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Caminante, son tus huellas 
el camino y nada más; 

Caminante, no hay camino, 
se hace camino al andar. 

Al andar se hace el camino, 
y al volver la vista atrás 

se ve la senda que nunca 
se ha de volver a pisar. 

Caminante no hay camino 
sino estelas en la mar1 

Antonio Machado 

 
  

                                                      
1 Wanderer, it is your footprints 
   winding down, and nothing more; 
   Wanderer, no roads lie waiting, 
   roads you make as you explore, 
   Step by step your road is charted, 
   and behind your turning head 
   lies the path that you have trodden, 
   not again for you to tread. 
   Wanderer, there are no roadways, 
   only wakes upon the sea 
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ABSTRACT 

Alzheimer's disease (AD) is the leading cause of dementia worldwide. This 
disease, however, starts decades before any clinical symptom appears with 
the accumulation in the brain of aggregates of two main proteins: amyloid-
β (Aβ) and tau. In recent years, the appearance of in vivo biomarkers 
capable to track biological changes has boosted the research interest to 
earlier phases of the disease. With these concepts in mind, the general 
objective of this thesis was to investigate Aβ deposition and its downstream 
effects in the earliest stages of the Alzheimer's continuum. To this aim, the 
four studies of the thesis include participants of the ALFA (from Alzheimer 
and Families) cohort, who are characterized as being cognitively 
unimpaired, (late) middle-aged, and to be enriched in risk factors for AD. 
Thus, increasing the probability of incorporating participants with low-
intermediate burden of Aβ.  

In the first two studies of this thesis, our focus was set on the early detection 
of Aβ deposition using PET scans. We first used automated quantification 
methods, as typically done in the research setting and, second, we used 
visual assessment, which is more often used in the clinical context. Our 
results lead to the identification of quantitative thresholds for the detection 
of early abnormalities in amyloid PET scans significantly lower than 
previously proposed. We also concluded that visual inspection of Aβ PET 
scans is sensitive to detect and grade early Aβ deposition in the brain.  

In the third study, Aβ PET images were used to investigate whether risk 
factors for Alzheimer's dementia promoted the deposition of insoluble, 
fibrillar aggregates of Aβ in the brain for similar levels of Aβ in the 
cerebrospinal fluid (CSF), reflecting the production/clearance rate of 
soluble Aβ species. We found that that the main unmodifiable risk factors 
for Alzheimer's dementia -older age, female sex, and APOE-ε4 allele 
carriership- increased deposited fibrillar Aβ for similar levels of soluble Aβ 
as measured in the CSF. However, while older age and female sex 
promoted the deposition in typical AD-related areas, thus suggesting an 
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additive effect, APOE-ε4 allele facilitated the spread of Aβ in the entorhinal 
area, which has been described as an area vulnerable to tau deposition. 
This result suggests that APOE-ε4 allele-related mechanisms might 
accelerate the propagation of Aβ pathology to these areas, facilitating the 
spread of tau through the neocortex and thus, contributing to raise the risk 
of developing AD.  

Finally, in our last study, we investigated Aβ-downstream effects in the 
earliest stages of the Alzheimer's continuum. To this aim, we analysed core 
and novel AD CSF biomarkers. These included: Aβ42/40 and 
phosphorylated tau (p-tau) as markers of Aβ and tau pathology, 
respectively; total tau (t-tau) and neurofilament light (NfL) as markers of 
neurodegeneration; neurogranin for synaptic dysfunction; glial fibrillary 
acidic protein (GFAP), YKL-40, soluble triggering receptor on myeloid cells 
2 (sTREM2), S100b, interleukin 6 (IL-6) as glial activity biomarkers and, 
total α-synuclein as marker of α-synuclein pathology. We observed that, 
although studying participants with low Aβ load, many pathophysiological 
pathways, such as inflammation, were already altered. Of note, our results 
suggest a direct link between Aβ deposition in the brain and 
neurodegeneration that is independent of tau pathology. Further, we 
described their direct and/or indirect associations with Aβ deposition, as 
well as the moderation effects of some Alzheimer’s dementia risk factors 
on these relationships.  
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RESUM 

La malaltia d'Alzheimer és la causa principal de demència en tot el món. 
Aquesta malaltia però, comença dècades abans de l'aparició de qualsevol 
símptoma clínic amb l'acumulació en el cervell de l'agregat de dues 
proteïnes: l'amiloide-β (Aβ) i la tau. En els últims anys, l'aparició de 
biomarcadors in vivo capaços de monitoritzar aquests, entre d'altres, 
canvis biològics ha estimulat l'interès cap a etapes més inicials de la 
malaltia. Amb aquests conceptes en ment, l'objectiu general d'aquesta 
tesis era el d'investigar l'acumulació d'Aβ i els seus efectes derivats en les 
etapes més incipients del continu de la malaltia d'Alzheimer. Amb aquest 
objectiu, els quatre estudis d'aquesta tesis inclouen participants de la 
cohort ALFA (per Alzheimer i Famílies), els quals es caracteritzen per ser 
cognitivament sans, ser de mitjana edat avançada i per estar 
prioritàriament seleccionats per tenir factors de risc per l'Alzheimer. 
Incrementant, d'aquesta manera, la possibilitat d'incorporar participants 
amb càrrega baixa o intermitja d'Aβ.  

En els primers dos estudis d'aquesta tesis, el nostre focus era la detecció 
precoç de l'acumulació d'Aβ utilitzant imatges PET. Primer utilitzant 
mètodes de quantificació automàtica, típicament utilitzats en la recerca i, 
segon, mitjançant l'avaluació visual, que és més sovint utilitzada en el 
context clínic. Els nostres resultats ens van portar a la identificació de 
llindars quantitatius per a la detecció precoç d'anormalitats en les imatges 
PET d'Aβ significativament inferiors als prèviament proposats. A més, 
també vam concloure que la inspecció visual d'aquestes imatges és 
sensible per detectar i qualificar el dipòsit inicial d'Aβ en el cervell.  

En el tercer estudi, les imatges PET d'Aβ van ser utilitzades per investigar 
si factors de risc per la demència d'Alzheimer promovien l'acumulació 
d'agregats fibril·lars insolubles d'Aβ en el cervell per nivells similars d'Aβ 
mesurat en el líquid cefalorraquidi (LCR), els quals reflecteixen el rati de 
producció/eliminació d'espècies solubles d'Aβ. La nostra conclusió en 
aquest estudi és que els tres principals factors de risc no modificables per 
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a la demència d'Alzheimer -edat avançada, sexe femení i ser portador de 
l'al·lel APOE-ε4- incrementen la càrrega fibril·lar d'Aβ dipositat per nivells 
similars d'Aβ soluble mesurat en el LCR. Tanmateix, mentre que l'edat 
avançada i el sexe femení promouen el dipòsit d'Aβ en àrees típiques de 
la malaltia d'Alzheimer i, per tant, suggereixen un efecte additiu; l'al·lel 
APOE-ε4 facilita l'expansió de l'Aβ en l'escorça entorínica, que ha sigut 
descrita per ser especialment vulnerable al dipòsit de la proteïna tau. 
Aquest últim resultat suggereix que, els mecanismes relacionats amb l'al·lel 
APOE-ε4 podrien accelerar la propagació de la patologia Aβ a aquestes 
àrees, facilitant la futura propagació de la proteïna tau pel neocòrtex i 
contribuir així, a l'augment de risc de desenvolupar la malaltia d'Alzheimer. 

