulsi et la., 2016; 
Becker et al., 2020). 
Useful indicator of direct synaptic 
density in AD, as opposed to FDG. 
Widespread reductions of SV2A binding 
in medial temporal and neocortical 
brain regions in early AD/MCI compared 
to control participants (Chen et al., 
2021; Mecca et al., 2020). 
More sensitive that MRI volumetry to 
indicate cognitive severity. Significant 
association between synaptic density 
(hippocampus) and cognitive 
performance (episodic memory) in MCI 
and early stages of AD, better than 
volumetry (Mecca et al., 2022). 
 

However, despite being a direct 
marker of synaptic integrity, it is 
still considered as a non-specific 
biomarker for neurodegeneration 
in AD, as (SV2A) is not directly 
linked to a specific pathology of AD.  
This also means that the synaptic 
changes of selectively vulnerable 
neurotransmitter systems, such as 
the cholinergic system, cannot be 
accurately assessed using UCB-J. 
Furthermore, SV2A proteins are not 
exclusive to synaptic vesicles, as 
they are also expressed in 
mitochondria (Stockburger et al., 
2016). 
 

 

Biomarkers of 
amyloid deposition 

  

 
[11C] Pittsburgh 
compound B (PIB) 
[18F]NAV4694 (NAV)  
[18F]Florbetapir 
 

These amyloid PET tracers are very 
sensitive to detect the presence of 
amyloidosis at the pre-clinical stage 
(asymptomatic subjects) or at the MCI 
stages (Cselényi et al., 2012; Hatashita 
& Wakebe, 2017; Rowe & Villemagne, 
2013).                                    
Brain distribution of these radiotracers 
in AD are found to be concordant with 
senile plaques observed at autopsy 
(Ikonomovic et al., 2008; Rowe et al., 
2013; Seo et al., 2017). 

These tracers have limited ability to 
quantify amyloid in the progression 
of AD, as amyloidosis reaches a 
maximum level and plateaus in 
later disease stages (Jack et al., 
2010; Chételat et al., 2020). 
Amyloid deposition does not show 
a close correlation with symptom 
severity in AD (Landau et al., 2012). 
Amyloid imaging alone is 
considered insufficient to predict 
clinical conversion in prodromal 
and asymptomatic stages of AD 
(Chételat et al., 2020). 



 

35 

Amyloid imaging is thus 
uninformative to quantifying AD 
progression or measure the efficacy 
of disease modifying treatments. 
 

Biomarkers of Tau 
proteins: 

  

 
[18F]-THK-5117  
[18F]-THK-5351  
[18F]-AV-1451 

The second-generation tau radioligands 
show better sensitivity to tau than 
amyloid deposits, and there seems to 
be a more linear relationship between 
Tau radioligands and disease severity 
(Zhang et al., 2012; Chiotis et al., 2016). 
 
 

There is still off target binding with 
the newest tau PET tracers, which 
could preclude accurate in vivo 
quantification, and limiting their 
selectivity as a tracer (Lemoine et 
al., 2018; McClauskey et al., 2020).                  
The type of tau deposits 
(conformation, maturation stage, 
isoform) and their specific binding 
sites are not yet fully known in AD 
which could affect the binding 
intensity of tau tracers currently 
used (Saint-Aubert et al., 2017; 
Lowe et al., 2016).                    
The added challenge of  tau 
deposition in normal aging must be 
addressed to provide a reliable 
threshold and avoid false positives 
(McClauskey et al., 2020). 
Further work is required to fully 
characterize tau and the binding 
properties of the tau PET tracers 
(Zimmer et al., 2014). 
 

This table summarizes the characteristics and limitations of different types of PET biomarkers in AD such 
as those developed for quantifying metabolic activity, synaptic density, and detection of amyloid and Tau 
proteins.                      

As shown above, the current AD biomarkers have several shortcomings, as some of the targets are not 

directly anchored into the AD neuropathology, while others lack sensitivity and reliability to identify and 

quantify AD. Using a theoretical model of the current AD biomarkers, Jack and colleagues have 

demonstrated that an approach sensitive to neuronal loss, irrespective of the pathophysiological process, 

is ideal for identifying and quantifying AD severity, from the pre-symptomatic stage up to the most severe 

AD stages, as such measures are closely coupled with symptom severity (Jack et al., 2010; Jack & Holtzman 

2013). It has been shown that synaptic loss is an important structural correlate of cognitive impairment in 

AD (DeKosky et al., 1996; Mecca et al., 2022), however, as a general measure of neurodegeneration, it is 

not specific to any neuronal type or neurochemical system and as such it is probably not a hallmark specific 
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to AD (Scheff et al., 2014). As a biomarker that is specific to a hallmark of AD and which also encompasses 

neuronal death, irrespective of the underlying neuropathology, the cholinergic degeneration could indeed 

be a more suitable target. As discussed earlier, the degeneration of cholinergic neurons in AD is one of the 

earliest and most prevalent features in AD, as a specific neuromodulator which is selectively impacted in 

AD, that has a prominent role in cognition, its decline is more closely coupled to cognitive deficits 

compared to other neurochemical systems (monoaminergic) or other neuropathological features (Bierer 

et al., 1995; Dournaud et al., 1995; Shinotoh et al., 2000; Schliebs & Arendt, 2011; Ballinger et al., 2016). 

Even though these neurochemical systems probably have a role in cognition, directly or indirectly, their 

individual/distinctive dysfunction is more correlated with non-cognitive symptoms such as changes in 

mood, behaviors and vegetative functions (Wang et al., 2009; Šimić et al., 2017). Compared to these 

systems, cholinergic changes have a more direct relationship with cognitive function and are shown to 

progress with the disease (Mesulam, 2004). Also, the fact that some cognitive improvement is obtained 

by specifically targeting the cholinergic system is also indicative that the cholinergic dysfunction is more 

tightly linked to the cognitive decline seen in AD. Thus, an in vivo biomarker sensitive to cholinergic cell 

denervation would be a specific surrogate marker of neurodegeneration, as compared to quantification of 

synaptic density or a specific pathology such as amyloid or tau proteins. 

1.6 The in vivo quantification of brain cholinergic denervation in AD  

In the past, methods relied on postmortem identification and quantification of the cholinergic depletion 

in AD. However, there are now different methods to quantify these changes in vivo in human. Amongst 

these, positron emission tomography (PET) remains the most prolific and promising one for the 

development of in vivo biomarkers in AD.  

1.6.1 PET neuroimaging 

PET is an imaging technique derived from nuclear medicine that is vastly used in the field of 

neurodegenerative disorders for the examination of metabolism, enzyme activity, protein accumulation, 

etc. It allows the visualization of positron emissions produced by the decay of a radioactive agent 

previously injected in very small quantities into the systemic circulation (Wernick & Aarsvold, 2004). PET 

imaging relies on the injection of a radiotracer molecule (also called a radioligand), which is “tagged” with 

a positron-emitting isotope (usually Carbon-11, Oxygen-15 or Fluorine-18) that binds to a specific target 

in the brain. A positron emitted during the β+ decay of these isotopes, travels a short distance before being 

attracted to an electron of the surrounding tissue, at which point both particles annihilate, emitting two 
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perpendicular gamma rays (photons) at a 511 keV energy. The PET detector ring (scanner) records 

coincident events of these pairs of photons; the sum of these events can be computerized and 

reconstructed into images representing the spatial distribution and intensity of radiotracer concentrations 

in the tissue, from which the binding or uptake parameters can be derived. Since these radioactive 

molecules are bound to a ligand that specifically binds to a given target, PET can be used to localize the 

distribution of a radiotracer in the body that has a specific affinity for that target. For example, one of the 

most widely used radiotracers is FDG, which is a radioactive substitute for glucose, and thus makes it 

possible to define the sites in the body that consume the most energy. FDG is therefore widely used in the 

detection of cancer cells, which consume a lot of energy, or to determine the brain areas most involved in 

various cognitive, motor or sensory tasks, as they consume more glucose. 

1.6.2 Cholinergic PET biomarkers 

Currently, there are three classes of cholinergic PET biomarkers, i.e., radioligands binding to three different 

components of the cholinergic transmission. These are radioligands specific for 1) AChE 2) cholinergic 

receptors (nicotinic or muscarinic subtypes) and 3) VAChT. The synthesis enzyme of ACh (ChAT) has often 

been used in vitro for the identification of cholinergic neurons, although no successful in vivo PET 

radiotracer has yet been developed (Tiepolt et al., 2019).  

Radiotracers for AChE and cholinergic receptors are generally considered to be an indirect cholinergic 

measure and less accurate than VAChT radiotracers, since the binding sites of the first two categories are 

found extracellularly in the pre and post synapse (Pappata et al., 1996; Hillmer et al., 2012; Ravasi et al., 

2012; Mulholland et al., 1998). As such, both categories are strongly influenced by extracellular 

metabolism and by commonly used prescription drugs in AD (Ryu & Chen, 2008; Shinotoh et al., 2004). 

The selectivity of the AChE tracers has also been questioned as it is shown that significant concentrations 

of AChE are also found in non-cholinergic neurons (Mesulam & Geula, 1992). Furthermore, the majority 

of these radiotracers are Carbon-11 labeled which has a short half-life (20 minutes), as opposed to fluorine-

18 (half like of 110 mins), limiting their use in clinical settings where no radio-synthesizing cyclotron is 

housed.  See table 1.4 for the characteristics of AChE and cholinergic receptor radiotracers.  
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Table 1.4 Cholinergic PET radiotracers 

Radiotracers Characteristics Limitations 
[11C]PMP/ [11C]MP4A These tracers bind to the the enzyme 

AChE. 
Reduction in binding of these tracers in 
AD (Bohnen et al., 2005; Hirano et al., 
2018).        

No correlation with PMP and 
hypometabolism  in AD (Kuhl et al., 
1999).             
MP4A barely distinguishes MCI 
patients from control subjects, and 
no correlation with cognitive scores 
(MMSE) are obtained (Rinne et al., 
2003). 
Significantly influenced by AChE 
inhibitors such as Donezepil.  
AChE enzyme surrogate biomarker 
show  poor reliability and specificity 
(Bohnen et al., 2005; Roy et al., 
2016; Van Waarde et al., 2021). 
Both have short half-life ([11C ] 
labelled). 
 

[18F]ASEM 
 

Highly specific to nicotinic α7-nAChRs.  
Increased cortical binding over the 
course of healthy aging.  
Higher binding in MCI patients than in 
controls (Coughlin et al., 2018, 2020). 
 

 

Not yet characterized in AD. 
Significantly influenced by 
commonly prescribed medications 
in AD (neuroleptics) and by smoking 
(nicotine intake), in addition to 
variable results due to the different 
quantification methods used 
(Tiepolt et al., 2019). 
 

[18F]-Flubatine Binds to nicotinic α4β2-nAChRs.  
Reduction mainly present within the 
basal forebrain-cortical and 
septohippocampal cholinergic 
projections in mild AD. 
Positive correlation with cognitive 
impairment (Sabri et al., 2018). 
 

Significantly influenced by 
commonly prescribed medications 
in AD (neuroleptics) and by smoking 
(nicotine intake) (Tiepolt et al., 
2019). 
 

[11C]-LSN3172176 Binds to muscarinic M1 subtype 
radiotracer. 
Recently translated to human PET 
imaging (Naganawa et al., 2021). 

Not yet characterized in MCI or AD. 

This table summarizes the characteristics and limitation of the main cholinergic PET tracers used to 
quantify the cholinergic system of the brain. 

The third category of cholinergic PET radiotracers, the VAChT binding ligands, are believed to be more 

reliable than the previously mentioned classes. This category is predominantly composed of derivatives of 
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the molecule vesamicol, a selective inhibitor that binds non-competitively to the intracellular VAChT, 

making it a direct pre-synaptic measure of cholinergic terminals (Efange, 2000).  

1.6.3 [18F]-FEOBV as a reliable cholinergic PET radioligand  

Many PET radioligands have been developed for VAChT imaging, but only a few have proven useful for 

clinical use in humans. Indeed, most of them have shown poor selectivity for VAChT, a slow uptake and 

distribution, and a fast metabolism in the brain (see Table 1.5 for a list of various VAChT radiotracers). 

Table 1.5 Main PET radiotracers for VAChT 

Radiotracers Characteristics/Limitations  
 

(-)-[3H]vesamicol  Low selectivity for VAChT (Altar & Marien, 1988) 
 

[11C]MABV  Short half-life ([11C ] labelled) limiting use in PET (Kilbourn et al., 1990) 
 

[18F]FMV Kinetics profile not suitable for PET scanner 
Imprecise quantification of VAChT (Rogers et al., 1994; Widen et al., 1992) 
 

[18F]FAA Very rapid metabolism (Rogers et al., 1994) 
 

(+)-[18F]FBT  Low selectivity for VAChT; rapid metabolism. 
(Efange et al., 1994; Gage et al., 2000; Mach et al., 1997) 
 

(+)-[18F]SpiroFBT Very rapid metabolism (Efange et al., 1994, 1999) 
 

(-)-[18F]NEFA  Very rapid metabolism with no uptake in the cortex  (Rogers et al., 1994) 
 

(-)-[11C]OMV Short half-life ([11C ] labelled) limiting use in PET , Low selectivity for VAChT 
(Kuhl et al., 1994; Mazere et al., 2013; Van Dort et al., 1993) 
 

[18F]FPO-BV Low brain absorption and significant defluorination. 
(Giboureau et al., 2007) 
 

[18F]FAMV Low lipophilicity, very rapid metabolism and accumulation of metabolites in 
brain and blood (Sorger et al., 2008) 
 

[18F]FBVM Good selectivity for VAChT and metabolism, further studies needed (Sorger et 
al., 2009). 
 

(-)-[18F]FEOBV* Seems to be the best candidate for cholinergic PET imaging in humans. 
It shows high selectivity for VAChT, and its safety is approved in humans.  
(Kilbourn et al., 2009; Landry et al., 2008a, 2008b;  Mulholland et al., 1998; 
Mzengeza et al., 2007; Rosa-Neto et al., 2007; Soucy & Bedard, 2007;Petrou et 
al., 2014) 
 

This table summarizes the main PET radiotracers developed for the VAChT. 

[18F]fluoroethoxybenzovesamicol (FEOBV) has been recently developed and investigated in Canada by our 

team and is the most promising PET radioligand for brain imaging of cholinergic terminals to date 
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(Mzengeza, et al., 2007; Cyr et al., 2015; Landry et al., 2008a; 2008b; Parent et al., 2011; 2012; 2013; Rosa-

Neto et al., 2007; Soucy et al., 2010). FEOBV exhibits a very high binding affinity and an excellent specificity 

for VAChT and is an excellent biomarker for cholinergic system (Landry et al., 2008a, 2008b; Mulholland 

et al., 1998; Rosa-Neto et al., 2007). FEOBV provides an estimate of the presynaptic neuronal integrity and 

is thought to remain unaffected by the post-synaptic activity of enzymes such as AChE, although this has 

yet to be demonstrated in vivo. This demonstrates clear advantages over other existing cholinergic 

radiotracers that essentially target AChE in the synaptic cleft, or the pre-post synaptic receptors, hence 

making FEOBV a reliable method for quantifying cerebral cholinergic nerve terminals. 

 

Animal studies in rats have confirmed the high sensitivity of FEOBV in quantifying the severity of 

cholinergic degeneration in the brain (Cyr et al., 2015; Parent et al., 2012, 2013). More specifically a 

reduced FEOBV uptake was observed in older rats (18 months), which was limited to the hippocampus, a 

finding that supports current data in the literature in non-pathological aging (Canas et al., 2009). A similar 

reduction in binding distribution was also seen in rats with selective lesions of the cholinergic systems. 

Excellent correlations (r = .88 to .97) were observed between the binding potential of FEOBV, and the 

extent of the lesions measured ex vivo by choline acetyltransferase (ChAT) immunocytochemistry (Cyr et 

al., 2015; Parent et al., 2011, 2013). In addition to the high sensitivity and specificity, FEOBV is found to be 

selective to the location of the cholinergic lesions. Brain mapping reveals a different distribution pattern 

of the tracer depending on whether the lesions involve the NBM, whose cholinergic projections are 

essentially cortical, or whether the lesions exclusively involve the pedunculopontine nucleus (PPN), whose 

cholinergic projections are mainly thalamic. This is particularly important in humans when establishing a 

differential diagnosis using FEOBV, given that the cholinergic lesions seen in AD affect the NBM but not 

the PPN, whereas the reverse is observed in other neurodegenerative diseases. For example, in 

Parkinson’s disease (PD), Multiple Systems Atrophy (MSA), Progressive Supranuclear Palsy (PSP) and 

dementia with Lewy body (DLB) that mainly affect the brainstem cholinergic systems, there is a significant 

subcortical cholinergic reduction along with some cortical involvement but in patterns that differ from the 

denervation in AD (Warren et al., 2007; Schmeichel et al., 2008; Mazère et al., 2012; Nejad-Davarani et al., 

2019). Similar findings also apply to VD which has a prominent subcortical involvement (Mesulam, 2003).  

Recent studies in humans have shown the safety of this tracer when used in humans, and its distribution 

in the healthy brain which corresponds to the known anatomical distribution of cholinergic terminals 

(Kilbourn et al., 2009; Landry et al., 2008b; Rosa-Neto et al., 2007, Petrou et al., 2014). The greatest specific 
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activity of FEOBV is seen in the striatum, followed by the thalamus, the temporo-parietal cortex, the 

hippocampus, and the cerebellar hemispheres concordant with the known distribution pattern of brain 

cholinergic density (Parent et al., 2012; Petrou et al., 2014). Furthermore, an autoradiographic study in AD 

brain tissue using FEOBV was able to detect reduced VAChT in the same brain regions documented in AD, 

which reflects the degeneration of the NBM cortical cholinergic pathways (Parent et al., 2013). Such results, 

thus indicate that FEOBV is indeed a promising PET radioligand to explore cholinergic abnormalities in vivo 

in humans.  
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CHAPITRE 2 

RESEARCH QUESTION, OBJECTIVES AND RATIONALE 

2.1 General question and aim  

There is currently a lack of data on the ability of FEOBV-PET to detect in vivo cholinergic degeneration or 

denervation in humans presenting with a cholinergic degeneration such as AD. Therefore, validating this 

approach for the quantification of cholinergic integrity would be a substantial contribution to the field of 

AD biomarkers. Given the recent promising results obtained with FEOBV-PET in animals and cognitively 

normal humans, this radiotracer might represent the best candidate for such a purpose. Thus far (at the 

time of this research project) FEOBV has never been used with PET imaging in humans with a degenerative 

disorder.  

The general aim of this thesis project is to characterize FEOBV used with PET imaging for the first time in 

a cohort of patients with AD, and to show its sensitivity and reliability to detect and quantify cholinergic 

denervation in these patients. We will conduct two studies within the scopes of this thesis project. The 

first one focuses on the quantification of cholinergic loss with FEOBV-PET and its sensitivity compared to 

other commonly used PET biomarkers of AD. The second study explores the concordance between cortical 

cholinergic denervation, as measured with FEOBV-PET, and cholinergic cell death in the cholinergic basal 

forebrain of AD as assessed with MRI volumetry.  

2.2 Study 1 

The first study aims to verify for the first time in humans with AD the sensitivity and reliability with which 

FEOBV could quantify the cholinergic denervation in AD, and to compare this imaging method with those 

currently used for the diagnosis and follow up of patients with AD: PET imaging for hypometabolism (FDG) 

and amyloid deposition (NAV). PET imaging with FDG is a gold standard in AD diagnosis. It is considered as 

an indirect measure of synaptic loss, hence the interest in comparing it with FEOBV that is believed to 

reflect cholinergic denervation.  

Imaging of Ab plaques has been extensively studied in the last decades, and the current best surrogate 

marker of this is the NAV PET radiotracer. We will use this tracer to confirm amyloid accumulation in our 

participants, and to compare its sensitivity with that of FEOBV. We chose NAV as an amyloid surrogate 
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biomarker, as this tracer shows the highest specificity to Aβ sheets compared to other amyloid tracers and 

has a longer half-life (~110 minutes) given that it is a F-labeled radiotracer.  

General cognitive measures such as the Mini-Mental State Examination (MMSE) and Montreal Cognitive 

Assessments (MoCA) will be used to quantity cognitive impairment in our sample and to explore 

associations with FEOBV and the other two tracers in AD. 

2.2.1 Study 1 - Objectives:  

1. To demonstrate in cognitively normal control subjects that the brain distribution of FEOBV 

corresponds to the known distribution of cholinergic terminals documented in the literature.  

2. To verify the sensitivity of FEOBV as a cholinergic biomarker, in comparison with that of FDG 

(metabolism) and NAV (amyloid) to distinguish between AD and control subjects. 

3. To identify the relationship between AD severity measured by the cognitive scales and each of the 

three PET radioligands (FEOBV, NAV, and FDG). 