Finalment, en el nostre últim estudi, vam investigar els efectes derivats de 
l'acumulació d'Aβ en les primeres etapes del continu de la malaltia 
d'Alzheimer. Amb aquest objectiu, vam analitzar marcadors bàsics i novells 
en LCR de la malaltia d'Alzheimer. Aquests inclouen: Aβ42/40 i tau 
fosforilat (p-tau) com a marcadors de patologia Aβ i tau, respectivament; 
tau total (t-tau) i neurofilament lleuger (NfL) com a biomarcadors de 
neurodegeneració; neurogranina per disfunció sinàptica; GFAP, YKL-40, 
sTREM2, S100b i IL-6 com marcadors d'activitat glial i, α-synucleïna total 
com a marcador de patologia d'α-synucleïna. Val a destacar que els 
nostres resultats suggereixen una relació directe entre el dipòsit d'Aβ en el 
cervell i la neurodegeneració que és independent de la patologia tau. A 
més, també vam descriure les associacions directes i/o indirectes amb la 
càrrega d'Aβ, així com l'efecte moderador d'alguns factors de risc en 
aquestes relacions.    
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INTRODUCTION 

� ALZHEIMER’S DISEASE 

Alzheimer's disease (AD) is a neurodegenerative disorder that is clinically 
characterized by progressive cognitive decline, which ultimately leads to 
dementia. Memory impairment is one of the most well-known traits of AD, 
however, other cognitive domains, such as executive function or 
visuospatial abilities, are also impaired during the course of the disease 
(Weintraub et al., 2012; Mortamais et al., 2017). AD affects approximately 
40 million people in the world but it is thought to reach 115.4 million patients 
by the year 2050 due to the increase in life expectancy (Prince et al., 2013). 
At present, there is no treatment capable to cure, stop or even slow down 
the progression of the disease. For this reason, it is of utmost importance 
to study and to understand the pathophysiological events that occur during 
the Alzheimer’s continuum to design interventions that can modify the 
course of this disease. Ideally, it has been suggested that these 
interventions should be applied in preclinical stages to prevent the start of 
cognitive decline. 

 
Main pathophysiological events in AD 

AD is characterized by two main pathological hallmarks: senile plaques of 
amyloid-β (Aβ) and neurofibrillary tau tangles (NFT; Figure 1). Aβ plaques 
are aggregations of Aβ fibrils that accumulate outside neurons in dense 
formation. And tau tangles are found within the neuron body and consist of 
aggregations of hyperphosphorylated tau protein (Selkoe and Hardy, 
2016). The accumulation of these two proteins is thought to cause neural 
death, which leads to neurodegeneration and consequently causes 
cognitive impairment of the subjects.  

Aβ and tau accumulation in the brain were already described by Alois 
Alzheimer when he reported the first case of AD, subsequently named after 
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him (Alzheimer, 1907; Stelzmann et al., 1995). Both proteins can be 
measured in post mortem neuropathological studies, which until some 
years ago was the only way to establish a definitive diagnosis of AD. 
However, in recent years many in vivo biomarkers have been developed 
for both proteins and a more accurate diagnosis of AD can be performed 
before death. These biomarkers include neuroimaging biomarkers, such as 
positron emission tomography (PET) (Masdeu, 2017; Jagust, 2018), or 
soluble biomarkers, such as the level of certain proteins measured in the 
cerebrospinal fluid (CSF) and in the plasma (Molinuevo et al., 2018a; Milà-
Alomà et al., 2019; Zetterberg and Bendlin, 2020; Zetterberg and Blennow, 
2021). 

 
Figure 1: Aβ senile plaques and neurofibrillary tau tangles seen with immunohistochemistry. 
Upper row shows diffuse (A) and dense (B) Aβ senile plaques. Lower row show NFT of both pre-
tangles (arrowheads, C) and mature tangles (arrows, D). Modified from (Deture and Dickson, 2019). 

Parallel to Aβ and tau accumulation, AD is characterized by many other 
alterations in the brain. The most common and well-known is 
neurodegeneration. AD-related neurodegeneration is characterized by 
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atrophy in particular areas of the brain, such as the hippocampus and 
entorhinal cortex (ERC), which has been described as the Alzheimer's 
signature (Dickerson et al., 2009). This neurodegeneration can be 
measured through neuroimaging techniques such as structural magnetic 
resonance imaging (MRI) and fluorodeoxyglucose (FDG) PET (Reiman and 
Jagust, 2012; Jagust, 2018), but also using fluid biomarkers such as total 
tau (t-tau) and neurofilament light (NfL) levels which can be measured in 
CSF and plasma (Molinuevo et al., 2018a; Milà-Alomà et al., 2019; 
Zetterberg and Bendlin, 2020). Other pathophysiological mechanisms 
altered in AD are neuroinflammation and synaptic function which can be 
also measured through specific imaging techniques and soluble biomarkers 
(Heneka et al., 2015; Lagarde et al., 2018; Milà-Alomà et al., 2019; 
Zetterberg and Bendlin, 2020).  

 
Temporal evolution of AD pathophysiological events 

The alterations mentioned above, however, do not occur all at the same 
time (Figure 2A). The Alzheimer's continuum spans a long period, in which 
different pathophysiological events appear at different moments. For 
instance, Aβ PET burden needs more than 30 years to achieve the levels 
typically observed in AD patients from those in healthy controls (Villemagne 
et al., 2013; Wang et al., 2020) (Figure 2B). Autosomal dominant AD 
(ADAD) is the familiar version of AD. Given that it shows a similar pattern 
of events than sporadic AD, it has been used to understand the preclinical 
stage of the disease. In ADAD, CSF Aβ levels decline up to 25 years before 
the estimated years of onset (EYO) (Bateman et al., 2012a). Also in the 
familiar version of AD, Aβ accumulation can be detected using PET, after 
CSF Aβ levels alterations, and up to 15 years before EYO. This is followed 
by changes in phosphorylated tau (p-tau) and brain atrophy, around 15 
years before EYO, and finally, hypometabolism is detected in FDG PET 
together with episodic memory decline of the patients, 10 years before EYO 
(Bateman et al., 2012a). In non-autosomal dominant AD, a similar ordering 
was found, with CSF Aβ becoming abnormal first, followed by increases in 
Aβ PET burden, then increases in CSF p-tau, followed by abnormalities in 
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MRI and FDG biomarkers of neurodegeneration and, finally, cognitive 
impairment (Jack et al., 2013a). 

More recently, other biomarkers have also shown alterations early in the 
Alzheimer's continuum. In this sense, the soluble triggering receptor on 
myeloid cells 2 (sTREM2) is a marker of microglial activation that can be 
measured in CSF. The CSF levels of sTREM2 are increased after Aβ 
accumulation and neuronal injury but before clinical onset (Suárez-Calvet 
et al., 2016). Also biomarkers of synaptic dysfunction, and astroglial-
response have shown increases after Aβ and tau changes (Palmqvist et al., 
2019a, Milà-Alomà et al., 2020a) (See "Other AD biomarkers" section). 

 
Spatial evolution of AD pathophysiological events 

It is also important to note, that Aβ and tau follow different spatio-temporal 
patterns of accumulation in the brain (Figure 3). Some models have been 
proposed to depict the spread of these two proteins across the brain using 
post-mortem neuropathological data. Historically, tau accumulation was the 
first to be described using a staging model. This model divided the spread 
of tau into six stages that are called the Braak and Braak stages (Braak and 
Braak, 1991). These stages included: transentorhinal area as the first to 
become affected (stage I), followed by the ERC and the hippocampus 
(stage II), temporal preneocortex (stage III), adjoining neocortex areas and 
the insula cortex (stage IV), that evolve to superior-lateral areas (stage V) 
and, finally, primary areas of the neocortex (stage VI) (Braak et al., 2006, 
2011). Then, staging methods for Aβ accumulation appeared first mainly 
focusing its attention on medial temporal lobe (MTL) areas (Braak and 
Braak, 1997; Thal et al., 2000), but were followed by a more global model, 
including its spread across the whole brain (Thal et al., 2002). According to 
this model, Aβ accumulation starts in the neocortex (phase 1), followed by 
the involvement in the allocortical regions (phase 2). Afterwards, the 
regions affected by Aβ accumulation are diencephalic nuclei, the striatum, 
and the cholinergic nuclei of the basal forebrain (phase 3).  And, finally, Aβ 
accumulates in several nuclei of the brainstem (phase 4) and the 
cerebellum (phase 5).  
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Figure 2: Biomarkers progression across the AD continuum. Hypothetical evolution of different 
AD biomarkers is shown in (A). Subfigure (B) shows the Aβ accumulation over time as well as the 
expected rates and time to progression in different stages of the disease. Modified from(Jack et al., 
2013a; Villemagne et al., 2013) 
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Figure 3: Aβ and tau accumulation patterns. Upper row show the Aβ accumulation pattern and 
lower row show tau accumulation pattern. Modified from (Braak and Braak, 1997; Thal et al., 2018). 

 

� CORE AD BIOMARKERS 

The field of AD biomarkers experimented a revolution in the last few years, 
which has influenced both the clinical and the research settings. In the 
following section, we describe the main biomarkers currently available for 
Aβ, tau and neurodegeneration. Then, we comment on the relationships 
between them and, to finalize, we detail some of the implications that these 
developments have entailed in the research of AD.  

 
Amyloid-β pathology 

In recent years many different Aβ biomarkers have been developed (Cohen 
et al., 2019). They can be grouped into two big categories: neuroimaging 
Aβ biomarkers and fluid Aβ biomarkers. The latter can also be divided into 
those that measure Aβ concentrations in the CSF and in the blood. Apart 
from these general divisions, each biomarker has its characteristics, with 
its advantages and disadvantages, and measure different forms of Aβ. In 
this section, we will summarize the main characteristics of each of these 
biomarkers and their inter-relationships.  

Aβ has different species (e.g. Aβ42, Aβ40, Aβ38) depending on their length 
that have been related to different levels of toxicity in the brain (Molinuevo 
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et al., 2018a). Whilst Aβ42, is a minor component in the CSF and plasma in 
physiological conditions, it is the major component of Aβ plaques (Iwatsubo 
et al., 1994). For this reason maybe, CSF Aβ42 was the first Aβ biomarker 
to be developed (Motter et al., 1995; Galasko et al., 1998; Andreasen et al., 
1999). Already in the first studies, it showed decreased levels in AD 
individuals compared to normal controls. As Aβ42 was known to be 
deposited in Aβ plaques in the brain (Roher et al., 1993; Iwatsubo et al., 
1994), it was hypothesized that the lower clearance in AD patients may 
result in lower Aβ42 levels in the CSF (Motter et al., 1995). Nowadays, CSF 
Aβ42 levels are often normalized to Aβ40 levels, which seems not as 
pathogenic as Aβ42, to account for inter-individual Aβ production differences 
and other technical factors. This procedure has shown advantages above 
CSF Aβ42 alone in the differentiation of AD patients (Hansson et al., 2019). 

Another Aβ biomarker usually used in clinical and research settings is Aβ 
PET (Rowe and Villemagne, 2013; Meyer et al., 2019), which refers to the 
amount of Aβ deposited in the brain by means of an specific radiotracer and 
a PET scan (Figure 4). The first Aβ tracer to be developed was the 11C-
Pittsburgh compound B (PIB), which was administered for the first time to 
a human subject in 2002. In the first study with humans, PIB showed good 
discrimination between AD subjects and healthy controls, with high 
retention of the tracer in areas known to accumulate Aβ in AD patients 
compared to healthy controls (Klunk et al., 2004). The main caveat of PIB 
is that is labelled with 11C, which has a very short half-life and, therefore, 
reduces its usability only to PET centers with an on-site cyclotron. To 
overcome this limitation, 18F-labelled tracers, with a longer half-life, were 
developed a few years later. At this moment, three 18F-labelled Aβ tracers 
are approved by the Food and Drug Administration (FDA) and the European 
Medicines Agency (EMA): [18F]flutemetamol (Vandenberghe et al., 2010), 
[18F]florbetaben (Rowe et al., 2008; Barthel et al., 2011; Villemagne et al., 
2011) and [18F]florbetapir (Wong et al., 2010; Clark et al., 2011). All have 
shown good accuracy to differentiate between AD patients and healthy 
controls (Morris et al., 2016) and, more importantly,  have been validated 
against pathology (Clark et al., 2011; Sabri et al., 2015; Ikonomovic et al., 
2016). In addition, a study compared two of the fluorinated tracers with PIB 
measures showing a very high correlation (Landau et al., 2014).  
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Figure 4: Aβ PET imaging with different tracers. This figure shows Aβ negative (upper row) and 
Aβ positive (lower row) PET scans with different tracers (columns). Modified from (Rowe and 
Villemagne, 2013) 

 
In research, the most widely-used methodology to assess an Aβ PET scan 
is quantification. In static PET scans, which are the most commonly used, 
the metric most often utilised is the standardized uptake value ratio (SUVR). 
This is a measure of tracer binding in a region of interest (ROI) that is 
normalized to the uptake in a reference region, which is supposed not to 
have any specific binding. It is important to note, though, that this measure 
can be highly affected by the preprocesing methods and the definition of 
ROIs used to quantify the images, the selection of the reference region, or 
when using different tracers (Schwarz et al., 2017). To overcome this issue, 
the Centiloid project was designed (Klunk et al., 2015). It aimed to 
standardize the Aβ PET quantification in a way that measures of different 
centers and tracers could be directly compared using the Centiloid scale 
(CL). This scale, as the Centigrade scale, has two anchor points: one at 0 
CL, which represents the mean Aβ retention of young controls, and another 
at 100 CL, which is the average Aβ retention of typical AD patients. The 
Centiloid project also proposed a standard processing pipeline to quantify 
the images, as well as a standard set of ROIs as target and four different 
reference regions, which are all publicly available (www.gaain.org/centiloid-
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project). Importantly, the Centiloid group has also proposed a method to 
validate any other non-standard Centiloid quantification method making use 
of alternative processing pipelines or ROIs. Thus, one could use their 
method to quantify their Aβ PET images and then transform the measure 
into CL, which will be more comparable to CL of other centers than their 
original SUVRs.   