2.2.2 Study 1- Hypotheses: 

1- Since FEOBV has shown high specificity to cholinergic terminals in previous animal and human 

studies, its distribution in healthy control subjects is expected to correspond to the known 

topography of brain cholinergic innervation:  the highest concentration is expected in the striatum, 

thalamus, cerebral cortex, hippocampus and cerebellum.  

2- Given the substantial cholinergic denervation revealed in post-mortem studies in AD, there is an 

expected significant reduction of FEOBV uptake in the whole cortical mantel of the AD group 

compared to control. 

3- Cholinergic system is heavily depleted in AD and is suggested to be a direct indicator of AD pathology 

compared to amyloid or metabolic biomarkers. As such, the group difference obtained with FEOBV 

is expected to be more sensitive to distinguish the AD subjects from control, when compared to NAV 

or FDG. 

4- Additionally, the cholinergic system is shown to be the best correlate of cognitive decline in AD. Thus, 

FEOBV uptake is expected to show the strongest positive correlation with scores obtained on the 

cognitive measures, as compared to FDG. No correlation is expected with cognitive measures and 

NAV, as there is an uncoupling between amyloid deposition and cognition early in AD. 
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2.3 Study 2  

In order to verify the concordance between the cortical cholinergic denervation, as measured with FEOBV, 

with cholinergic cell death, a second study is conducted with the imaging data obtained from the first 

study. The second study aims at correlating the FEOBV uptake in brain areas affected vs. nonaffected in 

AD with the degree of atrophy of the corresponding cholinergic nuclei of the basal forebrain (Ch4 and 

Ch1/2), using MRI volumetry, in the AD subjects. 

2.3.1 Study 2 - Objectives:  

1. To demonstrate, using in vivo MRI-based volumetry, the topography of atrophy in different nuclei 

of the ChBF (Ch4 and Ch1/2), in AD subjects compared to control. 

2. To demonstrate differential FEOBV uptake in cortical areas affected in AD and those areas that are 

relatively preserved, compared to control. 

3. To identify in the AD subjects the relationship between ChBF (Ch4 and Ch1/2) volumes and FEOBV 

uptake in the cortical areas that are affected vs. those that are unaffected in AD. 

2.3.2 Study 2 - Hypotheses: 

1. Given the selective vulnerability of the NBM cholinergic neurons in AD, the AD subjects are expected 

to have smaller Ch4 (NBM) than control, and lower cortical FEOBV uptake in specific cortical regions 

usually affected in AD. No reduction is expected for the volume of Ch1/2 and the hippocampal 

FEOBV uptake, which are shown to be relatively preserved in mild-moderate AD. 

2. As the Ch4 supplies cholinergic input to the cortex in a specific topographical pattern, positive 

correlations are expected between the Ch4 volumes and FEOBV uptake in the corresponding cortical 

areas that are affected in AD. As such, the posterior Ch4 is expected to correlate with the FEOBV 

uptake in the superior temporal areas and the more anterior portions of the Ch4 with the more 

anterior/frontal cortical areas.   

3. Given that the cholinergic Ch1/2 is relatively preserved in AD and no cholinergic reduction is 

assumed in hippocampus, no relationship is expected between the Ch1/2 volume and FEOBV uptake 

in the hippocampus nor in any cortical area affected in AD. 
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2.4 Rationale for the methods used 

2.4.1 PET neuroimaging 

In this thesis project we used the newly developed [18F]fluoroethoxybenzovesamicol (FEOBV) radioligand, 

as this has been shown to be the most promising vesamicol derivative to be used with PET. It is highly 

sensitive and specific to VAChT and as such, FEOBV fulfills all the requirements to be a reliable PET 

radioligand. 

First and foremost, FEOBV is a fluorine-18 labeled radioligand, which is inherently superior to the other 

isotopes, as this has a much longer half-life and can be synthesized off location and be transported. FEOBV 

easily crosses the blood-brain barrier, and binds with high affinity to its target, the VAChT. The kinetic 

profile of FEOBV is fast enough to allow short and accurate image acquisition (Mulholland et al., 1998). 

Furthermore, the metabolism of FEOBV reveals no radioactive metabolites capable of penetrating the CNS, 

in addition to exhibiting a transformation and elimination rate that is ideal for PET imaging (Landry et al., 

2008a, 2008b). FEOBV is stable in the plasma and does not generate significant amounts of [18F] radicals 

(Kilbourn et al., 2009; Soucy et al., 2010), unlike several other vesamicol derivatives (Giboureau et al., 

2007). Finally, its use in rodents, primates and humans suggests good safety when used at the microdoses 

required for PET (Kilbourn et al., 2009; Soucy et al., 2010, Petrou et al., 2014). While PET imaging following 

240 MBq of FEOBV was sufficient to produce excellent quality PET images, human dosimetry calculations 

demonstrate that up to 450 MBq could be administered while keeping radiation doses below regulatory 

limits (Petrou et al., 2014). Moreover, no sign of toxicity was observed with this radio-compound, nor any 

alterations in vital signals a result of FEOBV administrations in humans at doses of 0.7±0.3 µg (Petrou et 

al., 2014).  

 

Studies using high-performance liquid chromatography were able to rule out the existence of any lipophilic 

metabolite capable of penetrating the blood-brain barrier and interfering with the binding of FEOBV in the 

brain (Landry et al., 2008b). Based on a Simplified Reference Tissue Model, it was possible to determine 

the binding potential of FEOBV, thus making it more accessible for routine PET scans performed in clinical 

settings. Additionally, FEOBV reversibly binds to VAChT and this has been demonstrated in both rats, 

primates and humans (Cyr et al., 2015; Landry et al., 2008a; Rosa-Neto et al., 2007; Parent 2012; 2013; 

Soucy et al., 2010, Petrou et al., 2014). Furthermore, rapid penetration to and subsequent elimination 

from the brain is observed within the first 20 minutes following an IV administration of FEOBV, with 

localization observed mainly in the regions rich in cholinergic nerve terminals (Parent et al., 2012; Petrou 
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et al., 2014). The greatest specific activity of FEOBV is seen in the neostriatum and the frontal cortex, 

followed by the thalamus, the temporo-parietal cortex, the hippocampus, and the cerebellar hemispheres 

concordant with the known distribution pattern of brain cholinergic density (Parent et al., 2012; Petrou et 

al., 2014). Such data clearly suggest that FEOBV can be used safely and reliably as a PET radiotracer for the 

purpose of imaging brain cholinergic integrity. 

2.4.2 MRI 

A structural MRI is an essential aspect of PET studies. PET images are superimposed on to the MRI image 

for the visualization and analysis of anatomical properties of the brain structures underlying the PET signal. 

In this study we used a 1.5T MRI machine, as this is a rapid way to obtain optimal resolution of brain images 

which will also be used for the volumetric analysis used in the second study. 

2.4.3 Cognitive measures 

In order to have an objective level of the general cognitive functioning of the recruited participants, we 

administered two well-known and commonly used measures in clinical settings, the Mini-Mental State 

Examination (MMSE) and the Montreal Cognitive Assessment (MoCA) (Folstein et al., 1975; Lonie et al., 2009; 

Nasreddine et al., 2005; Freitas et al., 2013, Costa et al., 2014). We did not focus on any specific cognitive 

domains, as this was not the aim of the study. Instead, we wanted to have a general cognitive index to 

correlate with the cortical FEOBV uptake. Moreover, as clinical depression is an exclusion criterion for AD, 

we used the commonly used screening questionnaire, Geriatric Depression scale- short version (GDS-15), to 

exclude participants with any clinical depressive symptoms (Yesavage et al., 1982). See table 2.1. 

Table 2.1 Description of the different cognitive scales used in this thesis. 

MMSE 
Clinically standardized 
questionnaire to measure 
cognitive impairment and follow 
up of AD progression. 
The total score Is out of 30. 
Normal cognitive functioning 
score is between 28-30. 
Mild to moderate AD scores  are 
between 10-26. 
Administration time: 8-10 
minutes.  

MOCA 
Clinically standardized and 
sensitive tool for diagnosis and 
follow of AD. 
The total score is out of 30.  
Normal cognitive functioning 
Scores ≥ 26 
Scores below 26 indicate 
cognitive impairment.  
Administration time: 10-15 
minutes  
 

GDS-15 
Standardized screening tool for 
depressive symptoms in the 
elderly.  
Short form of the original 30-
item GDS.  
Scores between (0-4 inclusive) 
signify no depressive, or 
minimal depressive symptoms. 
Administration time: 5-7 
minutes. 
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CHAPITRE 3 

STUDY 1 - QUANTIFICATION OF BRAIN CHOLINERGIC DENERVATION IN ALZHEIMER’S 

DISEASE USING PET IMAGING WITH [18F]-FEOBV 
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RÉSUMÉ 

Le [18F]-fluoroéthoxybenzovesamicol (FEOBV) est un nouveau radiotraceur TEP qui se lie au 
transporteur vésiculaire de l'acétylcholine. Chez l'animal et l'humain, le FEOBV s'est révélé sensible 
et fiable pour caractériser les terminaisons nerveuses cholinergiques présynaptiques dans le 
cerveau. Il a été utilisé ici pour la première fois chez des patients atteints de la maladie d'Alzheimer 
(MA) pour quantifier les pertes cholinergiques cérébrales. L'échantillon comprenait 12 participants 
répartis équitablement entre un groupe de sujets contrôle et de patients atteints de la maladie 
d'Alzheimer. Chaque participant a été évalué à l'aide des échelles cognitives Mini-Mental State 
Examination (MMSE) et Montréal Cognitive Assessment (MoCA). Chaque participant a effectué trois 
séances d'imagerie TEP avec (1) le FEOBV comme traceur des terminaisons cholinergiques, (2) le 
[18F]-NAV4694 (NAV) comme traceur de la protéine bêta-amyloïde et (3) le [18F]-
Fluorodéoxyglucose (FDG) comme agent du métabolisme cérébral. Le ratio de la valeur de fixation 
standard normalisée (SUVR) a ensuite été calculé pour chaque traceur et comparé entre les deux 
groupes à l'aide de tests-t voxel-à-voxel. Des corrélations ont également été calculées entre chaque 
traceur et les échelles cognitives, ainsi qu'entre le FEOBV et les deux autres radiotraceurs. Les 
résultats ont montré des réductions importantes de l’activité du FEOBV dans de multiples zones 
corticales, évidentes chez chacun des sujets atteints de la MA et dans l'ensemble du groupe atteint 
de la maladie, par rapport au groupe contrôle. Les traceurs FDG et NAV ont également permis de 
distinguer les deux groupes, mais avec une plus faible sensibilité que le FEOBV. De plus, l’activité du 
FEOBV était positivement corrélée à l’activité du FDG dans de nombreuses régions corticales, et 
négativement corrélées à l’activité du NAV dans certaines zones restreintes. Les échelles cognitives 
MMSE et MoCA présentaient aussi de significatives corrélations avec l’activité du FEOBV et du FDG. 
Ainsi, nos résultats suggèrent que le traceur FEOBV est plus sensible que les traceurs FDG ou NAV 
pour distinguer les patients atteints de la MA des sujets sains et qu’il pourrait s’avérer utile pour 
quantifier la sévérité de la maladie. Le FEOBV pourrait ainsi être utilisé pour évaluer la 
dégénérescence cholinergique chez l’humain, et représenter un excellent biomarqueur de la MA. 

 

 

Mots clés: Acétylcholine; Alzheimer; Biomarkeur; Démence; FEOBV; FDG; Vesamicol.  
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ABSTRACT 

[18F]-fluoroethoxybenzovesamicol (FEOBV) is a new PET radiotracer that binds to the vesicular 
acetylcholine transporter. In both animals and healthy humans, FEOBV was found sensitive and reliable to 
characterize presynaptic cholinergic nerve terminals in the brain. It has been used here for the first time 
in patients with Alzheimer’s disease (AD) to quantify brain cholinergic losses. The sample included 12 
participants evenly divided in healthy subjects and patients with AD, all assessed with the Mini-Mental 
State Examination (MMSE) and Montreal Cognitive Assessment (MoCA) cognitive scales. Every participant 
underwent three consecutive PET imaging sessions with (1) the FEOBV as a tracer of the cholinergic 
terminals, (2) the 18F-NAV4694 (NAV) as an amyloid-beta tracer, and (3) the 18F-Fluorodeoxyglucose (FDG) 
as a brain metabolism agent. Standardized uptake value ratios (SUVRs) were computed for each tracer and 
compared between the two groups using voxel wise t-tests. Correlations were also computed between 
each tracer and the cognitive scales, as well as between FEOBV and the two other radiotracers. Results 
showed major reductions of FEOBV uptake in multiple cortical areas that were evident in each AD subject, 
and in the AD group as a whole when compared to the control group. FDG and NAV were also able to 
distinguish the two groups, but with lower sensitivity than FEOBV. FEOBV uptake values were positively 
correlated with FDG in numerous cortical areas, and negatively correlated with NAV in some restricted 
areas. The MMSE and MoCA cognitive scales were found to correlate significantly with FEOBV and with 
FDG, but not with NAV. We concluded that PET imaging with FEOBV is more sensitive than either FDG or 
NAV to distinguish AD patients from control subjects and may be useful to quantify disease severity. FEOBV 
can be used to assess cholinergic degeneration in human, and may represent an excellent biomarker for 
AD. 

 

 

Key words: Acetylcholine; Alzheimer; Biomarker; Dementia; FEOBV; FDG; Vesamicol.  
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3.1 Introduction 

Postmortem studies have shown that cholinergic cell death occurs early in Alzheimer’s disease (AD), and 

strongly correlates with symptom severity throughout the evolution of the disease (Dournaud et al., 1995; 

Grothe et al., 2014; Mufson et al., 2016). Recent neuroimaging evidence revealed that the Ch4 cell group 

of the basal forebrain known to contain the cholinergic cells innervating the cortex may degenerate many 

years prior to the cortical spread of amyloid plaques and the appearance of cognitive symptoms (Schmitz 

& Spreng, 2016). However, there is currently a lack of in vivo measurements sensitive enough to measure 

such cholinergic cell death in human. 

Over the last decade, our team has conducted studies allowing us to better characterize the radiochemical 

properties (Landry et al., 2008a, 2008b; Mzengeza et al., 2007) and the PET imaging suitability (Cyr et al., 

2014; Parent et al., 2012; Parent et al., 2013; Rosa-Neto et al., 2007; Soucy et al., 2010) of 

[18F]fluoroethoxybenzovesamicol (FEOBV). This radiotracer exhibits a very high binding affinity and an 

excellent specificity for the vesicular acetylcholine (ACh) transporter (VAChT), a glycoprotein found on the 

membrane of synaptic vesicles of cholinergic neurons, which ensures the translocation of cytoplasmic ACh 

into synaptic vesicles. 

The use of FEOBV as an in vivo marker of cholinergic nerve terminals in the brain was first suggested by 

Mulholland et al., (1998) who identified the sub-nanomolar affinity of the (−)-FEOBV enantiomer toward 

the vesicular ACh transporter and described the dosimetry and biodistribution of its Fluor-18 equivalent 

in rodents. More recently, our studies in rats have demonstrated the ability of FEOBV PET imaging to detect 

and quantify experimentally induced brain cholinergic denervation. Excellent correlations were observed 

between the in vivo binding of FEOBV and the extent of cholinergic losses measured ex vivo by 

cholineacetyltransferase immunocytochemistry (Cyr et al., 2014 ; Parent et al., 2012 ; Parent et al., 2013). 

Moreover, this sensitivity was not only quantitative, as brain mapping revealed a different distribution of 

the tracer, depending on whether the lesions involved the nucleus basalis of Meynert (NBM) (Parent et al., 

2012), whose cholinergic projections are essentially cortical, or the pedunculopontinenucleus (PPN) (Cyr 

et al., 2014), whose cholinergic projections are mainly thalamic. This feature suggests that FEOBV could 

be used clinically to differentiate neurodegenerative diseases. For instance, cholinergic lesions in AD affect 

the NBM but not the PPN, while the opposite is observed in other degenerative diseases, such as 

progressive supranuclear palsy (Mazère et al., 2012; Warren et al., 2005) or multiple system atrophy 

(Schmeichel et al., 2008). 



 

51 

FEOBV has recently been studied in healthy human volunteers (Petrou et al., 2014), and showed a very 

good safety profile for injected mass doses between 0.3 and 1.3 μg. Its brain distribution in human was 

similar to that observed in rats (Parent et al., 2012; Rosa-Neto et al., 2007) and primates (Soucy et al., 

2010), with the greatest specific binding found in the neostriatum, followed by the thalamus, the cortex 

and the hippocampus. Thus far, FEOBV has never been used with PET imaging in humans presenting brain 

cholinergic degeneration. The aim of the present study was therefore to evaluate whether FEOBV PET can 

detect regionally specific cholinergic denervation in AD, and to compare its sensitivity to those of 

[18F]fluorodeoxyglucose (FDG), and [18F]NAV4694 (NAV) PET imaging in distinguishing AD patients from 

normal subjects. FDG uptake abnormalities in AD are thought to reflect regional cerebral hypometabolism 

associated with decreased neurotransmission, with potential applications in monitoring AD severity and 

progression, as well as assessing the efficacy of disease-modifying interventions (Jagust et al., 2007). NAV 

(formerly known as AZ4694) is an amyloid-beta PET imaging agent with characteristics similar to those of 

the more frequently used 11CPiB, but with the convenience of 18F labeling, and a higher specific cortical 

binding coupled to lower nonspecific white matter binding than those of the other available 18F labeled 

agent (Rowe et al., 2013; Cselényi et al., 2012). We hypothesized that FEOBV imaging would distinguish 

patients with AD from healthy participants with greater accuracy than either FDG or NAV imaging. 

3.2 Method 

3.2.1 Subjects 

The study sample consisted of 12 participants, including six patients diagnosed with probable AD, and six 

age-matched healthy volunteers enrolled mostly among the spouses of the patients. This sample size is 

similar to those of previous studies conducted with FEOBV in rodents, showing significant differences 

between the experimental group with induced mild cholinergic lesions and controls (Cyr et al., 2014; 

Parent et al., 2012). AD patients in the present study were diagnosed using the standard criteria of the 

‘Alzheimer’s Association Workgroup on Diagnostic Guidelines for Alzheimer’s Disease’ (Dubois et al., 2007). 

Abnormal levels of brain amyloid-beta (Aβ) plaques were confirmed in patients with AD by using PET 

imaging with NAV, with a SUVR cut off value of 1.5 or greater. At the time of their enrolment, all AD 

patients had undergone treatment with a cholinesterase inhibitor for at least two months. 

To be included in this study, all participants were assessed with the Mini-Mental State Examination 

(MMSE), and the Montreal Cognitive Assessment (MoCA). The main inclusion criteria for AD patients were 

MMSE and MoCa scores of 26 or lower. In control subjects, only participants with MMSE and MoCA scores 
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higher than 26 were included. The Geriatric Depression Scale (GDS) was also administered to all 

participants, in order to rule out the presence of mood disorders. Participants with a GDS score over five 

were excluded. Participants with other active medical or psychiatric issues that could affect cognitive 

function were also excluded from the study. In addition, any clinical or brain imaging evidence of vascular 

disease, Lewy body disease, any form of Primary Progressive Aphasia, or frontotemporal dementia/frontal 

temporal lobar were considered as exclusion criteria. 

All participants were recruited at the McGill Center for Studies in Aging (MCSA) and assessed at the 

McConnell Brain Imaging Unit (BIC) of the Montreal Neurological Institute (MNI). The study protocol was 

approved by ‘Université du Québec à Montréal’ (UQAM) and McGill University Research Ethics Boards, 

covering all the authors and their affiliated hospitals and research centers (including the MCSA and MNI). 

Informed consent was obtained from all subjects prior to participation in the study. 

3.2.2 Imaging data acquisition 

All participants first underwent a structural T1 MRI (1.5T Siemens Sonata), followed by a PET scan (Siemens 

HRRT) done on the same day with one of the three radiotracers FEOBV, FDG, or NAV. PET scans using the 

two remaining tracers were completed within a 2-week interval. For FDG scans the participants had to fast 

for 3h prior to the injection of the tracer. FDG was purchased from a local vendor (Isologic Innovative 

Radiopharmaceuticals, Montreal, QC, Canada). FEOBV and NAV were synthesized at the BIC Cyclotron 

Facility. The precursor for both FEOBV and NAV were purchased from commercial vendors (ABX Advanced 

Biochemical Compounds, Radeberg, Germany and NAVIDEA Biopharmaceutical, Dublin, OH, USA). 