While quantification of Aβ PET scans provides a continuous measure, in 
some cases it might be of interest to simply classify subjects into Aβ positive 
or negative, especially for decision making (i.e. who should enter in a 
clinical trial). In the clinical routine, Aβ PET quantification is barely used and 
scans are classified as positive or negative by visual read (VR) by a trained 
nuclear physician or radiologist. VR is the only FDA- and EMA-approved 
method to classify participants into Aβ positive or negative. This method 
has been validated against neuropathological Aβ measures, considered to 
be standard of truth (Clark et al., 2011; Sabri et al., 2015; Ikonomovic et al., 
2016; Salloway et al., 2017). It has been claimed that VR is a conservative 
measure as it was developed to indicate moderate-to-frequent plaques as 
evaluated using the CERAD classification (Mirra et al., 1991; Salloway et 
al., 2017), which may lead to a lack of sensitivity in early cases where Aβ 
accumulation is still low. Few studies have derived CL thresholds against 
VR positivity, but those that had have found high CL thresholds (around 40 
CL) (Battle et al., 2019; Hanseeuw et al., 2020). Therefore, it is fair to 
assume that there is still room for improvement as regards the applicability 
of VR assessment to early disease stages, which is especially important for 
clinical trials targeting preclinical subjects.  

Although CSF Aβ and Aβ PET quantification have been used as Aβ 
biomarkers interchangeably in the research setting, their exact 
correspondence is not straightforward. In dichotomic classification, both CSF 
Aβ and Aβ PET have shown good accuracy in classifying subjects (Landau 
et al., 2013; Palmqvist et al., 2014, 2015). Nonetheless, its different criteria 
to derive cut-offs for positivity (Jack et al., 2017) can lead to different 
conclusions (Milà-Alomà et al., 2020b). It is important to note that CSF Aβ 
and Aβ PET measure different pools of Aβ (Roberts et al., 2017); CSF Aβ is 
thought to measure the product of Aβ production and clearance, whereas Aβ 
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PET tracers are known to bind only to dense fibrillar Aβ plaques and have 
low affinity to diffuse Aβ plaques or soluble Aβ (Rowe and Villemagne, 2013). 
Moreover, CSF Aβ and Aβ PET have a negative association, as CSF 
decreases and Aβ PET binding increases in AD patients (Fagan et al., 2006). 
In addition, this association is highly non-linear (Toledo et al., 2015) (Figure 
5), being characterized by a larger dynamic range of CSF Aβ measures in 
the lower range of Aβ PET values that later on plateaus at the upper range 
of Aβ PET values. Altogether these characteristics result in an earlier 
detectability of abnormality in CSF Aβ than Aβ PET measures (Palmqvist et 
al., 2016), which suggests that CSF Aβ more suitable for an early and 
sensitive measure of Aβ pathology. However, it has also pointed out that the 
usual Aβ PET thresholds for positivity may be too high to detect this 
early/subtle amyloidosis and that lowering them may result in a more 
sensitive measure (Villeneuve et al., 2015). 
 
 

 
Figure 5: Association between CSF Aβ and Aβ PET measures. Relationship between CSF Aβ 
levels and Aβ PET SUVR in a sample of 646 participants covering the whole Alzheimer's continuum. 
Blue dots represent Aβ negative subjects and red triangles represent Aβ positive subjects as 
classified by visual assessment of Aβ PET. Modified from (Hansson et al., 2018) 

 
Both CSF and PET have advantages and drawbacks as Aβ biomarkers. 
One of the main advantages of measuring Aβ in CSF is that its collection 
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allows the measurement of other proteins in the same exam. Further, it is 
more available and cheaper to perform than Aβ PET, although it is also an 
invasive technique. Another of its caveats is the low comparability of 
quantitative levels between different laboratories and even batch-to-batch 
(Mattsson et al., 2013; Kuhlmann et al., 2017). To overcome this, the 
Elecsys β-amyloid (1–42) assay (Roche Diagnostics), a fully automated 
electrochemiluminescence immunoassay, was recently developed (Bittner 
et al., 2016). This Aβ essay relies on the automatization and the use of 
reference measurement procedures to produce replicable results across 
laboratories and lots. Although its recent development, it has already shown 
high concordance with Aβ PET and generalizable cut-offs for Aβ positivity 
have been derived (Hansson et al., 2018; Schindler et al., 2018; Shaw et 
al., 2018).  

The regional information, on the other hand, is the main advantage of PET 
imaging compared to soluble biomarkers. This regional information has 
shown multiple clinical implications (Grothe et al., 2017; Hanseeuw et al., 
2018; Mattsson et al., 2019; Collij et al., 2020; Jelistratova et al., 2020). In 
particular, staging models including regional Aβ information to classify 
participants have shown improved predictive capacity for cognitive decline 
and atrophy compared to global Aβ classification (Hanseeuw et al., 2018; 
Mattsson et al., 2019; Collij et al., 2020). Furthermore, these regional 
staging methods have also proven their value for earlier Aβ detection 
(Grothe et al., 2017; Collij et al., 2020; Jelistratova et al., 2020), and showed 
its association to regional neuropathological markers of Aβ pathology 
(Teipel et al., 2020). However, all these regional staging methods rely on 
quantification methods only. Although many of the VR criteria are based on 
regional assessment, the final classification often omits this information, 
leading to a final positive or negative without exploiting the extension of Aβ 
accumulation. Thus, including regional information into VR assessment 
could lead to an earlier and more precise characterization of the 
progression of the disease.  

Finally, blood-based Aβ biomarkers are the most recent development in this 
field (Zetterberg et al., 2011; Janelidze et al., 2016; Nakamura et al., 2018). 
The main and huge advantage of this type of biomarker is that is a non-
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invasive technique, suitable for screening the general population. This, 
together with a projected lower cost compared to the other two techniques, 
will allow more generalizable testing, which may in turn help earlier Aβ 
detection and enable preventive intervention strategies. However, there is 
still a lot to work to do to assess its validity, especially in the general 
population. Further, plasma biomarker do not give any regional information, 
which, as explained above, has been proven useful. 

Altogether, we can say that all Aβ biomarkers have their advantages and 
caveats. Moreover, although they are usually used indistinguishably, 
especially in the clinics, they are measuring different signs of Aβ 
dysmetabolism and their relationship may be complex.   

 
Tau pathology 

Together with Aβ, NFT are the other pathological hallmark of AD. Tau 
pathology can be also measured using both neuroimaging and soluble 
biomarkers. In the CSF, the most widely studied markers of tau pathology 
are p-tau (181) and t-tau, which were developed more than twenty years 
ago (Blennow et al., 1995). While p-tau measures the phosphorylated 
amount of tau, specific of AD, t-tau levels give an assessment of the total 
amount of tau, which can be related to other neurodegenerative diseases 
(Milà-Alomà et al., 2019). For this reason, t-tau has been sometimes 
proposed as a neurodegeneration marker. In the last few years other CSF 
p-tau biomarkers have appeared, measuring at different phosphorylation 
sites (e.g. 217 or 231) and in different fragments (e.g. mid-region, N-
terminal) with promising future applications (Barthélemy et al., 2020, 
Janelidze et al., 2020b; Suárez‐Calvet et al., 2020). CSF tau is elevated in 
AD patients compared to healthy controls (Hansson et al., 2006; Mattsson 
et al., 2009; Shaw et al., 2009; Olsson et al., 2016), and it already shows 
altered levels in the preclinical stage (Hansson et al., 2006; Shaw et al., 
2009, Bateman et al., 2012a). Thus, it is used to stage subjects in the 
Alzheimer's continuum (Fagan et al., 2014; McDade et al., 2018; Schindler 
et al., 2019). Similar to Aβ, fully automated CSF p-tau and t-tau biomarkers 
have been developed to minimize lot-to-lot variability (Blennow et al., 2019; 
Lifke et al., 2019).  
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On the other hand, tau PET tracers have only a few years of life. Although 
multiple tau PET tracers have shown their power to detect NFT in vivo 
(Marquié et al., 2017; Okamura et al., 2018; Leuzy et al., 2019), currently 
there is only one, [18F]flortaucipir, approved by the FDA for clinical 
purposes. The main advantage of tau PET over CSF biomarkers, as with 
Aβ PET, is that they provide topographical information. In tau PET, this 
information is usually analysed looking at Braak-like regions (Cho et al., 
2016; Schöll et al., 2016) which can be used to stage participants (Pascoal 
et al., 2020). Moreover, it has shown a tight association with 
neurodegeneration and cognitive decline (Schöll et al., 2016; Bejanin et al., 
2017; Maass et al., 2017; Pascoal et al., 2020).  

In the field of plasma biomarkers, there has been a recent revolution 
regarding tau measurements. Recent studies have shown a very high 
association with tau PET and CSF tau measures (Mielke et al., 2018, 
Palmqvist et al., 2019b), showing elevated levels shortly after the first 
changes in CSF Aβ but before reaching Aβ PET positivity. These results have 
been validated to multiple other pathological measures of AD including 
neuropathological data (Janelidze et al., 2020a; Thijssen et al., 2020). 

 
Neurodegeneration 

Multiple biomarkers are currently used to measure neurodegeneration in 
the AD field. As previously stated, structural MRI is one of the most 
convenient and widely-used ways to measure neurodegeneration. This was 
typically done using visual ratings (Scheltens et al., 1992), but several 
quantitative methods have appeared to measure gray matter (GM) volumes 
and/or thickness (Dickerson et al., 2009, Jack et al., 2015a). Another widely 
accepted imaging biomarker for neurodegeneration FDG PET scan which 
measures glucose metabolism (Minoshima et al., 1997, Jack et al., 2015a), 
although it can also be related to synaptic and metabolic dysfunction 
(Reiman, 2011). This can also be assessed either by visual inspection or 
by quantification.  

As for soluble biomarkers, CSF t-tau has been used as a marker of 
neurodegeneration in the past, but recent studies suggest that the novel 
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CSF NfL might be superior for this purpose (Kern et al., 2019; Mattsson-
Carlgren et al., 2020). Neurofilaments are abundant in the axons of the 
neurons, and of all types, NfL has shown to be the best biomarker of 
neurodegeneration as it leaks into the CSF when there is neuronal and 
axonal damage (Milà-Alomà et al., 2019), irrespective of cause (Khalil et 
al., 2018). NfL levels increase in mild cognitive impairment (MCI) and 
Alzheimer's dementia stages (Sjögren et al., 2001; Zetterberg et al., 2016; 
Alcolea et al., 2017). More importantly, NfL, either in blood or in CSF, has 
demonstrated its capacity as a staging biomarker, as its levels continuously 
increase during the progression of the disease, and it is already elevated in 
preclinical AD and as early as a decade before symptoms in ADAD subjects 
(Weston et al., 2017, 2019; Bos et al., 2019; Preische et al., 2019). More 
precisely, in a recent study of our group, we showed that CSF NfL levels 
were associated with CSF Aβ already in cognitively unimpaired participants 
(Milà-Alomà et al., 2020a), which was also replicated in a coetaneous 
independent study (Andersson et al., 2020). Altogether, NfL is a good 
biomarker for early neurodegeneration although it is important to note that 
it is unspecific for AD, as its levels increase in other neurodegenerative 
diseases with axonal loss (e.g. Parkinson's disease, frontotemporal 
dementia or vascular dementia) (Skillbäck et al., 2014; Lin et al., 2019). 

 
Relationship between core AD biomarkers 

Although the temporal and the spatial sequences of these 
pathophysiological events are well accepted, the mechanistic links between 
them as well as their drivers are still unknown. One of the hypotheses 
behind the pathophysiological alterations observed in AD is the so-called 
‘Aβ cascade hypothesis’ (Hardy and Higgins, 1992). This hypothesis, which 
has been revised in the recent years (Selkoe and Hardy, 2016), states that 
Aβ deposition leads to tau tangle formation and subsequent cell death. 
However, there are some studies of neuropathological data (Braak and 
Braak, 1997), that show that tau tangles may appear years, or even 
decades, before Aβ in specific subcortical nuclei (Braak and Del Tredici, 
2011). 
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Recently, another explanation regarding Aβ and tau interaction in the 
course of AD has been proposed. It has been suggested that the 
accumulation of tau filaments in the ERC is one of the first alterations to 
appear but may be only a consequence of aging (Braak and Braak, 1991). 
Supporting this, some studies have found this kind of accumulation in older 
subjects without cognitive impairment nor Aβ deposition (Braak and Braak, 
1997; Arnsten et al., 2020). However, Aβ deposition might be necessary for 
the spreading of tau to cortical areas, or at least it may facilitate it (Price 
and Morris, 1999; Musiek and Holtzman, 2012; Mungas et al., 2014; 
Pontecorvo et al., 2017; He et al., 2018). Some studies support that this 
spread occurs via cell-to-cell connections, similar to prion disease and that 
it is accelerated in those areas with previous Aβ deposition (Vogel et al., 
2020). However, this theory is still under debate and other studies suggest 
distinct types of interactions between tau and Aβ, such as tau, and not Aβ, 
being the initiating factor of the disease (Arnsten et al., 2020). 

The temporal and regional association between Aβ and tau accumulation 
and neurodegeneration is much clearer. On one hand, regional Aβ 
accumulation is not strongly associated with specific GM atrophy or FDG 
hypometabolism (Lehmann et al., 2013; Jagust, 2016; Iaccarino et al., 
2018; La Joie et al., 2020) of any specific region. On the other hand, there 
are multiple studies relating regional tau deposition with subsequent GM 
atrophy (Whitwell et al., 2008; Iaccarino et al., 2018; La Joie et al., 2020) or 
FDG hypometabolism (Ossenkoppele et al., 2015, 2016a; Bischof et al., 
2016) in the same or adjacent regions. The hypothesis is that tau 
accumulation within the neurons causes their death, provoking the later 
atrophy (Duyckaerts et al., 2009). 

Associations between the previously mentioned pathophysiological events 
during AD and cognitive decline are also well understood. Tau deposition, 
but not Aβ, is related to cognitive decline both as shown in post-mortem 
neuropathological as well as in vivo studies (Arriagada et al., 1992; Gómez-
Isla et al., 1997; Giannakopoulos et al., 2003; Brier et al., 2016). Higher 
density and extension of NFT are associated with decreased cognitive 
status in neuropathological studies (Nelson et al., 2012). Studies using tau 
PET have also confirmed these findings and revealed that the specific 
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areas affected by tau were also associated with the specific cognitive 
domains impaired (Ossenkoppele et al., 2016b; Schöll et al., 2016), as was 
also previously suggested by neuropathological data (Mitchell et al., 2002; 
Guillozet et al., 2003). As expected by the aforementioned relationship 
between tau accumulation and GM volume, neurodegeneration is also 
strongly associated with cognitive decline (Chetelat et al., 2003; Jack et al., 
2009; Saint-Aubert et al., 2016; Bejanin et al., 2017). Interestingly, GM 
atrophy partly mediates the association between tau accumulation and 
cognitive decline, suggesting that tau effect on cognition is partly, but not 
only, explained by its effects on GM volume (Bejanin et al., 2017). 