Radiolabeling methods for the compounds are similar and have been described elsewhere (Mzengeza et 

al., 2007). A total of 36 PET scans were performed for the purpose of this study, corresponding to one scan 

for each radiotracer (FEOBV, FDG and NAV) for each of the 12 participants. Each radiotracer was 

administered by slow IV bolus injection with radioactive doses varying between 160 and 340 MBq. Before 

data acquisition, the PET scanner was calibrated by performing a standard quality control protocol. A 5 

min transmission scan for attenuation correction, using a source of [137Cs], was performed before 

injection of the tracer. PET data acquisition was done in 3D list mode. For FEOBV, data was acquired three 

hours following injection, over 30 min in six frames of 5 min. For FDG, data were obtained 30 min following 

injection, and acquired over 30 min in one frame of 1200s. For NAV, data were obtained 30 min following 

injection and acquired over 30 min in 6 frames of 5 min. A head holder was used to minimize head motion 

during the scan. 
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3.2.3 Image processing and analyses 

PET images were reconstructed using an OP-OSEM (OrdinaryPoisson-Ordered Subset Expectation 

Maximization) algorithm correcting for scattering, random coincidences, attenuation, decay and dead time; 

frame-based motion corrections were also performed if needed. The MINC software toolbox was used to 

perform all image analyses (http://www.bic.mni.mcgill.ca/ServicesSoftware/MINC) according to the 

following steps: (1) MR images of all participants were first co-registered to the MNI-152 standard 

reference template by the CIVET image-processing pipeline, using a 6-parameter affine transformation 

and non-linear spatial normalization; (2) time-averaged PET images were normalized as a function of the 

injected dose of tracer and the subject’s weight to obtain standard uptake values (SUVs); (3) The PET SUVs 

image was then co-registered to the subject’s own MRI, and from there to the MNI-152 template using 

the linear and non-linear transformations obtained in the first step; (4) Standardized uptake value ratio 

(SUVR) maps were generated for FEOBV, FDG and NAV, by using respectively the global cerebral white 

matter, the pons, and the cerebellar cortex as reference regions. While previous studies (Cyr et al., 2015; 

Parent et al., 2012; Petrou et al., 2007) have used the cerebellar cortex as reference tissue for FEOBV, we 

chose the global cerebral white matter based on the non-specific binding observed on the time activity 

curves of each subject. In addition, it is known also that cerebellar cortex receives cholinergic projections 

from various brainstem nuclei, while the global cerebral white matter is devoid of such neurochemical 

projections; (5) Finally, smoothing of the PET images was performed using a Gaussian kernel of 8 mm. No 

correction for partial volume effect was applied to the PET imaging data. 

The two groups were compared on demographic variables and on total score of each cognitive scale using 

independent Student t-tests. SUVR differences between AD and control subjects were explored separately 

for FEOBV, FDG and NAV, using voxel-wise analysis of covariance, with age as a covariate. Statistical t-

maps were then generated for each radiotracer. In comparison to control subjects, AD subjects were 

expected to show lower SUVRs for both FEOBV and FDG, and higher SUVRs for NAV. Significance thresholds 

were therefore based on one-tailed t-tests with a minimal statistical significance of 2.2 (p = 0.03). 

Correlational analyses between FEOBV and each of the two other radiotracers (FDG and NAV) were 

performed in AD patients by using VOXELSTATS, a MATLAB package for multimodal voxel-wise brain image 

analyses (Mathotaarachchi et al., 2016). On the basis of the generated correlational statistical t-maps, 

significant voxel clusters were identified. MNI predefined brain topographical masks were applied over 

these voxel clusters for each subject, in order to extract the regional SUVRs. The SUVRs were then 
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corrected for age by using a linear model to obtain the standardized residual values. Pearson’s r-values 

were computed from these residuals. 

In order to perform correlational analysis in AD between the cognitive scales (MMSE and MoCA) and the 

cortical SUVR values of each radiotracer, a mask covering the whole cortex was used. Standardized 

residuals for the cortical SUVR values and cognitive scales were obtained by using a general linear model 

adjusting for age and education, using Rstudio. Pearson’s r-values were the computed from these 

standardized residual values. 

3.3 Results 

Normal data distributions were confirmed by the non-significance of the Shapiro–Wilk tests for small 

groups. Demographic features of the sample are summarized in Table 3.1. The Male/Female ratio was the 

same in each group, and there was no significant difference for age, education or GDS scores. However, 

AD patients differed significantly from control subjects on the two cognitive scales (MMSE: t = −3.391, P = 

0.007; MoCA: t = − 5.198, P = 0.005. In the control group, MMSE and MoCA scores varied respectively from 

29 to 30, and from 27 to 29. In patients with AD, scores on these scales ranged from 7 to 26 for the MMSE, 

and from 4 to 23 for the MoCA. 

Table 3.1 Sample characteristics 

 AD 
(n=6) 

Control  
(n=6) 

Gender ratio, F:M 3:3 3:3 
Age, years   67.2 (10.24) 67.0 (11.12) 
Education, years   16.8 (5.03) 14.7 (3.88) 
MMSE, total score   18.3 (7.31) 29.2 (0.41) 
MoCA, total score   12.8 (6.49) 27.0 (1.55) 
GDS, total score  2.5 (2.16)    1.0 (0 .89) 

 

Abbreviations: AD, Alzheimer’s disease; F, female; GDS, Geriatric  
DepressionScale; M, male; MMSE, Mini-Mental State Examination;  
MoCA, Montreal Cognitive Assessment. 
 

3.3.1 PET imaging in AD and control subjects 

PET images in control subjects, taken from each participant (Figure 3.1a) or from the group average (Figure 

3.2a), revealed the greatest FEOBV uptake in brain areas known to be the most innervated by the 

cholinergic systems, including the striatum, thalamus, cerebral cortex as a whole, hippocampal area and 
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cerebellum. In AD patients, PET imaging revealed a significant reduction of FEOBV uptake in comparison 

with control subjects. This can be observed in both, images from each participant (Figure 3.1b), as well as 

from the group average (Figure 3.2b). 

Figure 3.1 FEOBV SUVR in three different participants with AD. 

  
FEOBV SUVRs in three different participants showing a gradient of severity of the cortical cholinergic 
denervation. One healthy control subject (a), one patient with mild AD (b) and one patient with severe AD 
(c). AD, Alzheimer's disease; FEOBV, 18F-fluoroethoxybenzovesamicol; SUVR, standardized uptake value 
ratio.  

Statistical analyses confirmed these observations, showing reduced FEOBV SUVR values compared to 

controls over the whole cortex, bilaterally, with t-values ranging between 5.6 and 12.5, all statistically 

significant at P<0.0001 (Figure 3a). The greatest FEOBV reductions in AD were observed in the superior 

and middle temporal cortex (right: t = 12.55, P<0.00001, left: t = 13.84, P<0.00001), with an extension to 

the inferior parietal lobule (right: t = 6.70, P = 0.00002, left: t = 9.10, P<0.00001). Severe reductions were 

observed also in the posterior medial cortical territory that encompasses the cingulate cortex (right: t = 

9.22, P<0.00001, left: t = 7.32, P = 0.000013), and the precuneus (right: t = 8.308, P<0.00001, left: t = 7.103, 

P = 0.00001). More anteriorly, there was also some reduction in the medial frontal cortex (right: t = 5.58, 

P = 0.00011, left: t = 8.45, P<0.00001) and lateral frontal cortex (right: t = 5.58, P = 0.00011, left: t = 6.21, 
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P0.00005). No significant differences were found in the hippocampus, thalamus, striatum or cerebellum. 

Regional FEOBV uptake reductions in patients with AD were highly variable among the different areas, 

ranging from 8.9% in the anterior cingulate, to 51% in the superior temporal gyrus. 

Figure 3.2 Average SUVRs for the three PET radiotracers (FEOBV, FDG and NAV). 

  
Average SUVR radiotracer uptake for the three radiotracers; FEOBV in healthy controls (a) and patients 
with AD (b). FDG in healthy controls (c) and patients with AD (d). NAV in healthy controls (e) and patients 
with AD (f). Scales differ for each tracer allowing optimal contrast for each image. AD, Alzheimer's disease; 
FDG, 18F Fluorodeoxyglucose; FEOBV, 18F-fluoroethoxybenzovesamicol; NAV, 18F-NAV4694; SUVR, 
standardized uptake value ratio.  
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Figure 3.3 Brain mapping showing significant radiotracer uptake differences in AD compared to control. 

  
Brain mapping showing the voxel based significant differences (t values) between healthy controls, and 
patients with AD for FEOBV (a), FDG (b) and NAV (c). Although all radiotracers revealed abnormalities in 
similar cortical areas, more extended territories and greater intergroup differences were detected with 
FEOBV than with the two other radiotracers. Scales are the same for the three tracers allowing 
comparisons. AD, Alzheimer's disease; FDG, 18F-Fluorodeoxyglucose; FEOBV, 18F-
fluoroethoxybenzovesamicol; NAV, 18F-NAV4694.  
 

Figure 3.4 Brain mapping showing significant positive and negative correlations between the radiotracers. 

  
Brain mapping showing significant positive correlations (t-values) between FEOBV and FDG (a), and 
significant negative correlations between FEOBV and NAV (b), in patients with AD. Coefficient of 
correlation (r-values) are presented in the text. AD, Alzheimer's disease; FDG, 18F-Fluorodeoxyglucose; 
FEOBV, 18F-fluoroethoxybenzovesamicol; NAV, 18F-NAV4694. 
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Results of FDG PET imaging showed significant differences between the two groups in areas similar to 

those described above with FEOBV. However, FDG SUVR reductions in AD were of lower magnitude and 

included topographically smaller areas than those observed with FEOBV, as revealed by lower t-values 

ranging from 2.7 to 4.0 (Figure 3b). The differences in FDG uptake between the two groups were observed 

in areas that include the posterior cingulate cortex (right: t = 4.35, P = 0.00072, left: t = 4.27, P = 0.00081), 

precuneus (right: t = 3.99, P = 0.0012, left: t = 3.72, P = 0.0019), parietal cortex (right: t = 2.73, P = 0.01, 

left: t = 3.6, P = 0.0024), middle temporal cortex (right: t = 2.99, P = 0.007, left = 3.91, P = 0.001), and lateral 

frontal cortex (right: t = 2.67, P = 0.011, left: t = 4.34, P<0.00073). 

PET imaging with NAV also revealed significant differences between the two groups in cortical areas similar 

to some of those described with FEOBV. These include the medial frontal (right: t = 3.14, P = 0.0052, left: 

t = 4.21, P = 0.0009) and prefrontal cortex (right: t = 4.15, P = 0.0009, left: t = 4.57, P = 0.0005), as well as 

the lateral frontal cortex (right: t = 5.19, P = 0.0002, left: t = 4.35, P = 0.0007), the temporal cortex (right: 

t = 3.49, P = 0.0029, left: t = 4.34, P = 0.0007), and the parietal cortex (right: t = 3.78, P = 0.0018, left: t = 

4.43, P = 0.0006). Contrary to what was observed with FEOBV and FDG, no difference was seen in the 

posterior portions of the cingulate gyri or precuneus. Moreover, as shown previously, the greatest 

difference between the two groups was observed in the thalamus (right: t = 5.21, P = 0.0002, left: t = 5.55, 

P = 0.0001). 

3.3.2 FEOBV correlations with FDG and NAV 

In subjects with AD, there were positive correlations between FEOBV and FDG uptakes in some cortical 

areas (Figure 3a), although these regions do not always correspond to territories with the reduced FEOBV 

uptake. Correlations between FEOBV and FDG were particularly high in the right hemisphere, and involved 

the supramarginal (r = 0.98), precentral (r = 0.94), and inferior temporal gyri (r = 0.83), as well as the medial 

frontal (r = 0.87), and prefrontal cortex (r = 0.87). There were also bilateral significant correlations between 

the two tracers in the insular area (r = 0.97) and the hippocampal/entorhinal region (r = 0.81). 

Negative correlations between FEOBV and NAV in the cortex were statistically significant only in limited 

areas of the medial (r = − 0.90) and lateral prefrontal (r = − 0.88) cortex, as well as in the precentral gyrus 

(r = − 0.97) of the right hemisphere. The striatum, in both hemispheres, was also a site of strong negative 

correlations (r = − 0.90) between the two tracers (Figure 3b). 
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3.3.3 Correlations between FEOBV and cognitive scales 

Patients with AD showed significant positive correlations between their average cortical FEOBV uptake 

and scores obtained on the MMSE (r = 0.88, P = 0.02) and MoCA (r = 0.86, P = 0.02) scales. The same was 

observed with FDG, which correlated with both MMSE (r = 0.86, P = 0.02) and MoCA (r = 0.85, P = 0.03). 

However, there was no significant correlation between the average NAV uptake and any of the cognitive 

scales. 

3.4 Discussion 

In the present study, PET imaging with FEOBV was performed for we believe the first time in AD subjects 

and allowed us to quantify and map brain cholinergic denervation. We observed major reductions of 

FEOBV uptake in the cortical areas known to be affected in AD. These reductions were not only evident 

from statistical comparisons between AD patients and healthy participants, but also from qualitative visual 

inspection of PET images of each AD participant. Moreover, reduction in FEOBV activity in AD varied as a 

function of the clinical severity of dementia as assessed with standardized scales, adding to the clinical 

relevance of this radiotracer. 

3.4.1 FEOBV and the cholinergic systems in AD 

The most significant reductions of FEOBV uptake in our AD patients were observed in the temporal–

parietal cortex and the posterior portions of the cingulate gyri. Reductions were also found to be 

statistically significant in the medial and lateral frontal cortex. This topographic pattern of FEOBV uptake 

anomalies seems to follow the known pattern of cholinergic terminal losses observed during progression 

of the disease. Indeed, the Ch4 group of neurons of the basal forebrain, which is known to be affected in 

AD (Whitehouse et al., 1982), can be subdivided into multiple clusters of neurons oriented in a caudal-

rostral axis. These in turn are known to innervate the cerebral cortex in a caudal-rostral pattern from the 

superior temporal gyrus, with its angular and supramarginal parietal extensions, toward the anterior areas 

that include the cingulate, medial, and lateral frontal cortices (Mesulam &Geula, 1988). An extensive 

review of the literature suggests that there is a caudal–rostral pattern of degeneration of the basal 

forebrain in AD brain (Liu et al., 2015), which corresponds to the cortical topographic gradient of severity 

observed here. 

In patients with AD, there was no evidence of FEOBV uptake reduction in brain areas, known to remain 

unaffected by the disease, including the striatum, thalamus and cerebellum. However, the hippocampus, 
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which is heavily involved in AD, does not show a reduction in FEOBV uptake, despite a rich cholinergic 

innervation from the basal forebrain (Whitehouse et al., 1982; Mesulam &Geula, 1988). The explanation 

may reside in the specific cholinergic fibers innervating the hippocampus, which come essentially from the 

septum (Ch2), and not from the nucleus basalis of Meynert (Ch4). Ch2 cell loss in AD has been reported to 

be minimal (Lehéricy et al., 1993; Mufson et al., 1993) or even insignificant (Fujishiro et al., 2006) compared 

to that found in age-matched controls. This may also explain why FEOBV autoradiography previously 

performed on AD postmortem tissues has revealed significant changes in the cortex, but not in the dentate 

gyrus of the hippocampus (Parent et al., 2013). Alternatively, it has also been suggested that a 

compensatory cholinergic fiber sprouting may occur in the dentate gyrus in AD, possibly in response to 

deafferentation of glutamatergic perforant pathway fibers originating from the entorhinal cortex (Hyman 

et al., 1987). 

FDG results in our AD patients confirmed the findings of others (Kato et al., 2016; Minoshima et al., 1995) 

that hypometabolism occurs mostly in the posterior cingulate cortex, precuneus and parietotemporal 

cortex, with a lesser reduction in the frontal cortex, and no change in the hippocampus. These FDG 

features involve the same cortical areas as those showing reduced FEOBV uptake. Such a concordance 

might indicate that cholinergic denervation in AD could underlie, at least in part, the metabolic reduction 

measured with FDG. This view is reinforced by recent results (Iizuka & Kameyama, 2016) showing that 

cholinergic treatment in patients with AD was able to restore the reduced cerebral perfusion—a measure 

directly correlated with hypometabolism with the greatest effect observed in the posterior cingulate 

cortex and precuneus. It should be stressed, however, that differences between AD patients and normal 

controls in the present study were larger and easier to observe with FEOBV than with FDG, suggesting a 

better sensitivity of FEOBV over FDG for the purpose of identifying AD-affected regions. 

Similarly, t-test analyses performed on both FEOBV, and NAV revealed better accuracy of FEOBV in 

distinguishing patients with AD from healthy controls. Such a result may appear surprising as amyloid PET 

imaging agents, including NAV, are known for their very high sensitivity to detect AD (Rowe et al., 2013; 

Cselényi et al., 2012). However, it should be stressed that significant amyloid loads have also been well 

described with these amyloid agents in cognitively normal subjects. In our sample, two control participants 

showed relatively high NAV SUVRs with normal cognitive performance, and without reduction of either 

FDG or FEOBV uptakes. This adds to the preexisting evidence in the literature (Jack et al., 2013) questioning 

the relevance of amyloid imaging agents as reliable biomarkers for evaluating AD. In addition, contrary to 
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NAV, FEOBV uptake in the whole cortex showed very good correlations with both the MMSE and MoCA 

cognitive scales, suggesting its potential usefulness in assessing the severity of AD. Therefore, FEOBV, more 

than FDG or NAV, might be an excellent tool for both the clinical identification and the follow up of patients 

with AD. 

One limitation of PET studies is the partial volume effect (PVE), which refers to spreading of signal over 

the surrounding cerebral areas. PVE is of particular importance in AD as cortical atrophy may enhance its 

effect. Although not sufficient on its own to explain the current results, PVE might partly affect the results 

observed here. However, PVE was minimized in this study by the high-resolution images acquired with the 

brain dedicated HRRT PET scanner. Furthermore, multiple partial volume corrections have been developed 

to reduce PVE, all presenting pros and cons, and potentially leading to a wide range of results (Thomas et 

al., 2011). Given that our FEOBV data remained practically unchanged following such partial volume 

correction, we chose to report non-corrected data, as they directly reflect the actual distribution of FEOBV 

in AD. 

Besides FEOBV, other PET radiotracers have been used in the past to assess cholinergic terminal losses in 

AD, but their sensitivity and reliability remain questionable. For example, N-[11C]methyl-piperidin-4-yl 

propionate (PMP), a selective radiotracer for the acetylcholinesterase (AChE) enzyme (Irie et al., 1994), 

has shown a 9% to 33% reduced binding (Kuhl et al., 1999) in AD patients depending on the severity of the 

disease. However, this reduction was found to be significantly influenced by AChE inhibitors, such as 

donepezil (Bohnen et al., 2005). In addition, no correlation could be observed between PMP 

measurements and FDG imaging parameters (Kuhl et al., 1999). Such a modest or low sensitivity has also 

been obtained with another AChE enzyme radiotracer, N-[11C]methyl-4-piperidyl acetate (MP4A), as 

patients with AD dementia were barely distinguishable from patients with mild cognitive impairment (MCI) 

or control subjects, and no correlation could be found with MMSE scores (Rinne et al., 2003). Given that 

FEOBV does not bind to the AChE enzyme but rather to the vesicular ACh transporter (Landry et al., 2008a ; 

Mulholland et al., 1998)  it provides a better estimate of presynaptic neuronal integrity, and remains 

unaffected by the use of AChE inhibitors. 

3.4.2 FEOBV amongst AD biomarkers 

Substantial developments have taken place in the field of AD biomarkers in a relatively short time period, 

and neuroimaging remains a very promising approach (Jack et al., 2013). MRI volumetric methods have 
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shown hippocampal atrophy in AD, with a specificity of 80 to 90% in differentiating AD from Mild Cognitive 

Impairment and from cognitively normal cases (Westman et al., 2011a). MRI volumetry has also showed 

excellent correlations with both MMSE scores and Braak neuropathological staging of disease severity 

(Jack et al., 2002). However, MRI volumetric methods are much less satisfactory in distinguishing AD from 

other etiologies of dementia such as Parkinson’s disease, dementia with Lewy body, vascular dementia, or 

frontotemporal lobar degeneration (Laakso et al., 1996; Hashimoto et al., 1998; Harper et al., 2016).  

Cerebral hypoperfusion has been demonstrated in AD by using single-photon emission computed 

tomography (SPECT), and the cortical areas affected are the same as those showing reduced metabolic 

activity with FDG-PET.44 These two methods can be considered as good indicators of synaptic dysfunction 

(Rocher et al., 2003), resulting in a 90% correct classification of AD patients (Mosconi, 2005), although the 

accuracy of SPECT perfusion imaging remains significantly inferior to that of PET (O’Brien et al., 2014). They 

can also predict the conversion from MCI to AD (Chetelat et al., 2003) and facilitate the differential 

diagnosis of AD (Foster et al., 2007; Minoshima et al., 2001; Mosconi et al., 2008), and hence they are 

recommended as complementary diagnostic tools (Jagust et al., 2007; Dubois et al., 2007; Bohnen et al., 

2012). However, blood flow quantification with SPECT and brain metabolism assessment with FDG-PET 

provide indirect measurements of neuronal integrity, and therefore cannot be considered as direct 

biomarkers for determining neuropathological changes in AD. 