 
Implications of AD biomarkers on research 

The widespread utilisation of biomarkers in AD research has had 
consequences at multiple facets. One of the most important in the research 
setting is the development of new research criteria for the definition of AD, 
which moved from a syndromic definition to a more biological-based one. 
In this research framework, created by the National Institute on Aging (NIA) 
and the Alzheimer's Association (AA), subjects are classified using the 
A/T/(N) criteria (Jack et al., 2016). According to these criteria, participants 
are grouped as a function of their binary AD biomarker status (A for Aβ, T 
for tau and N for neurodegeneration) into three general categories: normal 
AD biomarkers (A-T-(N)-); Alzheimer's continuum (those that are A+ 
regardless of the other AD biomarkers status) and; non-AD pathological 
change (those that are T+ and/or N+ without being A+; Table 1). Under this 
framework, AD is defined as the presence of abnormal biomarkers of Aβ 
and tau, irrespective of cognitive status. Moreover, any subject with signs 
of tau and/or neurodegeneration without Aβ positivity will be considered to 
be outside the Alzheimer's continuum, even though they may enter into it if 
Aβ abnormalities can be detected later on. 

The availability AD biomarkers has also influenced the design of clinical 
trials. For some time now, it has been suggested that clinical trials against 
AD would benefit from focusing on the earliest stages of the disease 
(Sperling et al., 2011a). Knowledge that both Aβ and tau accumulation start 
years, even decades, before any clinical symptom opens a window of 
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treatment opportunity for therapeutic intervention before widespread 
damage in the brain. Within this period, stopping or slowing the 
accumulation of these proteins may also help in preventing future cognitive 
symptoms. Two examples of these early intervention trials are: the 
Dominantly Inherited Alzheimer Network (DIAN) trials unit (DIAN-TU) for 
ADAD participants (Mills et al., 2013) and the Anti-Amyloid Treatment in 
Asymptomatic Alzheimer's Disease (A4) for normal individuals identified 
"at-risk" for progression towards Alzheimer's dementia (Sperling et al., 
2014c; Insel et al., 2020). However, it is important to note that current 
clinical trials for AD are becoming more diversified including also 
inflammatory response, neuronal and synapse protection as target 
mechanisms of action (Cummings et al., 2020); or non-pharmacological 
interventions such as the Finnish Geriatric Intervention Study to Prevent 
Cognitive Impairment and Disability (FINGER), which is a multidomain 
approach involving diet, exercise cognitive training and vascular risk 
monitoring (Ngandu et al., 2015). 

 

AT(N) profiles Biomarker category 

A-T-(N)- Normal AD biomarkers 

A+T-(N)- Alzheimer’s pathologic change 

Alzheimer's 
continuum 

A+T+(N)- Alzheimer’s disease 

A+T+(N)+ Alzheimer’s disease 

A+T-(N)+ Alzheimer’s and concomitant suspected 
non Alzheimer’s pathologic change 

A-T+(N)- Non-AD pathologic change 

A-T-(N)+ Non-AD pathologic change 

A-T+(N)+ Non-AD pathologic change 

Table 1: Categorization of participants using the NIA-AA criterion by the AT(N) profile. 
Extracted from (Jack et al., 2018) 

In conclusion, the development of AD biomarkers in recent years has had 
a huge repercussion on the way we think about AD (Molinuevo et al., 
2018c). This change of view has influenced AD research in the way we 
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stage individuals, how clinical trials are designed, and has allowed us to 
understand many pathophysiological mechanisms in the course of the 
disease. However, this development has also revealed several unknown 
aspects and highlighted that focusing on the earliest stages of the disease 
may be of utmost importance to understand and prevent later 
consequences in the course of the Alzheimer's continuum.  

 

� OTHER BIOMARKERS RELATED TO 
PATHOPHYSIOLOGICAL MECHANISMS IN AD  

On top of the aforementioned Aβ and tau deposition and neurodegeneration, 
multiple other pathophysiological mechanisms are altered during the 
Alzheimer's continuum. In recent years, there has been an increasing interest 
in developing biomarkers targeting these pathways (Blennow and Zetterberg, 
2018, Molinuevo et al., 2018b; Milà-Alomà et al., 2019; Zetterberg and Bendlin, 
2020) (See Figure 6). In this section, their main characteristics will be reviewed. 
See Table 2 for a review of the whole list of biomarkers included in this thesis. 

 
Figure 6: Summary of the pathological events in Alzheimer’s disease and their corresponding 
fluid biomarkers. Extracted from (Milà-Alomà et al., 2019). 
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 Pathological mechanism Biomarker AD vs HC 
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Aβ pathology 
Aβ PET ↑ 

CSF Aβ42/40 ↓ 

Tau pathology 
CSF p-tau ↑ 

CSF t-tau ↑ 

Neurodegeneration CSF NfL ↑ 
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Synaptic dysfunction CSF Neurogranin ↑ 

Inflammation 

CSF YKL-40 ↑ 

CSF GFAP ≈ 

CSF sTREM2 ↑ 

CSF IL-6 ↑ 

CSF S100b ≈ 

α-synuclein pathology CSF α-synuclein ≈ 
 
Table 2: Summary of biomarkers included in this thesis. The table depicts the changes observed 
in AD compared with healthy controls (HC) as follows: ↑ increased or ↓ decreased levels in most or 
all studies; ≈ inconsistent results. 

 
Synaptic dysfunction 

Another event that occurs in the early stages of AD is synaptic dysfunction 
(Masliah et al., 1994), which historically has been pointed as the best 
correlate to cognitive decline (Terry et al., 1991). With respect of 
neuroimaging markers, the PET tracer [11C]UCB-J was developed to detect 
synaptic loss measuring synaptic vesicle protein 2A (SV2A), which, as its 
name suggests, is a protein expressed in synapses. Another protein related 
to synapse activity is neurogranin, which is a dendritic protein involved in 
post-synaptic signalling pathways. Neurogranin has also been proposed as 
a biomarker of this pathologic change, in this case, measured in the CSF 
(Thorsell et al., 2010). Similar to NfL, neurogranin levels are elevated in AD 
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and MCI patients (Kester et al., 2015; Portelius et al., 2015). Moreover, 
neurogranin has shown a tight correlation with cognition (Casaletto et al., 
2017) and has also been related to disease progression even in cognitively 
unimpaired participants (Tarawneh et al., 2016). It is also highly correlated 
with p-tau and t-tau levels and it is quite specific for AD as other non-AD 
dementias show normal or even slightly low levels of neurogranin 
(Kvartsberg et al., 2015; Wellington et al., 2016). Further, our group has 
also recently shown that it is associated with CSF Aβ levels in positive Aβ 
subjects without cognitive impairment (Milà-Alomà et al., 2020a). 