Over the last 10 years, PET radiotracers of amyloid plaques and Tau protein aggregates have been 

investigated either separately (Klunk et al., 2004 ; Kolb & Andrés, 2017) or in combination (Pascoal et al., 

2017) in the assessment of neurodegenerative diseases. Amyloid tracers such as PIB, NAV, or Florbetapir 

are all sensitive enough to detect the presence of amyloidosis at the pre-clinical stage, that is, in 

asymptomatic subjects (Aizenstein et al., 2008), or at the stage of MCI (Kemppainen et al., 2007). However, 

the utility of such amyloid imaging agents is limited because early on during the clinical evolution of the 

disease, amyloid load seems to reach a maximum, which makes assessment of AD severity difficult 

(Aizenstein et al., 2008; Kemppainen et al., 2007; Jack and Holtzman, 2013). Tau protein imaging is of more 

interest, as there seems to be a more linear deposition of Tau in relation to disease progression. However, 

the current concern with specificity of binding for these agents has yet to be addressed (Kolb & Andrés, 

2017). 
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As discussed above, current AD biomarkers have several shortcomings, and the search for a reliable single 

biomarker that could facilitate both early detection, assessment of disease progression and grading of its 

severity is ongoing. According to the AD biomarker modeling suggested by Jack and Holtzman (2013), those 

that are sensitive to neurodegeneration might be the best candidates. As such, FEOBV, with its high 

sensitivity to cholinergic cell death is very promising. 

Interest toward the cholinergic hypothesis in AD has considerably decreased over the last two decades, 

mostly because of the poor efficacy of the current AChE inhibitor treatments. However, recent evidence 

(Schmitz & Spreng, 2016) shows that cholinergic cell death in the basal forebrain could precede the 

formation and spreading of Aβ aggregates in the cortex, adding to the importance of compounds such as 

FEOBV in studying AD. Caution is warranted, however, as results of the present study were obtained from 

a small sample of patients with AD. Further studies are required to better characterize FEOBV not only in 

AD, but also in other diseases associated with cholinergic depletion and clinical dementia such as in Lewy 

Body Disease, Progressive Supranuclear Palsy, Multiple System Atrophy or Parkinson’s disease. 
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3.7 Conclusion of the first study and the conception of the subsequent study 

With the first study, we were able to conclude that quantification of cortical cholinergic depletion in AD 

with FEOBV-PET is a more sensitive tool than other surrogate markers of AD such as amyloid or metabolic 

PET, to identify AD and quantify its severity. Interestingly, the results also confirmed that the topography 

of cortical FEOBV depletion was concordant with the known pattern of basal forebrain cholinergic 

degeneration. In order to verify the concordance between cortical cholinergic denervation, measured with 

FEOBV-PET, with the basal forebrain cholinergic cell death, a second study is conducted with the data 

obtained from the first study. This second study would enable us to determine with certainty that the 

cortical decrease in FEOBV in AD is in fact due to the degeneration of the cortical projection of the NBM 

cholinergic neurons. 
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Résumé 

Dans la première étude nous avons montré que le 18F-fluoroéthoxybenzovesamicol ([18F]-FEOBV) utilisé 
avec TEP était très sensible pour quantifier la dénervation cholinergique cérébrale dans la maladie 
d'Alzheimer (MA). La présente étude exploratoire vise ainsi à vérifier la fiabilité du FEOBV dans cette maladie 
en démontrant la concordance entre le volume des noyaux cholinergiques du prosencéphale basal (ChBF) 
et l’activité du FEOBV.  L'échantillon comprend 12 participants répartis équitablement entre un groupe de 
sujets contrôle et de patients atteints de la MA. Tous les participants ont effectué une imagerie par 
résonance magnétique (IRM) et une imagerie TEP avec le [18F]-FEOBV, et une segmentation du ChBF a été 
effectué chez chaque participant. Des comparaisons ont ensuite été réalisé entre les deux groupes, ainsi 
que des corrélations chez les patients atteints de la MA entre l’activité du [18F]-FEOBV dans des régions 
d'intérêt (ROI) corticales et le volume des noyaux du ChBF, comprenant le noyau basal de Meynert (Ch4) et 
le septum médial/membrane verticale de la bande diagonale de Broca (Ch1/2). Les patients atteints de la 
MA ont montré à la fois des volumes du ChBF-Ch4 et une activité du [18F]-FEOBV plus faible que les sujets 
sains. De plus, les volumes de la subdivision du noyau Ch4 étaient significativement corrélés à l’activité du 
[18F]-FEOBV observée dans les ROIs. Par ailleurs, les volumes de la subdivision du noyau Ch1/2, qui reste 
relativement intacte dans la MA, n'étaient pas corrélés à l’activité du [18F]-FEOBV dans l'hippocampe, ni 
dans aucune zone corticale. Ces résultats suggèrent que la dénervation cholinergique corticale mesurée par 
le [18F]-FEOBV est proportionnelle à l'atrophie du ChBF mesurée par IRM, ce qui confirme la fiabilité et la 
validité du traceur [18F]-FEOBV pour quantifier la dégénérescence cholinergique dans la MA. 

 

 

Mots clés: FEOBV, imagerie TEP, volume des noyaux cholinergiques du prosencéphale basal, le système 

cholinergique , maladie d'Alzheimer. 
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ABSTRACT 

Background and Purpose: Fluorine-18-fluoroethoxybenzovesamicol ([18F]-FEOBV) is a PET radiotracer 
previously used in neurodegenerative diseases to quantify brain cholinergic denervation. The current 
exploratory study aimed at verifying the reliability of such an approach in Alzheimer Disease (AD) by 
demonstrating its concordance with MRI volumetry of the cholinergic basal forebrain (ChBF). Methods: The 
sample included 12 participants evenly divided between healthy volunteers and patients with AD. All 
participants underwent MRI ChBF volumetry and PET imaging with [18F]-FEOBV. Comparisons were made 
between the two groups, and partial correlations were performed in the AD patients between [18F]-FEOBV 
uptake in specific cortical regions of interest (ROIs) and volumetry of the corresponding ChBF subareas, 
which include the nucleus basalis of Meynert (Ch4), and the medial septum/vertical limb of the diagonal 
band of Broca (Ch1/2). Results: Patients with AD showed both lower ChBF-Ch4 volumetric values and lower 
[18F]-FEOBV cortical uptake than healthy volunteers. Volumes of the Ch4 subdivision were significantly 
correlated with the [18F]-FEOBV uptake values observed in the relevant ROIs. Volumes of the Ch1/2, which 
remains relatively unaffected in AD, did not correlate with [18F]-FEOBV uptake in the hippocampus, nor in 
any cortical area. Conclusion: These results suggest that cortical cholinergic denervation as measured with 
[18F]-FEOBV PET is proportional to ChBF atrophy measured by MRI-based volumetry, further supporting the 
reliability and validity of [18F]-FEOBV PET to quantify cholinergic degeneration in AD.  

 

 

Keywords: FEOBV, PET imaging, volumetry, basal forebrain, cholinergic system, Alzheimer disease. 
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4.1 Introduction 

Alzheimer’s Disease (AD) is characterized by a progressive degeneration of the basal forebrain cholinergic 

neurons, resulting in a severe cholinergic denervation of the whole cortical mantle. Several PET-

radiotracers have been developed to quantify in vivo this cortical cholinergic denervation; so far, 18F-

fluroethoxybenzovesamicol ([18F]-FEOBV) is believed to be the most sensitive and reliable one to assess 

that parameter (Wenzel et al., 2021) This radiotracer exhibits a very high binding affinity and selectivity 

for the vesicular acetylcholine transporter (VAChT) (Mulholland et al., 1998), a glycoprotein found 

essentially in cholinergic synapses. PET imaging with [18F]-FEOBV was found sensitive to even very subtle 

cholinergic denervation resulting from selective basal forebrain or mesopontine lesions (Cyr et al., 2015; 

Parent et al., 2012).   

Measuring brain cholinergic denervation with [18F]-FEOBV was recently found to be more sensitive than 

AD surrogate biomarkers of amyloid and metabolic PET (Aghourian et al., 2017). Indeed, the cholinergic 

denervation measured by [18F]-FEOBV in AD followed a cortical topography and a temporal-cingulate 

severity pattern that seemed concordant with the posterior-anterior pattern of basal forebrain 

degeneration described in post-mortem (Liu et al., 2015) and MRI volumetric studies (Grothe et al., 2012; 

Fernández-Cabello et al., 2020; Schmitz et al., 2018). However, this has never been directly demonstrated 

within a given sample of patients. In the current study we explored, in AD subjects, the possibility of a 

concordance between the topography of [18F]-FEOBV uptake reduction in the cerebral cortex, and the 

topography of the cholinergic basal forebrain (ChBF) neurodegeneration as estimated with MRI volumetry. 

4.2 Method 

4.2.1 Participants  

The study sample consisted of 12 participants, including six patients diagnosed with probable AD, and six 

age-matched healthy volunteers. AD patients were diagnosed using the standard criteria of the 

“Alzheimer’s Association Workgroup on Diagnostic Guidelines for Alzheimer’s Disease” (Dubois et al., 

2007). All participants underwent an extensive neuropsychological assessment, in addition to a T1-

weighted 1.5T structural MRI, and a PET scan with [18F]-FEOBV, all performed at the Brain Imaging Center 

of the Montreal Neurological Institute. At the time of their enrollment, all AD patients had undergone 

treatment with a cholinesterase inhibitor for more than six months. All sample features and brain imaging 

data acquisition methods have been described in detail in Aghourian et al., (2017). The study protocol was 
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approved by “Université du Québec à Montréal” (UQAM) and McGill University Research Ethics Boards. 

Informed consent was obtained from all participants prior to their inclusion in the study.  

4.2.2 PET and MRI data processing 

Based on the voxel wise analyses of [18F]-FEOBV uptake reduction described previously in AD (Aghourian 

et al., 2017), several cortical regions were identified. The MNI-152 atlas was used to delineate these 

regions of interest (ROI) on each subject’s PET images. Seven PET ROIs were used including: 1) superior 

temporal gyrus; 2) inferior parietal lobule (IPL); 3) cingulate cortex; 4) precuneus; 5) medial frontal cortex; 

6) occipital cortex; 7) hippocampus. Occipital lobe and hippocampus were used here as control ROIs, as 

they were previously shown to not suffer significant cholinergic denervation in AD. For each subject the 

mean standard uptake value ratios (SUVR) were computed in these ROIs using a supraventricular white 

matter (WM) mask as reference region. This WM mask encompassed both hemispheres and excluded 

voxels close to the cortex and ventricles to avoid partial volume effects.  

The MRI volumetry of ChBF was performed in each participant using an automated volumetry pipeline 

previously described in detail in Grothe and colleagues (2018). Preprocessing included automated tissue 

type segmentation and spatial normalization of each participant’s MR image to the MNI standard space 

using the high-dimensional registration algorithm DARTEL to obtain a modulated grey matter (GM) map. 

GM volumes of the individual cholinergic nuclei were extracted using ChBF cytoarchitectonic maps defined 

by Kilimann and colleagues (2014). The latter were obtained from histologically delineated ChBF subareas 

of a post-mortem brain and its corresponding MRI coordinates, allowing projection into MNI standard 

space.  From these subareas the following were kept because of their relevance in AD: 1) The cholinergic 

nuclei of the medial septum (Ch1) and vertical limb of the diagonal band of Broca (Ch2), taken together 

(Ch1/2), as they both provide the cholinergic innervation for the whole hippocampal complex; 2) the 

nucleus basalis of Meynert (Ch4), which projects to the entire cerebral cortex (Mesulam, 2004; Mesulam 

& Geula, 1988). The latter Ch4 nucleus was further subdivided into three components. A posterior (Ch4p) 

part was delineated given the importance of this area in AD-related ChBF atrophy (Kiliman et al., 2014; 

Grothe et al., 2012). Anterior and intermediate parts were also delineated but had to be grouped together 

(Ch4a-i) because of their very small extent. We did not differentiate between left and right hemispheres, 

as evidence suggests bilateral projections for these nuclei (Parent et al., 2012). ChBF volumes (mm3) were 

normalized for the total intracranial volume (TIV), corresponding to the sum of GM, WM and cerebrospinal 
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fluid volumes. An overview on the spatial location and the extent of the ChBF nuclei in MNI-space is given 

in Fig. 4.1. 

4.2.3 Statistical analyses 

The group differences in [18F]-FEOBV SUVRs and normalized ChBF volumes were analyzed using one-way 

analysis of covariance (ANCOVA) controlling for age. Concordances between ChBF volumes and [18F]-

FEOBV SUVRs were assessed using partial correlation analyses in the AD group, controlling for age. In 

comparison to controls, AD subjects were expected to have lower cortical SUVRs and smaller ChBF 

volumes, while positive correlations were expected between these both parameters in AD. Adjustment for 

multiple testing was not performed as this is an exploratory study. For all analyses significance threshold 

was based on one-tailed tests with minimal statistical significance of p <0.05.  

4.3 Results 

Demographic features and performances in the dementia scales (Mini-Mental State Examination, 

Montreal Cognitive Assessment; MMSE & MoCA) are presented in Table 4.1. Gender is equally presented 

and there was no significant group difference for age and education. Expectedly, scores on the cognitive 

measures were significantly lower in the AD group. 

Figure 4.1 Spatial location and extent of the cholinergic forebrain nuclei. 

  
Superimposition of the cholinergic basal forebrain nuclei (ChBF) maps onto the T1-weighted MNI-template, 
as described in detail by Kilimann et al., 2014. The different colors refer to the different cholinergic nuclei. 
Green represents the Ch1/2 which correspond to the cholinergic nuclei of the medial septum and vertical 
limb of the diagonal band, red is the anterior-intermediate (Ch4a-i) and blue represents the posterior part 
(Ch4p) of the of nucleus basalis of Meynert.  
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Table 4.1 Sociodemographic and clinical features 

 AD (n=6) HV (n=6) 
Gender ratio, F:M 3:3 3:3 
Age (y) 67.2 ± 10.24 67.0 ± 11.12 
Education (y) 16.8 ± 5.03 14.7 ± 3.88 
MMSE 18.3 ± 7.31 29.2 ± 0.41 
MoCA 12.8 ± 6.49 27.0 ± 1.55 

All the data are represented as mean ± standard deviation unless otherwise indicated. Abbreviations: AD= 
Alzheimer disease, HV= Healthy volunteers, n= number of subjects, y= years, F= female, M= male, MMSE= 
Mini Mental Status Examination Scale; MoCA= Montreal Cognitive Assessment scale. 

	

4.3.1 Between groups differences of [18F]-FEOBV uptake and ChBF volumes 

The ROIs between-group comparisons confirmed previous findings obtained from voxel wise analyses in 

these patients and showed lower [18F]-FEOBV uptakes in AD subjects than in healthy volunteer (see Table 

4.2). Affected ROIs in AD included the superior temporal gyri (left p=0.00001, right p=0.001), precuneus 

(left p=0.001, right p=0.0001), medial frontal gyri (left: p=0.003, right: p=0.014), cingulate cortex (left and 

right p=0.001), and IPL (left p=0.002, right p=0.0001). There was no significant difference in the occipital 

cortex, nor the hippocampus. The ChBF volumetric values were all lower in AD than in healthy volunteers 

(see Table 4.3), with the Ch4p (p=0.003) and the Ch4a-i (p=0.016) showing the largest difference, followed 

by the Ch1/2 volume (p=0.045). 

Table 4.2 Between group comparisons of [18F]-FEOBV SUVRs for each hemisphere. 

 Left hemisphere Right hemisphere 
 AD 

(n=6) 
HV 
(n=6) 

p-value AD 
(n=6) 

HV 
(n=6) 

p-value 

Superior temporal gyrus 0.91 ± 0.09 1.18 ± 0.07 0.00001 0.90 ± 0.14 1.17 ± 0.09 0.001 

Precuneus  0.94 ± 0.11 1.34 ± 0.12 0.001 0.90 ± 0.80 1.33 ± 0.12 0.0001 

Medial frontal gyrus 1.06 ± 0.10 1.2 ± 0.13 0.003 0.96 ± 0.10 1.19 ± 0.13 0.014 

Cingulate gyrus 1.15 ± 0.12 1.53 ± 0.13 0.001 1.09 ± 0.09 1.49 ± 0.13 0.001 

Inferior parietal lobule 1.01 ± 0.08 1.25 ± 0.07 0.002 0.94 ± 0.06 1.21 ± 0.07 0.0001 

Occipital cortex  0.85 ± 0.14 0.93 ± 0.8 NS 0.83 ± 0.15 0.96 ± 0.10 NS 

Hippocampus  1.22 ± 0.28 1.34 ± 0.18 NS 1.30 ± 0.28 1.41 ± 0.17 NS 
 

All the data are represented as mean ± standard deviation. p value= statistical significance level.  
Abbreviations: AD= Alzheimer disease, HV= Healthy volunteers, n= number of subjects, NS= not significant,    
SUVRs= Standardized uptake value ratios. 



 

78 

Table 4.3  Between group comparisons of ChBFs volumetric values* 

 AD (n=6) HV (n=6) p-value 

Ch4p 55.29 ± 11.12 76.96 ± 8.71 0.003  

Ch4a-i 83.58 ± 13.13 116.75 ± 20.03 0.016  

Ch1/2 74.52 ± 21.55 90.03 ± 11.18 0.045  

* TIV-normalized ChBF volumes (mm3). Values correspond to mean ± standard deviation. p value= 
statistical significance level. Abbreviations: AD= Alzheimer disease, HV= Healthy volunteers, n= number of 
subjects, TIV= total intracranial volume, ChBF= cholinergic basal forebrain, Ch4p and Ch4a-i= posterior and 
anterior-intermediate part of the cholinergic nuclei of nucleus basalis of Meynert, Ch1/2= cholinergic 
nuclei of medial septal and vertical limb of diagonal band of Broca. 
 

4.3.2 Correlations between [18F]-FEOBV uptake and ChBF volumes  

There were highly significant correlations between the Ch4 volumes and the [18F]-FEOBV uptake in the 

cortical ROIs known to be affected in AD, while such correlations were not observed in other ROIs that 

remain unaffected in AD (See Table 4.4). More specifically, positive correlations were observed between 

Ch4a-i volume and its corresponding cortical ROIs in the right medial frontal cortex (r= 0.96, p<0.005), 

bilateral cingulate cortices (left r=0.84, p<0.05; right r= 0.87, p<0.05), and the left superior temporal cortex 

(r=0.8, p<0.05). The Ch4p showed positive correlations with the superior temporal cortex bilaterally (left 

r=0.82, p<0.05; right r=0.8, p<0.05). The only cortical ROIs known to be affected in AD that did not correlate 

with any of the Ch4 volumes were the IPL and precuneus. There were no significant correlations either 

between Ch1/2 volume and the hippocampus or any cortical ROIs. 

Table 4.4 Partial correlations, controlling for age. 

Partial correlations (r), in AD subjects, controlled for age, between different cholinergic basal forebrain 
volumes normalized by total intracranial volume and hemispheric FEOBV standardized uptake ratio values 
in brain regions affected and unaffected in AD.  Abbreviations: L= left hemisphere, R= right hemisphere, 
AD= Alzheimer disease, Ch4p and Ch4a-i= Posterior and anterior-intermediate part of the cholinergic 

 Superior 
temporal 
cortex 

Medial 
Frontal 
cortex 
 

Cingulate 
cortex 

Inferior 
parietal 
lobule 

Precuneus  Occipital 
cortex 

Hippocampus 

 L R L R L R L R L R  L R L R 
Ch4p 0.82* 
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 0.4 0.51 
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nuclei of nucleus basalis of Meynert Ch1/2= cholinergic nuclei of medial septal and vertical limb of diagonal 
band of Broca. *p<0.05    **p<0.005. 

	

4.4 Discussion 

Results of this exploratory study have demonstrated an association between cortical [18F]-FEOBV uptake 

reduction and Ch4 volumetric changes in a small sample of patients with AD, suggesting a good 

concordance between cortical cholinergic denervation and basal forebrain cholinergic cell loss. 

Furthermore, this association was concordant with most of the cortical projection topography of the Ch4 

divisions, including the anterior-intermediate subarea (Ch4a-i), projecting to the medial frontal/cingulate 

cortex, and the posterior subarea (Ch4-p), projecting mainly to the superior temporal cortex. These two 

projecting systems show the most severe cholinergic degeneration described in AD (Liu et al., 2015; Geula 

et Mesulam, 1996, Kilimann et al., 2014; Fritz et al., 2019), further supporting the role of [18F]-FEOBV as a 

direct, quantitative biomarker of the cholinergic degeneration in AD. Such an assumption is also in 

accordance with the lack of significant correlations between ChBF volumetry and [18F]-FEOBV uptake in 

the hippocampus and the occipital cortex, both known to remain relatively unaffected by cholinergic 

denervation in AD.  