 
Inflammation 

Neuroinflammation is another pathophysiological mechanism altered in AD 
that apprears to be related to disease progression and severity (Heneka et 
al., 2015). Inflammation in the brain is mainly related to two cells: microglia 
and astroglia; however, it encompasses a broad variety of complex 
biological processes. For many years, neuroinflammation was thought of 
as a passive consequence after Aβ and/or tau started to accumulate. 
Nonetheless, many recent studies suggest their active role in the course of 
the disease.  

Genetic studies were one of the main reasons behind this change of mind 
(Bradshaw et al., 2013; Guerreiro et al., 2013). For instance, genome-wide 
association studies (GWAS) observed that some rare variants of the 
triggering receptor expressed on myeloid cells 2 (TREM2) gene, which is 
highly expressed in microglia, increased from two- to fourfold the risk of AD, 
similar to what happens with APOE-ε4 heterozygotes (Gratuze et al., 2018). 
These results suggested that microglia in particular, but also 
neuroinflammation in general, are an active player in the course of AD 
(Heneka et al., 2015).  

However, there is still some controversy whether neuroinflammation is a 
protective or detrimental factor in AD. It is currently thought that the role of 
inflammation may highly depend on the stage of progression in the course 
of the disease, which may permit to have either positive or negative 
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consequences. For instance, when activated, microglia can show a wide 
range of phenotypes going from pro-inflammatory to non-inflammatory, 
which can lead to opposite effects (Lyman et al., 2014). Furthermore, these 
phenotypes may shift from one to another depending on their environment 
and the stage of the disease (Varnum and Ikezu, 2012; Cai et al., 2014).  

Apart from the different microglial phenotypes across the Alzheimer's 
continuum, it is nowadays acknowledged that its activation does not follow 
a monotonic evolution. It is believed that microglial activation has two 
different peaks during AD (Fan et al., 2017). Recent studies suggest that 
there would be the first microglial activation peak in the MCI stage as a 
response to neuronal injury (Suárez-Calvet et al., 2016; Suárez‐Calvet et 
al., 2016). However, as the neuronal injury increases, microglia may lose 
their beneficial role and become over-activated, provoking a chronic 
inflammation process. This second peak of microglial activation may occur 
at the dementia stage of the disease and seems to be associated with 
neurodegeneration (Fan et al., 2015, 2017). 

Multiple inflammatory biomarkers are currently available. Imaging 
biomarkers of neuroinflammation are usually related to PET tracers that 
bind to the translocator protein (TSPO), which is expressed by in the pro-
inflammatory activated microglia. However, the availability of this type of 
tracers is quite reduced. More diversity is found in soluble markers of 
inflammation. Preclinical studies have shown that functions of TREM2 may 
include Aβ plaque compaction, clustering of microglia around plaques and 
activation and proliferation of these cells (Gratuze et al., 2018). Moving to 
human studies, a study covering the whole AD continuum revealed that 
CSF sTREM2 is elevated in early stages of symptomatic AD (i.e. MCI), and 
closely correlated with markers of tau pathology (Suárez‐Calvet et al., 
2016). Further, in a continuation study with ADAD participants, the same 
group showed that mutation carriers had higher levels of sTREM2 five years 
before the expected symptom onset and that was posterior to Aβ and tau 
pathology cascade (Suárez-Calvet et al., 2016). Finally, sTREM2 has also 
been related to cognitive decline, showing that those MCI and AD 
participants with higher sTREM2 levels presented slower rates of cognitive 
decline, suggesting that TREM2-mediated microglial activity could be a 
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good target for AD clinical trials (Ewers et al., 2019). However, other studies 
have reported a deleterious effect of sTREM2 on neurodegeneration in 
cognitively unimpaired subjects (Halaas et al., 2020). 

Together with activated microglia, reactive astrocytes are also found close 
to Aβ plaques (Medeiros and LaFerla, 2013). Regarding measuring 
astroglial function, there are multiple candidate biomarkers, although the 
most commonly used is CSF YKL-40 (Craig-Schapiro et al., 2010). Similar 
to what has been found with sTREM2, CSF YKL-40 is elevated in AD 
patients as well as in late preclinical AD stages and it is associated with tau 
pathology and markers of neurodegeneration (Alcolea et al., 2015b; Gispert 
et al., 2016, 2017, Molinuevo et al., 2018a; Milà-Alomà et al., 2019). 
Another promising astroglial biomarker is glial fibrillary acidic protein 
(GFAP) but its potential to differentiate AD patients from controls is still to 
be resolved (Olsson et al., 2016). However, a recent study conducted in our 
group found elevated CSF GFAP levels in A+T+ cognitively unimpaired 
participants compared to T-, regardless of the Aβ status, suggesting an 
association with tau pathology (Milà-Alomà et al., 2020a). In the same 
study, we also reported higher levels of another astrocytic marker, S100b, 
in A+T+ compared to A-T- subjects (Milà-Alomà et al., 2020a). Finally, 
interleukin-6 (IL6), has also been suggested as a neuroinflammatory 
marker, which showed increased levels in AD patients in a meta-analysis 
of cytokines related to AD (Swardfager et al., 2010).  

 
Other proteinopathies 

Some other biomarkers interesting in the AD research field are those 
related to common AD co-pathologies. Examples of these are TAR DNA-
binding protein 43 (TDP-43) and α-synuclein (Zetterberg and Bendlin, 
2020). TDP-43 is a protein that is usually seen in some frontotemporal 
dementias, amyotrophic lateral sclerosis, and the recently categorized 
limbic-predominant age-related TDP-43 encephalopathy (LATE) (Nelson et 
al., 2019). In its turn, α-synuclein has a main role in multiple 
neurodegenerative diseases such as Parkinson's disease and dementia 
with Lewy bodies and multiple system atrophy.  
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In summary, the recent development of multiple biomarkers directly or 
indirectly related to AD provide novel opportunities for research. First of all, 
the study of their dynamics across the disease, as well as their relationship 
with other biomarkers will help us understand a disease, AD, that has been 
proven to be very complex. Furthermore, the development of AD 
biomarkers not directly related to Aβ and tau pathology also enables 
intervention studies targeting alternative mechanisms (Honig et al., 2018; 
Selkoe, 2019). 

 

� RISK FACTORS FOR ALZHEIMER'S DEMENTIA 

Another important factor in the study of AD and more particularly at the early 
stages refers to the risk factors that contribute to the disease. There are 
many risk factors for Alzheimer's dementia and there exists several ways 
of categorizing them. One of the most obvious classification criteria is the 
one based on our capacity to modify them. In this regard, we could consider 
as modifiable risk factors, as those we can affect, like education, body mass 
index, or cardiovascular health (Norton et al., 2014; de Bruijn et al., 2015; 
Vemuri et al., 2017; Livingston et al., 2020). Non-modifiable risk factors, 
include those which we cannot escape of (Zhao et al., 2020) such as age 
(Hebert et al., 2013), sex (Ferretti et al., 2018; Fisher et al., 2018) and 
apolipoprotein E (APOE) genotype (Liu et al., 2013). In this chapter, we will 
focus on the non-modifiable risk factors giving that a better knowledge on 
their role in the AD evolution may help us to better understand the biological 
processes that occur during the disease. 