The only cortical areas known to be affected in AD which did not show a significant association between 

[18F]-FEOBV uptake and Ch4 volumes were the precuneus and the IPL, which could have raised concerns 

regarding their assumed connectivity with Ch4. However, retrograde labeling studies in primates and 

immunohistochemical studies in humans (Mesulam & Geula, 1988 ; Fritz et al., 2019), have confirmed the 

cholinergic innervation of these two cortical areas as originating from Ch4, although in specific regions 

that differ from the subareas used in the current study. Indeed, IPL is mainly innervated by the dorsal-

intermediate and ventral-intermediate sectors of Ch4 (Ch4id and Ch4iv), and the precuneus by its 

anteromedial (Ch4am) subarea (Liu et al., 2015; Mesulam &Geula, 1988). Different ChBF subdivisions like 

those used in the current study might therefore undermine the capacity to detect a clear relationship with 

[18F]-FEOBV uptake in these specific cortical areas.  

The difference of sensitivity to detect correlations in different cortical areas may also relate to the overlap 

of the cholinergic innervation in most cortical areas, as different sectors of Ch4 are known to project to 

similar cortical territories (Mesulam, 2013 ; Mesulam et al., 1983). Actually, each Ch4 subdivision sends a 

set of major projections to its main cortical targets along with minor projections to adjacent and non-
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adjacent cortical regions (Gratwicke et al., 2013). The exception to this is the superior temporal area, which 

predominantly receives cholinergic efferent from Ch4p, and the medial frontal area receiving major inputs 

from Ch4a-i, which is concordant with the very good correlations obtained here in these two cortical areas. 

However, for other cortical areas like the inferior parietal lobule and precuneus, the connectivity overlap 

in the cortex could affect the relationship between Ch4 subareas volumetry and [18F]-FEOBV uptake in the 

cortex, especially in small samples like the one used here.  

In conclusion, the current exploratory study showed for the first time that cortical cholinergic denervation 

as measured with [18F]-FEOBV PET was proportional to ChBF atrophy as estimated with MRI-based 

volumetry, further supporting the role of [18F]-FEOBV as a direct and quantitative biomarker of the 

cholinergic denervation in AD.  
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4.7 Conclusion of the second study  

With the results obtained in the second study, we concluded that cortical cholinergic denervation measured 

with FEOBV-PET is concordant and proportional to ChBF atrophy measured by MRI volumetry. These 

findings further support the reliability and validity of FEOBV-PET as a surrogate measure to quantify 

cholinergic degeneration in AD. Such a conclusion was also obtained by a team of Canadian researchers 

(Schmitz et al., 2018) who used our data with FEOBV in AD, to illustrate the strong overlap with the ChBF 

volumetry obtained in a large sample from the AD Neuroimaging Initiative (ADNI). Their results (see the 

reprint in appendix D) showed that the cholinergic denervation topography as measured by FEOBV in AD 

was consistent with the patterns of ChBF degeneration, reinforcing therefore the consistency of our own 

results. 
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CHAPITRE 5 

GENERAL DISCUSSION AND CONCLUSION 

FEOBV is a novel cholinergic PET radiotracer that has been extensively validated in animals and in healthy 

humans. The two studies conducted within the scope of this thesis aimed to validate PET imaging with 

FEOBV as a reliable in vivo tool for the quantification of cholinergic depletion in AD. This was done for the 

first time in AD. FEOBV showed greater sensitivity and reliability compared to AD biomarkers of amyloid 

and metabolism and was concordant with the atrophy of the cholinergic neurons of the basal forebrain.  

PET imaging with FEOBV can thus be considered as a promosing surrogate biomarker of AD.  

5.1 Recapitulation of the two studies  

PET imaging with FEOBV was performed for the first time in AD subjects to quantify and map brain 

cholinergic denervation in vivo. Using voxel-wise ANCOVAs, we showed that FEOBV was more sensitive 

than PET biomarkers of metabolism and amyloid deposition (FDG and NAV respectively) to distinguish AD 

from control. The group difference showed a heavy depletion of FEOBV in several cortical regions in AD; 

superior temporal-parietal areas, posterior cingulate and to a lesser extent in frontal cortex. No significant 

reductions were observed in brain regions that are known to remain unaffected in AD, such as the striatum, 

thalamus, and cerebellum. Furthermore, FEOBV uptake was positively correlated with FDG in multiple 

cortical areas showing cholinergic depletion, and negatively correlated with NAV in some restricted areas. 

Unlike NAV, FEOBV and FDG correlated positively with cognitive measure (MMSE and MoCA scores) in AD. 

As such, FEOBV-PET was found to be more sensitive than the other PET biomarkers to distinguish AD from 

control and to quantify disease severity. Therefore, we concluded that FEOBV is a reliable in vivo tool to 

quantify and map cholinergic deletion in AD and can be considered as an excellent biomarker for AD. 

We then explored the in vivo concordance between cortical PET-FEOBV uptake and ChBF volumes within 

the same sample of AD patients, using imaging data obtained in the first study. We chose cortical areas 

showing severe FEOBV reductions in AD (temporal, parietal, cingulate and frontal areas) and other areas 

that did not show significant FEOBV reduction (hippocampus and occipital cortex). MRI volumetry was 

used to measure the volumes of the different ChBF nuclei; Ch4 (Chp and Ch4a-i) and Ch1/2, using a specific 

BF mask (Grothe et al., 2018). We compared these variables between groups using ANCOVAs and used 

partial correlations to explore association between FEOBV uptake and volumes of these nuclei in AD. 

Results showed that AD patients had both lower ChBF-Ch4 volumes and lower FEOBV uptakes in affected 
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cortical areas compared to control. As expected, specific pattern of correlations was obtained with FEOBV 

uptake and corresponding Ch4 subareas; FEOBV uptake in the superior temporal correlated with the Ch4p 

volume and uptake in cingulate and frontal areas correlated with the Ch4ai volume. There was no 

significant correlation with Ch1/2 volume and FEOBV uptake in the hippocampus nor any other cortical 

areas. We were able to confirm the selective cholinergic denervation in AD with FEOBV which was 

proportional to the AD associated ChBF atrophy, further supporting the reliability and specificity of PET-

FEOBV as a direct and quantitative biomarker of the cholinergic integrity in AD. 

5.2 Reliability of the current findings 

In this thesis, we quantified and mapped region-specific cholinergic denervation in AD using PET imaging 

with FEOBV. The results obtained in the two studies are in accordance with the formulated hypotheses 

validating PET-FEOBV as a reliable in vivo tool for quantifying cholinergic integrity in AD. Some 

methodological limitations should however be addressed in order to support the reliability of our findings.  

5.2.1 The representativeness of the current results 

PET scan is a very costly neuroimaging method, which could be a limiting factor to conduct studies with 

large sample sizes. This was a primary consideration in the current studies, as all participants underwent 

three PET imaging scans with three different radiotracers. Although we acknowledge the limitation 

regarding our small sample size as a potential weakness of the current research design, we do not believe 

that it impedes the reliability and representativeness of our findings. One of the primary reason is the 

observation that in vivo reductions of FEOBV uptake in AD were not only seen as a group effect, evidenced 

by statistical analyses, but also as direct visual observations of each individual PET images. This, not only 

supports the finding that FEOBV can clearly characterize a group of patients with AD, but also raises the 

possibility of its utility in clinical diagnosis or follow-up of single individuals with AD. It is also important to 

mention that the findings of the current thesis regarding PET imaging with FDG and NAV radiotracers were 

concordant with the known AD-associated hypometabolism and amyloid deposition (Minoshima et al., 

1995; Rowe et al., 2013; van Waarde et al., 2021), emphasizing that the statistical power could efficiently 

be reached by our sample size (n=12).  

The reliability and representativeness of our results is also supported by the topography of FEOBV uptake 

in both healthy controls and AD subjects, which was concordant with those described in the literature 

regarding these two populations. The FEOBV uptake in the healthy controls showed the highest FEOBV 
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uptake in the striatum, thalamus, cerebral cortex, hippocampus and the cerebellum. These areas are 

known to be the most innervated by the different cholinergic systems and closely match the cortical 

distributions of other cholinergic markers such as ChAT or AChE in healthy subjects obtained in 

neuroimaging or histological studies (Mesulam &Geula, 1988; Geula & Mesulam, 1996; Kuhl et al., 1999, 

Mesulam, 2004; Liu et a., 2015). Furthermore, VAChT distribution is also shown to be highly correlated 

with the cortical distribution of ChAT and AChE markers (Gilmor et al., 1996; Rinne et al., 2003; Richter et 

al., 2018), confirming that FEOBV binding is a reliable marker of VAChT and cholinergic terminals. A recent 

study using PET-FEOBV in a large cohort of healthy human also showed brain topography of FEOBV-VAChT 

binding that was the same as the one reported in our healthy controls (Albin et al., 2018). 

The greatest FEOBV reductions in our patients with AD were seen in the temporal-parietal and posterior 

cingulate areas, followed by more medial and lateral frontal areas. These are regions known to be heavily 

affected by cholinergic lesions in AD while other cortical regions remained relatively preserved (Mesulam, 

2004). These results are in support of AD postmortem studies using cholinergic markers such as ChAT, 

showing severely reduced cholinergic synapse in the temporal and parietal areas followed by more frontal 

cortices (Gil-Bea et al., 2005; Araujo et al., 1988; Geula & Mesulma 1996). In contrast, primary visual, 

somatosensory, and motor cortex display a relative preservation of cholinergic fibers, shown by lack of 

ChAT reduction (Geula & Mesulma 1996; Araujo et al., 1988). This is concordant with the relatively 

preserved FEOBV binding in these cortical regions in our AD group.  

Interestingly, the topography of FEOBV reduction obtained in our AD subjects is in agreement with the 

known caudal-rostal pattern of NBM/Ch4 neuronal loss documented during the progression of AD with 

superior temporal areas showing severe cholinergic depletion compared to rostral/frontal parts (Liu et a., 

2015; Mesulam, 2013). We were able to confirm this directly by showing significant concordance between 

FEOBV uptake in the affected cortical areas and their corresponding Ch4 volumes. The posterior Ch4 (Ch4p) 

volume was indeed severely atrophied and correlated significantly with cholinergic terminal density 

measured with FEOBV in the superior temporal cortex bilaterally. This was also true when looking at the 

volume of the more anterior-intermediate portion of the Ch4 (Ch4a-i) with its cortical targets, mainly the 

cingulate and frontal cortex. No correlation was seen with FEOBV uptake in the occipital cortex and 

volumes of Ch4 subareas, as this cortical area remains unaffected in AD (Fritz et al., 2019; Mesulam & 

Geula, 1988). The association between FEOBV uptake reduction and Ch4 volumetric loss, observed here, 
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is once again in line with the caudal-rostral patten of basal forebrain cholinergic cell loss and cortical 

cholinergic denervation in AD, supporting the reliability and representativeness of our findings. 

As expected, the group difference did not show a reduction of FEOBV in brain areas that are known to be 

unaffected in AD, such as the striatum, thalamus and cerebellum (Mesulam, 1990). Moreover, the 

hippocampus which is heavily involved in AD, did not show a reduction of FEOBV, despite receiving major 

innervation from BF. This finding is in line with previous postmortem FEOBV autoradiographic study, 

showing no uptake reduction in the hippocampus of AD brain tissue (Parent et al., 2013). This observation 

is not surprising, as cholinergic projections from Ch1/2 and not Ch4 innervate the hippocampus (Mesulam, 

1990). Moreover, post-mortem studies show that Ch1/2 is relatively preserved from cholinergic lesion in 

mild-moderate AD with minimal or insignificant cell loss compared to aged-matched control (Mesulam et 

al., 1983; Mufson et al., 1993; Tiernan et al., 2018b), which could explain lack of reduction. Concordant to 

this, our AD group showed mild Ch1/2 volume loss, compared to the severe Ch4 atrophy. Additionally, 

there was no relationship between Ch1/2 volumetric measure and FEOBV uptake in hippocampus nor any 

other cortical areas, highlighting again the sensitivity of FEOBV to detect AD specific cholinergic loss.  

5.2.2 Potential nonspecific FEOBV binding  

To date, the development of PET radioligands for VAChT is mostly based on vesamicol, which is a 

compound known to display nanomolar affinity for the sigma receptors (σ1 and σ2). These are ubiquitous 

orphan receptors, situated primarily at the mitochondria-associated endoplasmic reticulum (Fontanilla et 

al., 2009). Such a non-specific binding of vesamicol could potentially undermine the reliability of the VAChT 

radiotracers. However, a multitude of structurally diverse vesamicol analogs have been chemically 

engineered to overcome this specific limitation, and FEOBV is currently considered as the most specific 

one in respect with its binding potential to the VAChT.  As a benzovesamicol derivative, FEOBV has 

demonstrated a binding affinity to VAChT that is almost 20 folds higher than vesamicol per se (Rogers et 

al. 1994). Furthermore, as an (−)-enantiomer, FEOBV has shown a distinctly higher affinity to the VAChT 

binding site over sigma receptors, compared to the (+)-enantiomer or any other benzovesamicol 

derivatives (Mulholland, et al., 1993).  

Many studies support the lack of significant interaction between FEOBV and sigma receptors in vivo and 

in vitro. It is shown that in vivo pharmacological pre-treatment with large doses of drugs with high affinity 

to sigma receptors (3-PPP or E-2020) did not significantly alter the brain uptake or regional localization of 
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FEOBV in rodents (Mulholand et al., 1998). Furthermore, in vitro ligand binding, showed that the very 

specific and saturable binding of FEOBV in striatal, cortical, hippocampal areas, was inhibited by 

subnanomolar concentrations of structurally related benzovesamicols (Mulholand et al., 1998). This was 

also confirmed by in vivo partial blocking studies, showing that administration of smaller doses of cold 

FEOBV (unlabeled) reduced the retention of radioactive FEOBV in regions of high VAChT concentration 

(striatum and cortex) (Kilbourn et al., 2009).  

Recently, the inhibition constant (Ki) of FEOBV was found to be of 6.75 nM toward the VAChT (on rVAChT 

PC12 cells), while for σ1 and σ2 receptors, FEOBV Ki values were in the range of 2000 nM (Helbert et al. 

2019). Ki is an indication of how potent an inhibitor (ligand) is to occupy the receptors, with lower 

concentrations of a ligand indicating greater binding affinity. These FEOBV data correspond to an excellent 

affinity to VAChT compared to insignificant affinity to sigma receptors. We are therefore confident that 

the current results obtained with FEOBV in our study is representative of a VAChT and not sigma receptors 

labeling.  

5.3 Implications of the current findings  

5.3.1 Using PET-FEOBV as a tool for differential diagnosis of AD 

The results presented in this thesis suggest that PET imaging with FEOBV is a reliable tool for quantifying 

and mapping the brain cholinergic denervation in AD, as well as distinguishing AD from control and 

quantifying cognitive decline in AD. This raises the possibility of using PET imaging with FEOBV for the 

purpose of identifying, quantifying and following-up of patients with AD.  Indeed, given that cholinergic 

degeneration also occurs in many other forms of dementia but with distinct topographic patterns, PET 

imaging with FEOBV might become a useful tool for the differential diagnosis of these dementias.  

In neurodegenerative diseases such as lewy body diseases (LBD and PDD), there is a significant overlap in 

clinical and neuropathological presentation which renders the differential diagnosis very challenging. For 

example, DLB and PDD are classified as synucleopathies, but 50% to 80% of these patients may present 

with an AD pathological feature such as Amyloid-b or Tau protein aggregates (Irwin et al., 2018). Even 

though, significant effort has gone into identifying in vivo proteinopathy biomarkers for use in clinical 

practice, these type of biomarkers are less useful for the purpose of differential diagnosis given the 

inconsistency and overlap in neuropathological and clinical classifications in these dementias.  
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As with AD, the cholinergic dysfunction is an important feature of DLB and PDD, and it is also considered 

the best correlate of clinical symptoms (Dournaud et al., 1995; Tiepolt et al., 2022). Post-mortem studies 

have shown different patterns of cholinergic depletion in these disorders, which can be used as a 

distinguishable factor, making the use of FEOBV very much informative. For example, while cholinergic 

lesions in AD are restricted to the basal forebrain and its cortical projections, those observed in DLB and 

PDD are also known to affect the mesopontine nuclei and their projections to the subcortical structures 

(Hilker et al., 2005; Kotagal et al., 2012). This topographic distinction has been clearly observed recently in 

a PET imaging study with FEOBV in patients with DLB (Nejad-Davarani et al., 2019). Furthermore, lesion 

studies in animals have also shown that PET imaging with FEOBV can detect and quantify specific 

cholinergic denervation, depending on whether the lesions were restricted to the basal forebrain (Parent 

et al., 2012), with a reduced FEOBV binding in the cortex, or to the mesopontine nuclei (Cyr et al., 2014), 

with a reduced FEOBV binding in the thalamus and other subcortical areas. It is therefore promising to 

further assess the reliability of PET imaging with FEOBV to distinguish different types of degenerative 

diseases, based on their cholinergic cell death severity and topography.  

In a recent preliminary study, Kanel and colleagues used FEOBV for the first time to compare AD with DLB 

and healthy subjects. Results confirmed a large number of subcortical structures which were characterized 

by a FEOBV binding loss in DLB than in AD. More specifically,  binding loss in DLB was seen in the thalamus, 

basal ganglia, vermis, and dorsal pontomesencephalic region, in addition to the whole neocortex, 

hippocampus, and amygdala, (Kanel et al., 2021). These results support topographically distinct cortical 

and subcortical cholinergic lesions using FEOBV which can distinguish AD and LBD subjects, highlighting 

differential vulnerability of specific cholinergic projections in these two diseases. 

In Frontotemporal lobar degenegration (FTLD), cholinergic studies are scarce, and the available data is less 

consistent than for AD or DLB. In the different subtypes of primary progressive aphasias (PPA), considered 

as a variant of FTD, cholinergic deficits have been somewhat more extensively studied, probably because 

of their frequent association with AD pathology. Loss of muscarinic receptors has been described in the 

temporal lobes of patients with semantic PPA (s-PPA) (Odawara et al., 2003). Molecular PET imaging with 

PMP also revealed decreased AChE activity levels in the left temporal cortex that was more evident in the 

logopenic PPA (l-PPA) than in the s-PPA or non-fluent PPA (nf-PPA) (Schaeverbeke et al., 2017). 

Disproportionate atrophy of the basal forebrain was also identified in a high-resolution MRI study, more 

marked in s-PPA and nf-PPA, than in l-PPA (Teipel et al., 2016). This atrophy of the basal forebrain was 



 

91 

lateralised to the left, and proportional to left temporal and frontal cortical atrophy, including Broca's area. 

Left lateralisation of these anomalies is of particular interest if we consider the asymmetry of the 

cholinergic innervation of language areas in human (Tanaka & Bachman, 2002). Although there is some 

evidence of cholinergic denervation in PPAs, the magnitude and topography of this degeneration remain 

to be clarified within and between s-PPA, l-PPA, and nf-PPA. Although this has not yet been done before, 

we speculate that compared with AD and DLB, PPAs might be more likely to present with a reduced FEOBV 

uptake lateralised to the left hemisphere, as some evidence converges toward a left hemisphere 

lateralisation of the cholinergic denervation (Mesulam et al., 2019). This remains to be verified 

experimentally, however.   

5.3.2 Using PET-FEOBV as an AD biomarker 

As a sensitive and reliable cholinergic biomarker, PET imaging with FEOBV would be an important tool not 

only for diagnosis per se but also for early detection, follow-up, and assessment of efficacy of therapeutic 

interventions in AD.  

A reliable preclinical AD biomarker for early detection is sought after as early interventions have been 

shown to slow decline rate and delay clinically relevant impairment by several years (Insel et al., 2019). 

There is now new evidence suggesting the primacy of the cholinergic involvement in the pathology of AD 

as the NBM-Ch4 cholinergic lesions emerge as early as the asymptomatic stage of the disease. Indeed, 

recent longitudinal MRI studies have shown that annual rate of gray matter loss in the NBM-Ch4p 

subregion is already detectable in cognitively normal older adults with abnormal counts of CSF amyloid 

and tau, and that this event precedes cortical spread of tau/amyloid and entorhinal degeneration (Schmitz 

& Spreng, 2016; Schmitz et al., 2020; Fernandez-Cabello et al., 2020). Because degeneration of the 

cholinergic cell body in the NBM-Ch4p is likely preceded by a period of distal axonal degeneration (Yan et 

al., 2018), PET imaging with FEOBV can be used to map and quantify presynaptic cholinergic alternation at 

this stage. As a sensitive biomarker of the cholinergic terminal integrity, FEOBV will help facilitate the 

accurate identification of indivusals at risk of AD progression towards clinical stage.  

An important step in validating FEOBV as a reliable AD biomarker remains to be its sensitivity to distinguish 

AD from the earlier stages of the disease, such as the MCI stage, a transitional stage that precedes 

dementia per se. MCI has been associated with increased cholinergic degeneration compared with healthy 

controls, both in terms of neurochemical changes and volumetric changes (Mesulam, 2004; Mufson et al. 
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2007). Indeed, PET imaging studies show significant decline in cortical AChE activity in MCI patients 

compared to controls, most pronounced in the tempoparietal neocortex, and to a lesser extent in the 

limbic and frontal areas (Haense et al., 2012). Complementary to these findings, MRI studies in MCI have 

consistently shown reduced Ch4p volume and a higher Ch4 atrophy rate than control (Grothe et al. 2010, 

2013; Muth et al. 2010). We believe that PET imaging with FEOBV would be even more sensitive than AChE 

markers to detect such cholinergic depletion in MCI. Interestingly, a very recent study conducted with a 

small cohort of MCI patients showed the promising usefulness of PET-FEOBV in detecting similar 

topography of cortical cholinergic reduction and with positive correlation with cognitive decline (Xia et al., 

2022). The specificity and sensitivity of PET-FEOBV in MCI needs to be demonstrated, however with a 

bigger cohort and as a longitudinal design, as up to half of MCI cases do no progress to AD dementia. 

Furthermore, the cholinergic changes associated to normal aging should also be addressed with PET-

FEOBV in order to improve the positive predictive value of such tool when identifing the prodromal/MCI 

stage of AD. 

At the present time, neuroimaging techniques such as FDG-PET or structural MRI are used for the follow-

up of MCI and AD patients (Frisoni et al., 2010; Bohnen et al., 2012; Mosconi et al., 2013). However, these 

imaging methods are indirect measurements of neuronal integrity, and they cannot be considered as 

direct biomarkers of AD. This puts forth the need to conduct longitudinal studies using FEOBV in AD 

continuum to quantify cholinergic depletion over the progression of AD. Given the sensitivity of PET-FEOBV 

as a direct biomarker of cholinergic integrity and its correlation with symptom severity, it can be more 

informative and reliable for the follow-up of AD patients, from the asymptomatic stage to the dementia 

stage. 

An ultimate purpose for a reliable biomarker in the field of AD, however, remains to be the assessment of 

efficacy of pharmacological interventions. So far, the disease modifying drugs that directly impact one 

specific target in the AD neuropathology, such as those involved in amyloid/tau accumulation, still lack 

evidence (Long & Holtzman, 2019). Given the complex neuropathology of AD, and the interplay between 

the various pathways, the newest therapeutic avenue is considering a combination of treatments that 

have actions at multiple targets, namely anti-amyloid and anti-tau effects, in combination with 

neurotransmitter modification, anti-neuroinflammatory and neuroprotective effects (Huang et al., 2020; 

Long & Holtzman, 2019). Therefore, the use of diagnostic tools that are based on detection and 

quantification of tau, amyloid and neuroinflammatory proteins might not be ideal biomarkers. Perhaps, 
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the best approach to measure the efficacy of such treatment would be to measure neurodegeneration, 

irrespective of the pathophysiology, as neuronal loss is the ultimate result of these pathways and is the 

best indicator of symptom severity. 

It would be important here to discuss the potential of the general synaptic ligands such as those targeting 

the synaptic vesicle 2A protein (SV2A) as compared to FEOBV. As discussed in the introduction, the SV2A 

protein is found ubiquitously in the synaptic vesicles of all neurons, regardless of their neurotransmitter 

or neuron type (Becker et al., 2020). This means that SV2A-based biomarkers are a direct measure of 

general synaptic density and would be most sensitive to general changes in synaptic terminals, rather than 

system-specific changes. Such that SV2A ligands can be used in any condition with neurodegeneration and 

eventually replace glucose metabolism biomarkers as synaptic density measures. Because SV2A ligands 

encompass general neuronal death, they can be a better predictor of cognitive impairment in any 

neurodegenerative condition. But in AD or any other condition in which cholinergic dysfunction is at the 

forefront of the disease, FEOBV has a more direct relationship with clinical symptoms. Furthermore, as 

compared to VAChT which is exclusively found in cholinergic synapses, SV2A proteins are not exclusive to 

synaptic vesicles, as they are also expressed in mitochondria, which could impact sensitivity of PET ligands 

targeting this protein (Stockburger et al., 2016). Despite this, we believe that as markers of synaptic loss 

both SV2A ligands and FEOBV are more sensitive than other AD neuropathological biomarkers to monitor 

disease progression and cognitive decline. Future studies directly comparing FEOBV with general synaptic 

PET ligands in AD would indeed be needed to clarify this stance. 

Nonetheless, measuring cholinergic cell death could become a gold standard in disorders with cholinergic 

deficits. As such, PET imaging with FEOBV would be a valuable tool to assess efficacy of novel 

pharmacological interventions in AD as a function of alterations in the BF cholinergic system.  

5.3.3 FEOBV and cognition 

Cholinergic dysfunction is the best correlate of cognitive functioning in AD when compared to other 

neurochemical systems, as it is severely impacted early on in AD (Mesulam, 2004). Results from the current 

thesis have confirmed such a view by showing that FEOBV uptake varied as a function of AD severity as 

measured with MMSE and MoCA tests. We used these general cognitive measures, as it was imperative 

to explore the association of FEOBV uptake with global cognition since this was the first time that FEOBV 
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was used in AD patients. We did not look at domain specific cognitive scores or regional FEOBV uptake, as 

this was not the aim of the study. 

As already mentioned in the introduction of this thesis (see 1.4), the exact role of the cholinergic system 

in cognition is complex, as ACh acts as a neuromodulator on many downstream neurotransmitter systems 

and its role differs per brain regions and per cholinergic receptor. However, given that in AD, the Ch4-

cortical cholinergic system is selectively affected compared to the Ch1/2-hippocampus, we assume that 

the observed cortical FEOBV depletion in AD would be non-specific, although better associated with higher 

order cognitive processes such as attention, perception and executive functions, rather than episodic 

memory. As such, we would expect correlations of FEOBV with various attention and working memory 

tasks, but not with those of memory/consolidation measures. However, such a simplistic view of an 

association between a specific cognitive function and a specific neurotransmitter remains very unlikely, 

especially with a non-specific neuromodulator like ACh.  

New evidence suggests that cognitive deficits in AD may correspond to general processes that involve 

overlapping cortical areas which share overlapping projections arising from the Ch4 nuclei (Liu et al., 2015). 

Indeed, the PET-FEOBV results obtained in our AD group revealed severe cholinergic denervation in the 

three neurocortical networks known to support different networks of cognition, including the “salience 

network”, the “default mode network”, and the “central executive network” (Seeley et al., 2007). Because 

of cholinergic denervation in AD, and the consequences on the lack of cholinergic modulation, these 

networks may become dysfunctional and produce the characteristic AD cognitive features. In line with this, 

a very recent study using PET-FEOBV, investigated the topographic relationship between cognitive 

functioning and regional cholinergic denervation in PD. Results demonstrated partial overlapping cortical 

topography across different cognitive domains such as attention, memory and executive functions (Van 

der Zee et al., 2021). The authors suggested that the cortical topographic overlap of the different 

cholinergic systems may reflect a shared cholinergic network sub-serving overall cognitive functioning in 

PD.  

Future studies using PET-FEOBV in AD, are necessary and should focus on regional FEOBV uptake and its 

impact on the three cognitive networks, instead of the more traditional specific cognitive sub-domains 

such as memory, attention, and executive functioning. The relationship between regional cholinergic 

denervation and clinical symptomatology in AD should be investigated, as an improved understanding of 
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the mechanisms and roles of cholinergic neurotransmission may lead to more effective symptomatic 

therapies in AD. 

5.4 Conclusion 

This thesis showed for the first time that PET imaging with FEOBV is a very promising approach to identify 

and quantify AD on the basis of the cholinergic denervation. Indeed, PET-FEOBV is shown to be more 

sensitive than the currently used biomarkers of AD such as amyloid and hypometabolism PET imaging. 

Furthermore, cholinergic denervation as measured with FEOBV is proportional to the ChBF atrophy as 

measured with MRI volumetry, supporting the validity of this tool to quantify cholinergic degeneration in 

AD. FEOBV can therefore be considered as a very promising tool that would be interesting to further assess 

for its use in the early diagnosis, follow up and therapeutic assessments of AD and other forms of diseases. 
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PPrroottooccoollee  ddee  rreecchheerrcchhee  
CChheerrcchheeuurr((ee))  pprriinncciippaall((ee))  ddééssiiggnnéé::  MMaarrcc--AAnnddrréé  BBééddaarrdd  

UUnniittéé  ddee  rraattttaacchheemmeenntt  ::  DDééppaarrtteemmeenntt  ddee  ppssyycchhoollooggiiee  

ÉÉqquuiippee  ddee  rreecchheerrcchhee::  

CCoo--cchheerrcchheeuurr((ss))  ::  PPeeddrroo  RRoossaa--NNeettoo  ((UUnniivveerrssiittéé  MMccGGiillll));;  JJeeaann--PPaauull  SSoouuccyy  ((UUnniivveerrssiittéé  ddee  MMoonnttrrééaall));;  

CCoollllaabboorraatteeuurr  ::  SSeerrggee  GGaauutthhiieerr  ((UUnniivveerrssiittéé  MMccGGiillll))  

ÉÉttuuddiiaanntt((ss))  rrééaalliissaanntt  lleeuurrss  pprroojjeettss  ddee  mméémmooiirree  oouu  ddee  tthhèèssee  ((iinncclluuaanntt  lleess  tthhèèsseess  ddee  ssppéécciiaalliissaattiioonn))  ddaannss  llee  ccaaddrree  

dduu  pprréésseenntt  pprroottooccoollee  ddee  rreecchheerrcchhee  ::    

TTiittrree  dduu  pprroottooccoollee  ddee  rreecchheerrcchhee  ::  VVaalliiddaattiioonn  dduu  1188FF--FFlluuoorrooeetthhooxxyybbeennzzoovveessaammiiccooll  ((FFEEOOBBVV))  ccoommmmee  bbiioommaarrqquueeuurr  ddee  llaa  
mmaallaaddiiee  dd’’AAllzzhheeiimmeerr  

OOrrggaanniissmmee  ddee  ffiinnaanncceemmeenntt    ((llee  ccaass  éécchhééaanntt))::  FFRRQQSS  ((22001133--22001155))  

CCee  pprroojjeett  aa  ééttéé  aapppprroouuvvéé  iinniittiiaalleemmeenntt  ppaarr  llee  CCÉÉRR  ddee  llaa  ffaaccuullttéé  ddee  mmééddeecciinnee  ddee  ll’’UUnniivveerrssiittéé  MMccGGiillll  ((FFWWAA  
0000000044554455))..  

MMooddaalliittééss  dd’’aapppplliiccaattiioonn  

  
LLee  pprréésseenntt  cceerrttiiffiiccaatt  eesstt  vvaalliiddee  ppoouurr  llee  pprroojjeett  tteell  qquuee  ssoouummiiss  aauu  CCIIEERREEHH..  LLeess  mmooddiiffiiccaattiioonnss  iimmppoorrttaanntteess  ppoouuvvaanntt  

êêttrree  aappppoorrttééeess  aauu  pprroottooccoollee  ddee  rreecchheerrcchhee  eenn  ccoouurrss  ddee  rrééaalliissaattiioonn  ddooiivveenntt  êêttrree  ccoommmmuunniiqquuééeess  aauu  ccoommiittéé11..  

  

TToouutt  éévvèènneemmeenntt  oouu  rreennsseeiiggnneemmeenntt  ppoouuvvaanntt  aaffffeecctteerr  ll’’iinnttééggrriittéé  oouu  ll’’éétthhiicciittéé  ddee  llaa  rreecchheerrcchhee  ddooiitt  êêttrree  ccoommmmuunniiqquuéé  

aauu  ccoommiittéé..  

  

TToouuttee  ssuussppeennssiioonn  oouu  cceessssaattiioonn  dduu  pprroottooccoollee  ((tteemmppoorraaiirree  oouu  ddééffiinniittiivvee))  ddooiitt  êêttrree  ccoommmmuunniiqquuééee  aauu  ccoommiittéé  ddaannss  

lleess  mmeeiilllleeuurrss  ddééllaaiiss..  

  

LLee  pprréésseenntt  cceerrttiiffiiccaatt  dd’’éétthhiiqquuee  eesstt  vvaalliiddee  jjuussqquu’’aauu  3311  mmaarrss  22001155..    SSeelloonn  lleess  nnoorrmmeess  ddee  ll’’UUnniivveerrssiittéé  eenn  vviigguueeuurr,,  uunn  

ssuuiivvii  aannnnuueell  eesstt  mmiinniimmaalleemmeenntt  eexxiiggéé  ppoouurr  mmaaiinntteenniirr  llaa  vvaalliiddiittéé  ddee  llaa  pprréésseennttee  aapppprroobbaattiioonn  éétthhiiqquuee..  LLee  rraappppoorrtt  

dd’’aavvaanncceemmeenntt  ddee  pprroojjeett  ((rreennoouuvveelllleemmeenntt  aannnnuueell  oouu  ffiinn  ddee  pprroojjeett))  eesstt  rreeqquuiiss  ppoouurr  llee  ::  1155  mmaarrss  22001155  ::  

hhttttpp::////wwwwww..rreecchheerrcchhee..uuqqaamm..ccaa//eetthhiiqquuee//hhuummaaiinnss//ccoommiitteess--rreeuunniioonnss--ffoorrmmuullaaiirreess--eetthh--hhuummaaiinnss//cciieerr--ccoommiittee--

iinnssttiittuuttiioonnnneell--ddeetthhiiqquuee--ddee--llaa--rreecchheerrcchhee--aavveecc--ddeess--eettrreess--hhuummaaiinnss..hhttmmll  

  
  

                                                                                                        2299  mmaaii  22001144                                    

                                                                                                                                                                                                                                          

MMaarriiaa  NNeennggeehh  MMeennssaahh              DDaattee  dd’’éémmiissssiioonn  iinniittiiaallee  dduu  cceerrttiiffiiccaatt  

PPrrooffeesssseeuurree  

PPrrééssiiddeennttee  

                                                                                                            
11  MMooddiiffiiccaattiioonnss  aappppoorrttééeess  aauuxx  oobbjjeeccttiiffss  dduu  pprroojjeett  eett  àà  sseess  ééttaappeess  ddee  rrééaalliissaattiioonn,,  aauu  cchhooiixx  ddeess  ggrroouuppeess  ddee  ppaarrttiicciippaannttss  eett  àà  llaa  ffaaççoonn  ddee  lleess  

rreeccrruutteerr  eett  aauuxx  ffoorrmmuullaaiirreess  ddee  ccoonnsseenntteemmeenntt..  LLeess  mmooddiiffiiccaattiioonnss  iinncclluueenntt  lleess  rriissqquueess  ddee  pprrééjjuuddiicceess  nnoonn--pprréévvuuss  ppoouurr  lleess  ppaarrttiicciippaannttss,,  lleess  

pprrééccaauuttiioonnss  mmiisseess  eenn  ppllaaccee  ppoouurr  lleess  mmiinniimmiisseerr,,  lleess  cchhaannggeemmeennttss  aauu  nniivveeaauu  ddee  llaa  pprrootteeccttiioonn  aaccccoorrddééee  aauuxx  ppaarrttiicciippaannttss  eenn  tteerrmmeess  dd’’aannoonnyymmaatt  

eett  ddee  ccoonnffiiddeennttiiaalliittéé  aaiinnssii  qquuee  lleess  cchhaannggeemmeennttss  aauu  nniivveeaauu  ddee  ll’’ééqquuiippee  ((aajjoouutt  oouu  rreettrraaiitt  ddee  mmeemmbbrreess))..  

http://www.recherche.uqam.ca/ethique/humains/comites-reunions-formulaires-eth-humains/cier-comite-institutionnel-dethique-de-la-recherche-avec-des-etres-humains.html
http://www.recherche.uqam.ca/ethique/humains/comites-reunions-formulaires-eth-humains/cier-comite-institutionnel-dethique-de-la-recherche-avec-des-etres-humains.html


                
No. du certificat : S-702624 
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POSITRON EMISSION TOMOGRAPHY (PET) & MAGNETIC RESONANCE IMAGING (MRI)  

CONSENT FORM 
 

McConnell Brain Imaging Center, Departments of Nuclear Medicine & Neuroradiology 
 
 

Title of the Project:     
Clinical validation of the 18F-Fluoroethoxybenzovesamicol (FEOBV) as a reliable biomarker for 
Alzheimer’s disease (AD). 
 
Principal Investigators :  
Marc-André Bédard, PhD;  
Jean-Paul Soucy, MD, MSc;   
Pedro Rosa-Neto, MD, PhD 
 
Co-Investigator: 
Serge Gauthier, MD  
 
Sponsor : 
Fonds de Recherche du Québec en Santé (FRQS, Grant # 27303)  
 
 
 
1. REASON FOR THE STUDY 
The aim of this study is to assess how effective a new Positron Emission Tomography (PET) imaging 
tracer is for improving the diagnosis and follow-up of Alzheimer’s disease (AD). The new imaging 
tracer, called FEOBV, will be compared to two other PET tracers (FDG and NAV4694) more 
commonly used to assist in AD diagnosis. 
 
The current document contains the information required to better understand the different steps and 
procedures involved in this study. You do not have to decide today whether or not you want to 
participate. Time will be set aside for you to review the document, ask questions, and discuss it with 
whomever you want.  
 
2.              PROCEDURES  
This study involves three different groups of 10 participants each: 1) Healthy volunteers; 2) Patients 
with a diagnosis of Alzheimer’s Disease (AD); and 3) Patients with a diagnosis of Mild Cognitive 
Impairment (MCI).   
 
You have been invited to take part in this study because you either have a diagnosis of AD, MCI, or 
you are considered a healthy research volunteer. If you choose to take part in this study, you will be 
asked to have a phone interview to confirm your eligibility. Thereafter, if you are eligible for this 
study, the brain imaging sessions will be scheduled. The imaging sessions will take place at the 
Montreal Neurological Institute (MNI).   
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2.1 Phone Interview 
During the phone interview, a series of questions will be asked about your past and current medical 
history as well as your previous involment in other research projects on AD or MCI. This phone 
interview should last approximately 15 to 20 minutes. 
 
2.2 Appointments at the Montreal Neurological Institute (MNI) 
If you are eligible to participate following the phone interview, you will be scheduled for a series of 
appointments at the MNI Brain Imaging Centre (BIC). During each of these appointments, PET 
imaging will be performed with one of the three compounds under study (FEOBV, FDG, and 
NAV4694). The mean duration of such PET imaging appointments is between 1 and 2 hours.  
However, another radiological technique called Magnetic Resonnance Imaging (MRI) will be 
completed during the first appointment, as well as some questionnaires and memory tests, so that the 
total duration of that first appointment will rather be 3 hours.  
 
Throughout the duration of this study, you will undergo a total of six PET scans: Three at the 
beginning of the study, and three others one year later. No more than one scan will be scheduled 
within the same week. 
 
2.3 PET imaging Description 
PET is a nuclear medicine procedure involving the administration of very small amounts of a 
chemical called a tracer, and labeled with a radioactive atom of very short half-life (the time it takes 
for half of the radioactivity to disappear). When administered intravenously to a subject, this tracer 
circulates in the blood to reach its target where it will briefly stay before it decays. During this 
process, the tracer will emit a very small amount of radioactivity that can be detected by a 
sophisticated PET camera. With the help of high power computing, researchers are then able to study 
the distribution in brain of the chemical that has been administred. No effect of the tracer can be 
detected in a given individual, since it is always administered in very small amounts (tracer dose).  
  
All PET imaging sessions scheduled as part of your participation will be supervised by a qualified 
nuclear medicine physician. On your arrival at the MNI PET unit, you will have to fill in routine 
questionnaires about your general physical condition. Then, you must lay on a couch, and a fine 
needle-catheter will be inserted into an arm vein. This needle-catheter will be used for the 
administration of one of the radioactive chemical substances used in the study (FEOBV, FDG and 
NAV4694). The couch will be moved into a cylindrical opening for the scanning process, which lasts 
approximately 30 minutes. The device is completely passive and has no electrical (or other) output 
that may be harmful.  
 
2.4 MRI Description 
MRI is a non invasive technique used in radiology to investigate the anatomy of the body. MRI 
scanners use strong magnetic fields and radiowaves to form images of the body. The technique is 
widely used in hospitals for medical diagnosis. It will be used in the current study to obtain a detailed 
picture of your brain anatomy, in order to analyse the images obtained from the PET sessions. 
  
You will be asked to lie on a couch that will be moved into a cylindrical opening where pictures of 
your head will be taken during a period of approximately 30 minutes. The MRI machine will not 
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produce any pain during the scan, but it is very noisy. To reduce the noise, you will be given 
earplugs. You will be able to communicate with the technician during the procedure.  
 
3. CONTRAINDICATIONS  
3.1 For the PET Studies 
The following conditions preclude participation to the PET scan : 1) Being under the age of 18; 2) 
Pregnancy or Breast Feeding; 3) Previous radiation doses received within the past year (12 months) 
that would lead - with the inclusion of the current study - to an total radiation absorbed dose 
exceeding 50 mSv. 
 
3.2 For the MRI Study 
The following conditions preclude participation to the MRI scan: 1) Pacemaker; 2) Aneurysm Clip; 
3) Heart/Vascular Clip; 4) Prosthetic Valve; 5) Metal Prosthesis; 6) Claustrophobia; 7) Pregnancy; 8) 
Transdermal patches (if you need to have a patch on most of the time, you should bring one with you 
for application after the scanning session). 
 
4. ADVANTAGES  
There is no direct advantage for your participation to this study. No aspect of this study may be 
considered as part of a medical treatment or management for your personal condition. However, it is 
hoped that the information obtained with your paticipation will help us improve the current methods 
of diagnosis and follow up of AD.   
 
5. RISKS & DISADVANTAGES RELATED TO THE PET SCANS  
During the PET imaging sessions, you may feel a stinging sensation at the time of the needle-catheter 
insertion into the vein. Moreover, the reduced mobility during the scanning process may also be a 
source of restlessness and discomfort for some participants.  
 
PET imaging involves the injection of specific agents (FEOBV, NAV4694, FDG) not normally 
present in your body. Like any other chemical or pharmaceutical coumpound, these agents have a 
potential to produce undesireable or allergic reactions. To date, there have been two adverse reactions 
reported in the world following the administration of NAV4694 : 1) Syncope (brief loss of 
consciousness), and 2) Allergic reaction.  No other unfavourable drug reactions associated with the 
use of any of these three agents (FEOBV, NAV4694, FDG) have been identified until now. 
 
Given that FEOBV, NAV4694 and FDG are radioactive compounds, this means that you will be 
exposed to a small dose of radiation (measured in milliSieverts, or mSv), above what one individual 
is usually exposed to in daily life (natural radiation in the environment, cosmic rays, …), or for 
medical reasons (diagnostic X-rays, radiation therapy, …). Most of the radioactivity will be gone 
from your body after a few hours. Nationally accepted limits of radiation doses administered for 
research purposes have been defined at 50 mSv/year. In order to ensure that the amount of radiation 
you receive does not exceed the annual limits, you must inform us of your participation in any 
research involving radiation exposure. Similarly, if you are participating in or thinking of 
participating in other research involving radiation exposure, you must inform the investigator of 
those studies of your participation in this study. The dose you are expected to receive for the 3 PET 
scans at the start of the study is estimated at 19 mSv. The same is expected for the 3 other ones 
performed one year later, for a total study dose of 38 mSv. 
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Most of the radioactivity you will receive will be gone from your body in a matter of hours (by 20 
hours, it will be essentially undetectable). When people think of radiation exposure and risks, often 
the risk pertains to the development of cancer. It is known that radiation increases the risk of 
developing cancer when exposed to certain doses. The doses used for this PET imaging study are 
very small, and these small doses have not been associated with the development of cancer. The risk 
of developing some future cancer resulting from your participation in this study is very low, and 
might not even exist. 
 
If you are or may become pregnant, please note that this research procedure may involve 
unforeseeable risks to the embryo or foetus.  Enrolled participants must not be pregnant and should 
agree to contraception while on study. 
 
Please note that FEOBV and NAV4694 are not currently approved for clinical use in Canada. 
However, their use for reseach purposes is allowed by Health Canada. As for the FDG, its usage is 
approved in Canada for both clinical and research purposes. 
 
6. EFFECTS OF PARTICIPATION IN THIS STUDY ON YOUR TREATMENT  
Positron emission tomography or magnetic resonance spectroscopy do not interfere with any 
treatment or other diagnostic tests. Your participation to this research will not affect any part the 
current medical management of your condition. Moreover, in the event of any research-related injury 
or adverse event, an appropriate treatment will be put in place for you. 
 
7. CONFIDENTIAL NATURE OF THIS STUDY   
The data collected in this study will be kept confidential. No personal information will be released to 
third parties without your written approval. Only the person directly involved in the research project 
will have access to these data. In case of dissemination of the study results, it will not be possible to 
identify the participating individuals. Your name, date of birth, address, telephone number and 
medical information collected for this study may have to be forwarded to Health Canada, upon 
request. Data will be kept for a 5-year duration after the end of the study (funding period) before 
being destroyed.  
 
8. INCIDENTAL FINDINGS  
MRI/PET research scans are not subject to clinical review.  However, incidental findings noted by 
the researcher may be communicated to you and, upon your request, to your physician.  
 
9. DISCONTINUATION OF THE STUDY BY THE INVESTIGATOR 
At any time during testing, the investigators have the right to terminate the study for any reason such 
as technical, financial, scientific, or safety issues. 
 
10. COMPENSATION 
Upon completion of the study you will qualify for a compensation for transport, time lost, and other 
inconveniences: 40.00$ per session, for a total of $240.00 (6  sessions). 
If studies have to be terminated for any reason, compensation will be adjusted according to the 
fraction of the study completed. 
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11. WITHDRAWAL FROM THE STUDY 
Your participation in this research project is voluntary.  You may withdraw at any time, including 
during the procedure, without justification or prejudice to yourself or your treatment. 
 
12. CONTACTS  
At any time during this reseach project, you may be contacted by a member of the McGill 
Institutional Review Board, at the discretion of the board.  
 
For any query regarding your participation into this research project, you may want to contact the 
coordinator, Ms Meghmik Aghourian, at the following number: (514) 769-9716  
 
You may also contact one of the investigators involved in this study: 
 

• Project as a whole and neuropsychological testing: 
o Dr M.A. Bédard, PhD  (514) 987-3000, ext. 0220 

 
• PET & MRI Imaging:   

o Dr J.P. Soucy, MD, MSc (514) 398-8515 
o Dr P. Rosa-Neto, MD, PhD (514) 766-2010 

 
• Enrollment of participants: 

o Dr S. Gauthier, MD   (514) 766-2010 
 
13. COMPLAINTS  
You may address any complaint related to this research project to the Montreal Neurological Hospital 
patient’s committee at the following number  (514) 398-5358  
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POSITRON EMISSION TOMOGRAPHY (PET) & MAGNETIC RESONANCE IMAGING 
(MRI)  

CONSENT FORM 
 

McConnell Brain Imaging Center, Departments of Nuclear Medicine & Neuroradiology 
 
Title of the Project:     
Clinical validation of the 18F-Fluoroethoxybenzovesamicol (FEOBV) as a reliable biomarker for 
Alzheimer’s disease (AD). 
 
Principal Investigators :  
Marc-André Bédard, PhD;  
Jean-Paul Soucy, MD, MSc;   
Pedro Rosa-Neto, MD, PhD 
 
Co-Investigator: 
Serge Gauthier, MD  
 
Sponsor : 
Fonds de Recherche du Québec en Santé (FRQS, Grant # 27303)  
  
 

SUBJECT'S DECLARATION OF CONSENT 
  
I, __________________________________________, have read the above description with one  
 
of the above investigators, ________________________________.  
  
I fully understand the procedures, advantages and disadvantages of the study, which have been 
explained to me.  I freely and voluntarily consent to participate in this study.  
  
Further, I understand that I may seek information about any aspect of this research project, before, 
during, or after its realisation, that I am free to withdraw at any time if I desire, and that my personal 
information will be kept confidential.  
 
I do not waive any of my legal rights by signing this consent form.  
 
I will receive a signed copy of this consent form. 
 
 
SIGNATURE _________________________________________________ ____________ 

SUBJECT      DATE       
 
SIGNATURE _________________________________________________ ____________
    INVESTIGATOR     DATE       
 



 

110 

APPENDIX D 

REPRINT OF ARTICLE BY TAYLOR SCHMITZ AND COLLEAGUES 2018 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Report

Longitudinal Alzheimer’s Degeneration Reflects the
Spatial Topography of Cholinergic Basal Forebrain
Projections

Graphical Abstract

Highlights

d The basal forebrain degenerates substantially in early

Alzheimer’s disease (AD)

d Longitudinal gray matter loss in the basal forebrain, cortex,

and amygdalae covaries

d This covariation reflects the organization of the basal

forebrain cholinergic projections

d This covariation also reflects [18F] FEOBV PET indices of

cholinergic denervation

Authors

Taylor W. Schmitz, Marieke Mur,

Meghmik Aghourian,

Marc-Andre Bedard, R. Nathan Spreng,

for theAlzheimer’s DiseaseNeuroimaging

Initiative

Correspondence
taylor.schmitz@gmail.com

In Brief

Among older adults in prodromal stages

of Alzheimer’s disease, Schmitz et al.

show that longitudinal degeneration

within sub-regions of the basal forebrain

covaries with cortico-amygdalar

topographies of both structural

degeneration and cholinergic

denervation. The findings support the

view that loss of cortico-amygdalar

cholinergic input is a pivotal event in AD

progression.

Schmitz et al., 2018, Cell Reports 24, 38–46
July 3, 2018 ª 2018 The Author(s).
https://doi.org/10.1016/j.celrep.2018.06.001

mailto:taylor.schmitz@gmail.com
https://doi.org/10.1016/j.celrep.2018.06.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2018.06.001&domain=pdf


Cell Reports

Report

Longitudinal Alzheimer’s Degeneration
Reflects the Spatial Topography
of Cholinergic Basal Forebrain Projections
Taylor W. Schmitz,1,7,* Marieke Mur,2 Meghmik Aghourian,3,4,5 Marc-Andre Bedard,3,4,5 and R. Nathan Spreng,1,6

for the Alzheimer’s Disease Neuroimaging Initiative
1Department of Neurology and Neurosurgery, Montreal Neurological Institute, McGill University, Montreal, QC, Canada
2Medical Research Council Cognition and Brain Sciences Unit, University of Cambridge, Cambridge, UK
3Cognitive Pharmacology Research Unit, Université du Québec à Montréal (UQAM), Montreal, QC, Canada
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SUMMARY

The cholinergic neurons of the basal forebrain (BF)
provide virtually all of the brain’s cortical and amyg-
dalar cholinergic input. They are particularly vulner-
able to neuropathology in early Alzheimer’s disease
(AD) and may trigger the emergence of neuropa-
thology in their cortico-amygdalar projection system
through cholinergic denervation and trans-synaptic
spreading of misfolded proteins. We examined
whether longitudinal degeneration within the BF
can explain longitudinal cortico-amygdalar degener-
ation in older human adults with abnormal cerebro-
spinal fluid biomarkers of AD neuropathology. We
focused on two BF subregions, which are known to
innervate cortico-amygdalar regions via two distinct
macroscopic cholinergic projections. To further
assess whether structural degeneration of these re-
gions in AD reflects cholinergic denervation, we
used the [18F] FEOBV radiotracer, which binds to cor-
tico-amygdalar cholinergic terminals. We found that
the two BF subregions explain spatially distinct pat-
terns of cortico-amygdalar degeneration, which
closely reflect their cholinergic projections, and over-
lap with [18F] FEOBV indices of cholinergic denerva-
tion.

INTRODUCTION

The emergence of Alzheimer’s disease (AD) neuropathologies,

such as misfolded b-amyloid (Ab) and Tau proteins, progresses

in stages across anatomically and functionally connected re-

gions of the brain, with certain brain regions affected before

others (Braak and Braak, 1991; Braak and Del Tredici, 2015;

Raj et al., 2012, 2015; Seeley et al., 2009). Why certain brain re-

gions appear more vulnerable to AD pathology than others has

long remained a mystery. However, recent functional genomics

research, using brain tissue in both human AD and non-human

animal models of AD, has started to elucidate structural and

functional cell characteristics that predict selective neuronal

vulnerability to AD pathology. Vulnerable neurons typically

have large axonal projections that extend relatively long dis-

tances, from one region of the brain to another. As a result,

they require high metabolic expenditure to maintain trophic sup-

port—transporting materials over long distances and maintain-

ing enormous cytoskeletal surface areas. These morphological

properties increase vulnerability to oxidative stress and neuroin-

flammation, perturbed energy homeostasis, and accumulation

of misfolded proteins (Lewis et al., 2010; Mattson and Magnus,

2006; Wang et al., 2010).

The magnocellular cholinergic neurons in the basal forebrain

(BF) are known to have very large projections, targeting distal

areas of the cortical mantle and amygdalae via multiple routes

such as the cingulum bundle (Bloem et al., 2014; Chandler

et al., 2013; Hecker and Mesulam, 1994; Kondo and Zaborszky,

2016; Mesulam et al., 1983a, 1986; Zaborszky et al., 2015). Pre-

cise estimates of their size have been difficult to obtain due to

the complexity of their axonal branching. Recently, however,

the complete morphology of individual cholinergic neurons was

visualized in mice using a novel cell labeling technique (Wu

et al., 2014). Extrapolating from their results, the authors

estimated that cholinergic projections in humans approach

�100 m in length for a single cell when accounting for all axonal

branches. As a result of their exceptional size, cholinergic neu-

rons are therefore likely to exhibit selective neuronal vulnerability

(SNV) to AD pathology.

Consistent with the SNV model, post-mortem histological ev-

idence suggests that the cholinergic BF neurons accumulate

both intraneuronal Tau, and, interestingly, intraneuronal Ab as

early as the third decade of life, with profound accumulation

observed 1 year after transition to mild cognitive impairment

(MCI) (Arendt et al., 2015; Baker-Nigh et al., 2015; Braak and

Braak, 1991; Braak and Del Tredici, 2015; Geula et al., 2008; Me-

sulam et al., 2004; Mesulam, 2013; Schliebs and Arendt, 2006,

2011). In vivo neuroimaging data have demonstrated that
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cognitively normal (CN) older adults expressing abnormal cere-

brospinal fluid (CSF) biomarkers of Ab accumulation, i.e., individ-

uals in preclinical stages of AD, exhibit greater longitudinal

degeneration in the BF compared to CN adults with normal

CSF Ab (Schmitz and Spreng, 2016). Furthermore, total gray

matter volume in the BF at baseline was found to predict subse-

quent longitudinal degeneration in the entorhinal cortex—a

major target of cholinergic innervation (Kondo and Zaborszky,

2016)—and memory impairment. Competing models using

baseline volume in entorhinal cortex to predict longitudinal

degeneration in BF were not supported (Schmitz and Spreng,

2016). These findings suggest a potential interdependence be-

tween degeneration in the BF and the cholinoreceptive cortical

targets of its projection system.

Research in non-human animals strongly supports this possi-

bility. In mice bred to express a genetic knockout or knockdown

of the vesicular acetylcholine transporter (VAChT, SLC18A3), a

protein required for acetylcholine (ACh) release from cholinergic

BF neurons (de Castro et al., 2009; Prado et al., 2013), long-term

cholinergic deficiency leads to abnormal accumulation of Ab and

Tau in cholinoreceptive cortical neurons (Kolisnyk et al., 2016,

2017). These data suggest a role for cholinergic signaling in

maintaining normal cell metabolism, including native biological

functions related to the amyloid precursor and Tau proteins. In

parallel to cholinergic denervation, intact but diseased cholin-

ergic inputs might facilitate yet another mechanism of ‘‘seeding’’

the cortex with AD pathology, specifically through the trans-syn-

aptic spread of misfolded Tau fragments (Clavaguera et al.,

2009; de Calignon et al., 2012; Khan et al., 2014).

If the emergence of AD pathology in the cortex is caused by

the loss of cortical cholinergic input or trans-synaptic spreading

of Tau from cholinergic neurons, then the spatial topography

of cortico-amygdalar degeneration should reflect the cholin-

ergic projection system. The cholinergic BF projections exhibit

topographical organization at multiple spatial scales (Ballinger

et al., 2016; Bloem et al., 2014; Kondo and Zaborszky, 2016; Me-

sulam and Geula, 1988; Mesulam et al., 1983b, 1986; Zaborszky

et al., 2015). To accommodate the spatial scale of high-resolu-

tion structural magnetic resonance imaging (MRI) data employed

in the present study, we chose a topography that divides the BF

into two segregated macroscopic projections (Zaborszky et al.,

2008), the medial septal nucleus and diagonal band of Broca

(MS/DBB) projection targeting medial temporal lobe, and the

nucleus basalis of Meynert (NbM) projection targeting frontopar-

ietal cortices and the amygdalae (Figures 1A and S1; Experi-

mental Procedures). Structural properties such as gray matter

volume are known to selectively co-vary between brain regions

that are functionally and anatomically connected (Alexander-

Bloch et al., 2013; Bassett et al., 2008; Cantero et al.,

2017; Chen et al., 2008; Dupre and Spreng, 2017; He et al.,

2007; Kilimann et al., 2017; Schmitz and Spreng, 2016; Spreng

and Turner, 2013), enabling us to test the covariance

in longitudinal structural degeneration between the BF and

distinct targets of its cholinergic projections in the cortex and

amygdalae.

Longitudinal voxel-based morphometry was used to measure

changes in BF and cortico-amygdalar gray matter (GM) volume

over a 2-year interval in older adults with mild cognitive impair-

ment (MCI) and the CSF-Ab biomarker of central AD pathology

(Shaw et al., 2009). These data were acquired from the Alz-

heimer’s Disease Neuroimaging Initiative (Mueller et al., 2005).

Voxel-based morphometry was used to derive longitudinal

indices of GM degeneration within the BF sub-regions (Grothe

et al., 2018). We then performed a ‘‘seed-to-searchlight’’ anal-

ysis to determine whether the BFMS/DBB andNbM sub-regions

(the ‘‘seeds’’) exhibit unique patterns of covariation with regions

of cortex (the ‘‘searchlights’’). We then compared these maps

against a direct in vivo assay of cortical cholinergic denervation

using the positron emission tomography (PET) radiotracer [18F]

FEOBV, which exhibits high binding sensitivity and specificity

to VAChT (Aghourian et al., 2017). We show that in AD, topogra-

phies of longitudinal cortical degeneration covary with

Figure 1. Basal Forebrain Regions of Interest and Longitudinal Degeneration in Early AD

(A) Regions of interest (ROIs) were defined from stereotaxic probabilistic maps of the human basal forebrain (Zaborszky et al., 2008). The nucleus basalis of

Meynert (NbM) is displayed in green. The medial septal nucleus and diagonal band of Broca (MS/DBB) are displayed in red. The ROIs are projected on coronal

slices in standard atlas space (MNI y coordinates are inset).

(B) Longitudinal degeneration (y axis) of both NbM and MS/DBB was elevated among individuals with abnormal cerebrospinal levels of the amyloid-b biomarker

and mild cognitive impairment (AAbMCI) relative to age-matched controls with normal Ab and cognitive function (NAb CN). y axis units are averaged gray matter

volume within each ROI ± SEM.
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longitudinal degeneration of the NbM and MS/DBB and closely

reflect the known anatomical organization of the cortical cholin-

ergic projection system, as well as the functional topographies of

cortical cholinergic denervation assayed by [18F] FEOBV PET.

RESULTS

The BF Exhibits Severe Longitudinal Degeneration in
Early AD
To ensure the presence of AD pathology in our sample of older

adults, independent of longitudinal structural MRI, we used the

cerebrospinal fluid amyloid-b biomarker (CSF Ab1–42). Prior ana-

lyses of the ADNI core datasets (Shaw et al., 2009) have provided

a cutpoint for CSF Ab1–42 concentration at which diagnostic

sensitivity and specificity to AD is maximal (192 pg mL�1),

yielding correct detection of 96.4% (<192 pg mL�1) and correct

rejection of 95.2% (>192 pg mL�1) (Experimental Procedures).

Only individuals with abnormal CSF Ab1–42 values (AAb) falling

below this cutpoint were included. Second, in order to ensure

our sample was at a stage of AD characterized by longitudinal

degeneration in amygdalar, allocortical, and neocortical areas

(Grothe et al., 2013; Schmitz and Spreng, 2016), we further

filtered individuals according to their neuropsychological status.

Only individuals with a diagnosis of MCI based on the ADNI neu-

ropsychological test battery were included. We included both

MCI individuals who remained stable and converted to AD in

the 2-year study interval. After triangulating AD pathology from

CSF biomarker and neuropsychological measures, our final

sample size of AAb MCI adults was n = 80 (mean ± SD; CSF

Ab1–42 concentration = 136.45 ± 25.31, range = 81–190). See

Table S1 for demographic and neuropsychological information,

as well as CSF total Tau and phosphorylated Tau indices. See

Table S2 for individual ADNI research identifier numbers, sMRI

image identifier numbers, and Ab subgroup designation. Individ-

uals presenting MCI neuropsychological status but normal CSF

Ab levels were excluded from all forthcoming analyses, as their

cognitive symptoms are likely to be caused by non-AD pathol-

ogy, for example, vascular dementia and hippocampal sclerosis.

See Table S3 for excluded MCI participants.

We next confirmed that the AAb MCI group exhibited

abnormal longitudinal degeneration in the BF subregional

ROIs: NbM and MS/DBB. To do so, we compared longitudinal

GM changes (time 1 – time 2) in the AAb MCI group against a

control group of age-matched older adults with both normal

CSF Ab1–42 values (NAb) and normal neuropsychological status

(NAb CN: n = 52, mean ± SD; CSF Ab1–42 concentration =

242.46 ± 25.55, range = 196–300). These groups also differed

significantly in their CSF concentrations of total Tau and phos-

phorylated Tau (Tables S1 and S2). A 2 (group) 3 2 (BF ROI)

repeated-measures ANOVA revealed a significant main effect

of group (F1,130 = 16.4, p < 0.001), driven by significant between

group differences in both BF subregions (NbM: t130 = 3.5, p <

0.001; MS/DBB: t130 = 3.9, p < 0.001) (Figure 1B). We did not

observe amain effect of ROI (F < 1), or a group by ROI interaction

(F = 1). Consistent with existing work on longitudinal structural

degeneration of the BF in MCI (Grothe et al., 2013; Schmitz

and Spreng, 2016), our initial findings indicate that the presence

of AD pathology yielded large increases in the magnitude of

degeneration in both BF nuclei over a 2-year interval compared

to normally aging older adults.

Covariation of Longitudinal Degeneration between the
BF and Cortico-Amygdalar Regions
Having confirmed abnormal BF degeneration in our MCI sample,

we next conducted a regression-based seed-to-searchlight

analysis using the entire BF (NbM and MS/DBB combined) as

the seed region. Searchlight analyses test a statistical model in

small spherical ROIs (‘‘searchlights’’) centered on every voxel,

as opposed to the individual voxels themselves (Kriegeskorte

et al., 2006). At each searchlight, a multiple linear regression

model was performed with mean longitudinal degeneration

(time 1 – time 2) within the BF as the predictor, and nuisance co-

variates for age, sex, education, total intracranial volume, and

longitudinal change in whole brain volume. The dependent vari-

able was mean degeneration (time 1 – time 2) within the cortical

searchlight. A significant searchlight indicates a covariation in

longitudinal degeneration between the BF and the local neigh-

borhood of voxels within the searchlight region.

Across AAb MCI individuals, we found that larger magnitudes

of longitudinal BF degeneration covaried with larger magnitudes

of cortical degeneration in the frontal, temporal, and parietal

cortices. The data were corrected for multiple comparisons us-

ing a false discovery (FDR) rate p < 0.05 (Figure 2). Spatial foci

within these cortical areas are in close agreement with prior

work showing preferential vulnerability to AD pathology in ante-

rior medial temporal cortex, cingulate cortex, and lateral fronto-

parietal cortices (Buckner et al., 2005). We also observed signif-

icant covariation bilaterally in the amygdalae.

We conducted a second seed-to-searchlight analysis in the

NAb CN group, using the same model specifications as in

the AAb MCI group. However, this model failed to detect supra-

threshold cortical degeneration after correction for multiple

Figure 2. Spatial Topography of Covariance between BF and

Cortical Degeneration

Seed-to-searchlight analysis tested whether BF degeneration (averaged over

NbM and MS/DBB sub-regions) covaried with cortical degeneration within

6 mm radius spherical ‘‘searchlight’’ ROIs in the AAbMCI group, controlling for

age, sex, education, total intracranial volume, and longitudinal change in whole

brain volume. Significant searchlights (blue overlay) were determined using a

false discovery rate (FDR)-corrected p < 0.05. Results are projected on an

inflated cortical surface in MNI atlas space.
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comparisons. Hence, these patterns do not appear to reflect

normal age-related patterns of covariance between BF and

cortical degeneration.

Cortico-Amygdalar Covariation with BF Subregions
Reflects the Cholinergic BF Projections
Many of the spatial foci identified by this initial analysis are also

known to be strongly innervated by the ascending cholinergic

projections, including the entorhinal cortex, hippocampus,

amygdalae, and medial prefrontal cortex (Bloem et al., 2014;

Chandler et al., 2013; Hecker and Mesulam, 1994; Kondo and

Zaborszky, 2016; Mesulam et al., 1986, 1983a; Zaborszky

et al., 2015). However, the observed spatial topography may

merely reflect coincidental degeneration of the BF, cortex, and

amygdalae; AAb MCI individuals with larger magnitudes of BF

degeneration may tend to exhibit larger magnitudes of cortico-

amygdalar degeneration due to parallel independent events. If

this were the case, we would not expect degeneration within

subregions of the BF to exhibit distinct patterns of covariation

with degeneration in the cortex and amygdalae. Alternatively, if

pathological events within the cholinergic BF subregions and

their cortico-amygdalar targets are linked, longitudinal degener-

ation in NbM and MS/DBB should exhibit a pattern of cortico-

amygdalar interdependence reflecting the distinct topography

of their projections.

To adjudicate these competing alternatives, we conducted

two modified seed-to-searchlight analyses on each BF subre-

Figure 3. Degeneration within BF NbM and

MS/DBB Nuclei Covaries with Distinct

Spatial Topographies of Degeneration in

Their Cortical Targets

Seed-to-searchlight analysis tested whether the

NbM or MS/DBB BF subregions selectively co-

varied with cortical degeneration in the AAb

MCI group, controlling for degeneration in the

opposing BF subregion (MS/DBB and NbM,

respectively). The NbM selectively covaried with

degeneration (green overlays) in distributed areas

of frontal, parietal, and occipital cortex (top), as

well as in the amygdalae (bottom). The MS/DBB

selectively covaried with degeneration (red over-

lays) in more circumscribed areas of temporal

cortex including the middle temporal gyrus

(cortical surfaces), and the entorhinal cortices

(bottom). Additional areas included the temporo-

parietal and left inferior frontal cortices. Significant

searchlights were determined using a FDR-cor-

rected p < 0.05. Top: results are projected on an

inflated cortical surface in MNI atlas space. Bot-

tom: results are displayed on coronal slices in MNI

atlas space (y coordinates are inset).

gion—NbM and MS/DBB—that are

known to form segregated macroscopic

projections to distinct areas of cortex

and amygdalae. Each analysis examined

whether mean longitudinal degeneration

(time 1 – time 2) within either the NbM or

MS/DBB ROI selectively covaried with

mean degeneration within the cortical searchlights, while con-

trolling for degeneration in the opposing subregion. As before,

additional covariates included age, sex, education, total intra-

cranial volume, and longitudinal change in whole brain volume.

Across AAb MCI individuals, we observed that NbM and MS/

DBB selectively covaried with distinct topographies of cortical

degeneration that closely align with the segregated organization

of their cholinergic projections (Figure 3). Higher magnitudes of

NbM degeneration selectively covaried with higher magnitudes

of degeneration in a more distributed topography reflecting its

widespread cholinergic innervations of the frontal, parietal, and

occipital cortices (Bloem et al., 2014; Mesulam and Geula,

1988; Mesulam et al., 1986, 1983a). The NbM also selectively

covaried with higher focal degeneration in the amygdalae, an

area which is densely innervated by its cholinergic projections

(Hecker and Mesulam, 1994).

By contrast, the MS/DBB selectively covaried with higher

magnitudes of degeneration in a more circumscribed topog-

raphy. Degeneration within the temporal lobe, including the ento-

rhinal cortex and extending laterally into the middle temporal

gyri, are areas known to receive cholinergic innervations from

the medial septal nucleus (MS) and vertical band of the DBB

(Kondo and Zaborszky, 2016). Areas of MS/DBB covariation

outside of the temporal cortex included the olfactory cortex,

an area known to receive cholinergic projections from the hori-

zontal band of the DBB (Mesulam et al., 1983a, 1986). Our

longitudinal findings are consistent with cross-sectional studies
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demonstrating stronger inter-regional covariation of MS/DBB

with hippocampal and amygdalar gray matter, and NbM with

cingulate gray matter, in MCI compared to CN older adults (Can-

tero et al., 2017; Kilimann et al., 2017).

The subregional NbM and MS/DBB searchlight topographies

were more spatially restricted than the searchlight topography

observed in the initial analysis (both NbM and MS/DBB com-

bined; Figure 2), especially in the cortical midline, indicating

that the NbM and MS/DBB share common variance in these

searchlight locations.

Convergent Structural and Functional Topographies of
Cholinergic Degeneration
Our seed-to-searchlight structural degeneration maps suggest

an interdependence between ADpathology within the BF projec-

tion system and its cortico-amygdalar targets. However, by it-

self, sMRI cannot determine whether the observed structural in-

terdependencies (Figure 3) are specific to cortical cholinergic

innervations. We therefore adopted a multimodal imaging strat-

egy using the [18F] FEOBV PET radiotracer, which exhibits a very

high binding affinity and an excellent specificity for the vesicular

acetylcholine transporter (VAChT), a glycoprotein found on the

membrane of synaptic vesicles of cholinergic neurons (Aghour-

ian et al., 2017; Cyr et al., 2014; Parent et al., 2012) (Figure S2;

Table S4; Supplemental Experimental Procedures). The [18F]

FEOBV tracer provides an estimate of presynaptic neuronal

integrity and is thought to remain unaffected by the post-synap-

tic activity of enzymes such as acetylcholinesterase (ACHE),

although this has yet to be demonstrated in vivo. Cortical cholin-

ergic denervation, whether induced experimentally via selective

lesions of the BF nuclei in rats (Cyr et al., 2014; Parent et al.,

2012), or due to AD pathology in humans (Aghourian et al.,

2017), both alter regionally specific patterns of [18F] FEOBV

binding.

We first compared cognitively normal (n = 6) and AD (n = 6)

older adults with indices of [18F] FEOBV PET, collected as part

of a prior study (Aghourian et al., 2017), to identify areas of signif-

icant cholinergic denervation. A two-sample t test controlling for

age (Table S4; Experimental Procedures) revealed lower [18F]

FEOBV binding in the AD group spanning lateral fronto-parietal

and temporal cortical areas. Due to the smaller sample sizes,

we first imposed a cluster-forming threshold with an uncorrected

p < 0.001, followed a cluster-level FDR-corrected p < 0.05 (Woo

et al., 2014) (Figure 4A). We note that no differences were

observed in the thalamus, medial temporal lobe, or amygdalar

areas at the FDR-corrected threshold.

We next examined the precise areas of spatial convergence

between the [18F] FEOBV assay of cholinergic denervation (Fig-

ure 4A) and our seed-to-searchlight assay of BF-dependent

structural degeneration (Figure 4B). To do so, a logical AND

operation was performed on the FDR-corrected maps from

each imaging modality (Nichols et al., 2005). The resulting

Figure 4. Spatial Convergence across Multimodal Indices of Cortical Cholinergic Degeneration

(A) A map of cortical cholinergic degeneration assayed by between group comparison of [18F] FEOBV binding in cognitively normal versus AD adults (primary

cluster forming threshold p uncorrected <0.001, secondary FDR cluster level threshold <0.05).

(B) A composite of the seed-to-searchlight maps for each BF subregion (Figure 3) was generated using a logical OR operation.

(C) A conjunction analysis (logical AND) was then applied to the FDR-corrected maps in (A) and (B). Results are projected on an inflated cortical surface in MNI

atlas space.
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conjunction revealed tight correspondence in virtually all cortical

areas of the left hemisphere. The right hemisphere exhibited

lower spatial overlap, due in part to weaker effect sizes of clus-

ters in these areas in the [18F] FEOBV group comparison (Fig-

ure 4C). Taken together, these findings indicate that spatial

topographies of cortical degeneration in AD reflect the anatom-

ical topography of the cholinergic projection system, and thus

suggest the loss of cortical cholinergic input from the BF might

play a major role in the emergence of cortico-amygdalar gray

matter degeneration.

DISCUSSION

We demonstrated that the MS/DBB and NbM subregions of the

basal forebrain covary with segregated topographies of cortical

degeneration (Figure 3). These topographies align closely with

the known anatomical segregation between the cholinergic pro-

jections of theMS/DBB and NbM subregions (Bloem et al., 2014;

Hecker andMesulam, 1994; Kondo and Zaborszky, 2016; Mesu-

lam et al., 1983a, 1986; Zaborszky et al., 2015). We then used

[18F] FEOBV PET indices of binding with the vesicular acetylcho-

line transporter (VAChT) to demonstrate that cortical cholinergic

denervation in AD exhibits spatial correspondence with our

BF-dependent structural degeneration maps (Figure 4).

If the cholinergic BF neurons are selectively vulnerable to per-

turbed energy homeostasis, oxidative stress, and neuroinflam-

mation due to their large axons (Lewis et al., 2010; Mattson

and Magnus, 2006; Wang et al., 2010; Wu et al., 2014), they

might lose the capacity to maintain full trophic support of these

large axons over the course of aging. Lending support to this hy-

pothesis, the number of cholinergic fibers per BF neuron reduces

in early middle age, and especially in the transition from preclin-

ical to MCI stages of AD, against a background of accumulating

intraneuronal Ab, hyper-phosphorylated Tau, and neurofibrillary

tangles (Arendt et al., 2015; Baker-Nigh et al., 2015; Braak and

Braak, 1991; Braak and Del Tredici, 2015; Geula et al., 2008; Me-

sulam et al., 2004; Mesulam, 2013; Schliebs and Arendt, 2006,

2011). As a result, the cortex and amygdalae might become pro-

gressively denuded of cholinergic input, with genetic AD risk fac-

tors such as the APOE ε4 allele (Poirier et al., 1995) and reduced

metabolism (Rivera et al., 2005) contributing to differentiate

normal age-related from AD trajectories of cholinergic loss.

Work in non-human animals indicates that cortico-amygdalar

cholinergic denervation is a pivotal event in the AD pathophysio-

logical cascade. Among mice bred to express a deficiency in

VAChT (SLC18A3) capacity, the consequent reduction in cholin-

ergic tone across the lifespan is, by itself, sufficient to induce ag-

gregation of Ab and hyper-phosphorylated Tau within brain

areas receiving BF cholinergic projections, such as the hippo-

campus (Kolisnyk et al., 2016, 2017). Under this scenario, loss

of cholinergic BF projections might ‘‘seed’’ pathophysiological

changes in their cortical and amygdalar targets due to loss of

cholinergic signaling. In parallel to the loss of cholinergic input,

intact but diseased cholinergic projections might also transmit

Tau trans-synaptically to cholinoreceptvie cortico-amygdalar

neurons. Trans-synaptic spread of Tau has been reported

for glutamatergic neurons in the entorhinal and hippocampal

cortices (Clavaguera et al., 2009; de Calignon et al., 2012;

Khan et al., 2014), however, the findings imply a general mecha-

nism by which AD pathology can spread from diseased neurons

to functionally and anatomically connected healthy neurons. In

either scenario, degeneration within cortico-amygdalar targets

of cholinergic BF projections should reflect the topography of

the cholinergic projections themselves. We provide additional

support for this hypothesis with longitudinal structural MRI.

In humans, cholinergic hypofunction correlates with the for-

mation of Ab plaques, tangles containing hyper-phosphorylated

Tau and clinical severity of AD (Auld et al., 2002; Fisher, 2012).

We observed that in addition to abnormal CSF Ab concentration

(that was used as a grouping variable), both CSF phosphorylated

Tau and total Tau were significantly elevated in the AAb MCI

compared to the NAb CN group (Table S1). Although we cannot

infer fromCSF data where and how these biomarkers are distrib-

uted in the brain, our findings demonstrate that in the MCI group

longitudinal gray matter degeneration within the cortico-amyg-

dalar cholinergic BF projection system, as well as cognitive

decline, occurred against a biomolecular background of signifi-

cant neuropathology. Nevertheless, in humans, stronger con-

nections are needed to link the progression of cortical cholin-

ergic denervation to its potentially very early roles in driving

cortical neuropathology and altering cortical functions important

for cognition, such as selective attention (Romberg et al., 2013;

Schmitz et al., 2010, 2014; Schmitz and Duncan, 2018).

Standard T1-weighted sMRI measures of gray matter volume

cannot distinguish different cell types. Hence, we cannot infer

from our sMRI data alone whether longitudinal reductions in

gray matter within the BF reflect a selective loss of cholinergic

cell bodies, or some combination of cholinergic, GABAergic,

and glutamatergic neurons known to co-populate its MS/DBB

and NbM subregions (Henny and Jones, 2008; Lin et al., 2015).

The [18F] FEOBV PET radiotracer obviates this limitation. Unlike

FDG and amyloid radiotracers, [18F] FEOBV provides a highly

sensitive and selective biomarker of central cholinergic integ-

rity—VAChT binding (Aghourian et al., 2017). In the present

study, we did not have access to longitudinal structural MRI

and [18F] FEOBV PET within the same individuals. Although we

assessed the spatial convergence between imaging modalities

using conjunction analysis in MNI template space, the accuracy

of co-registration betweenmodalities can be further improved by

acquiring high-resolution PET and structural MRI within the same

individuals. Finally, we note that [18F] FEOBV PET was acquired

in AD participants who were actively taking ACHE inhibitors to

treat cognitive symptoms. Systematic investigation is required

to determine whether these drugs might influence [18F] FEOBV

binding.

Future work will benefit from a within-subjects multimodal

imaging strategy combining longitudinal [18F] FEOBV PET with

structural MRI, as well as direct evaluation of how pharmacolog-

ical intervention with ACHE inhibitors influences thesemeasures.

Nevertheless, our present findings underscore the need for

in vivomeasures of cell-type-specific degeneration of the cholin-

ergic system. Longitudinal monitoring of [18F] FEOBV binding in

cohorts of cognitively normal APOE ε4 carriers and non-carriers,

in combination with CSF biomarker indices of neuropathology,

will provide novel insights into the differential trajectories of the

neurotypical and preclinical aging brain.
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EXPERIMENTAL PROCEDURES

Structural MRI

Data used in the preparation of this article were obtained from the Alzheimer’s

Disease Neuroimaging Initiative (ADNI) database (http://adni.loni.usc.edu).

The ADNI was launched in 2003 as a public-private partnership, led by Prin-

cipal Investigator Michael W. Weiner, MD. The primary goal of ADNI has

been to test whether serial magnetic resonance imaging (MRI), positron emis-

sion tomography (PET), cerebrospinal fluid (CSF) biomarkers, and clinical and

neuropsychological assessment can be combined tomeasure the progression

of mild cognitive impairment (MCI) and early Alzheimer’s disease (AD).

Methodological steps for group classification (cognitively normal and early

AD), structural MRI preprocessing, and definition of basal forebrain ROIs are

in the Supplemental Information.

Seed-to-Searchlight Analyses

Longitudinal differences in GM were computed for the combined BF (NbM,

MS/DBB) ROI and the NbM and MS/DBB sub-region ROIs, for each subject.

These values were entered into multiple linear regression models (either com-

bined BF only, or both NbM and MD/DBB) as the predictor ‘‘seeds.’’ In both

cases, additional covariates included: age, sex, education, total intracranial

volume, and longitudinal change in whole brain volume. The dependent mea-

sure was the longitudinal difference in GM within a 6-mm radius spherical

searchlight ROI. Over successive iterations, the searchlight was positioned

at every voxel constrained within the population-average gray matter mask,

producing a seed-to-searchlight map. At each searchlight the multiple linear

regression was computed with the robust fitting method (i.e., robust regres-

sion) (Wilcox, 2004) to reduce potential outlier effects. Code for the seed-to-

searchlight analyses was adapted from the freely available RSA Toolbox (Nili

et al., 2014). Statistical significance on the searchlight maps was determined

at a FDR-corrected p < 0.05.

18[F] FEOBV PET

The [18F] FEOBV PET radiotracer was acquired in 12 participants: six patients

diagnosed with probable AD and six age-matched healthy volunteers (Table

S4). These sample sizes are similar to those of previous rodent studies

comparing FEOBV binding between an experimental group with induced

mild cholinergic lesions and controls (Cyr et al., 2014; Parent et al., 2012). All

participants were recruited at the McGill Centre for Studies in Aging (MCSA)

and assessed at the McConnell Brain Imaging Unit (BIC) of the Montreal

Neurological Institute (MNI). The original study protocol was approved by ‘‘Uni-

versité du Québec à Montréal’’ (UQAM), andMcGill University Research Ethics

Boards. Informed consent was obtained from all subjects prior to participation

in the study.

Methodological steps for group classification (cognitively normal and early

AD) and [18F] FEOBV PET preprocessing are in the Supplemental Information.

ANCOVA Model

We used SPM12 (http://www.fil.ion.ucl.ac.uk/spm/software/spm12/) to

conduct a between groups analysis (CN versus AD). The parameters for the

general linear model specification were as follows: threshold masking = rela-

tive (0.8), global calculation = mean voxel value, global normalization = overall

grand mean scaling (50); normalization = ANCOVA. Other parameter fields

were set to default values. Age was modeled as a covariate of non-interest

in the model. Statistical significance on the between group contrast (CN >

AD) was determined at a cluster-level FDR-corrected p < 0.05.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

two figures, and four tables and can be found with this article online at

https://doi.org/10.1016/j.celrep.2018.06.001.
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