Increasing age is the most important risk factor of AD (Hebert et al., 2013). 
The main pathological events in the Alzheimer's continuum have been 
related to older ages, including Aβ deposition (Jansen et al., 2015), tau 
pathology, especially in the MTL (Braak and Braak, 1997; Schöll et al., 
2016; Arnsten et al., 2020), and neurodegeneration (DeCarli et al., 2005; 
Raz et al., 2005, Jack et al., 2013a, Milà-Alomà et al., 2020a). However, 
tau accumulation rates seem to decrease in older ages (Whitwell et al., 
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2019; Jack et al., 2020). Further, other brain-related measures, such as 
white matter integrity or functional activity, and cognitive-related measures 
also worsen with older age (Hedden and Gabrieli, 2004; Van der Elst et al., 
2005). Additionally, multiple other pathophysiological mechanisms of AD, 
such as inflammation, have shown a direct association with age (Falcon et 
al., 2019, Milà-Alomà et al., 2020a). Finally, it has also been recently shown 
that older age is related to the presence of comorbidities in a 
neuropathological study (Spina et al., 2020), which can contribute to a 
higher susceptibility to AD (Boyle et al., 2019). 

The ε4 allele of APOE is the major genetic risk factor for non-autosomal 
dominant AD (Corder et al., 1994; Farrer et al., 1997; Belloy et al., 2019; 
Reiman et al., 2020). The APOE gene has three main alleles (i.e. ε2, ε3 and 
ε4), which result in six possible genotypes. Having one or two copies of the 
APOE-ε4 increases the odds of developing AD (allelic dose odds ratio (OR) 
[95% confidence interval(CI)]: 6.00[5.06-7.12]), whereas the APOE-ε2 
allele is related to a lower risk of AD (allelic dose OR[95%CI]: 0.38[0.30-
0.48]) (Bu, 2009; Liu et al., 2013; Reiman et al., 2020). The apoE protein 
has many roles in the brain, among them cholesterol delivery, key to the 
maintenance of neurons; but it also plays a signalling role for the immune 
system to remove amyloid from the brain. Thus, APOE-ε4 carriers, who 
have the less efficient apoE isoform (i.e. apoE4), have an increased Aβ 
deposition compared to APOE-ε3 homozygotes (reference group) (Reiman 
et al., 2009; Jansen et al., 2015). APOE-ε4 carriers have also shown higher 
levels of tau pathology (Nagy et al., 1995; Oyama et al., 1995) and 
neurodegeneration (Reiman et al., 2005; Shi et al., 2017; Cacciaglia et al., 
2018), although it has been suggested that these effects are mediated by 
their elevated Aβ levels (Mungas et al., 2014; Serrano-Pozo et al., 2015; 
Farfel et al., 2016; van der Kant et al., 2020; Salvadó et al., 2021).  

Finally, sex has also been suggested to have a major effect on the 
development of Alzheimer's dementia, with women having greater risk. 
However, the underlying mechanisms are not well understood (Ferretti et 
al., 2018, 2020; Fisher et al., 2018). In this regard, multiple studies have 
shown no apparent differences in Aβ deposition between men and women 
(Jack et al., 2015b; Buckley et al., 2018), although downstream effects on 
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cognitive decline seem to be more deleterious in women (Buckley et al., 
2018). On the other hand, women do present higher tau pathology than 
men (Buckley et al., 2019b, 2020), which seems to contribute to the 
observed higher cognitive decline (Buckley et al., 2020). Further, a GWAS 
investigated sex-specific genetic associations with AD features, showing a 
novel locus protective against tau pathology only in men (Dumitrescu et al., 
2019). However, the increased risk of AD in women is still under debate 
because the higher prevalence of AD in women may also be due to their 
longer life expectancy. In another direction, another hypothesis suggests 
that the AD risk is the same for both sexes, but that the clinical 
manifestation, age of onset and regional vulnerability are different by sexes 
(Liesinger et al., 2018). 

Although there is no consensus regarding the consideration of female sex 
as a risk for AD, its interaction with other AD risk factors are well accepted. 
In this regard, multiple studies have shown the increased deleterious effect 
of APOE-ε4 in women (Farrer et al., 1997; Altmann et al., 2014). 
Concerning Aβ and tau pathology, women that are APOE-ε4 carriers have 
more Aβ plaques before 80 years old (Ghebremedhin et al., 2001); higher 
levels of tau pathology (Damoiseaux et al., 2012; Altmann et al., 2014; 
Hohman et al., 2018); and higher tau accumulation for the same levels of 
Aβ pathology (Buckley et al., 2019a). Moreover, they also show a more 
pronounced hypometabolism and cortical thinning (Sampedro et al., 2015); 
and faster cognitive decline when they were also Aβ positive (Buckley et 
al., 2018). Nevertheless, some of these relationships may depend on age 
or the disease stage in AD (Neu et al., 2017; Mofrad et al., 2020). 

Other studies have also investigated the interaction between other AD risk 
factors. For example, the AD risk associated with the APOE-ε4 allele seems 
to vary with age being higher in younger ages (Farrer et al., 1997), which 
may be in part related to the different age-dependent prevalence of Aβ 
positivity of APOE-ε4 carriers (Jansen et al., 2015). The interaction between 
sex and age has also shown an impact on AD course. In a 
neuropathological study, NFT, especially in the hippocampus, showed a 
higher prevalence in women than in men in older ages (Liesinger et al., 
2018). 
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In summary, age, sex and APOE-ε4 allele, alone or in combination have 
shown an important impact on the risk and/or development of AD. 
Elucidating how these risk factors modify the course of the disease would 
help us to better understand its mechanisms and develop precision 
medicine in the AD field (Ferretti et al., 2018).  

 

 
� THE ALFA PROJECT 

As aforementioned, the development of AD biomarkers has influenced our 
thinking about AD. Being able to monitor the development of 
pathophysiological events in vivo has allowed us to study the evolution of 
the disease many years before the appearance of any symptom. This has 
also modified the AD field on its approach to intervening in the disease's 
course, which has progressively moved towards performing research to 
enable preventive strategies (Sperling et al., 2014a). In this regard, current 
clinical trials are including participants in earlier stages of the disease 
including some MCI and mild AD patients 
(https://clinicaltrials.gov/ct2/show/NCT03639987,https://clinicaltrials.gov/ct
2/show/NCT02477800) or even in cognitively unimpaired participants 
(Sperling et al., 2014c). Also in the research field, nowadays more and more 
research settings are focused on the study of preclinical participants, such 
as the ALFA project (for ALzheimer's and FAmilies).  

The ALFA project was designed as an infrastructure to investigate the 
pathophysiology and pathogenic factors in the earliest stages of AD (Molinuevo 
et al., 2016). To this aim, the Barcelonaβeta Brain Research Center (BBRC) 
recruited the ALFA parent cohort, which consists of 2,743 cognitively 
unimpaired participants aged between 45 and 75 years old, almost half of them 
offspring of AD patients. In their initial visit, ALFA participants were clinically 
and cognitively assessed. BBRC also collected their medical history, 
information about their lifestyle and a blood sample to genetically characterize 
them. These ALFA participants had been included in different research studies 
including both observational and interventional approaches. 
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For more detailed phenotyping, the ALFA+ study was created as a 
subsample of the ALFA parent cohort, to perform thorough research in 
participants within the Alzheimer's continuum. These participants were 
carefully selected to cover the full AD risk spectrum, thus preferentially 
including participants with a family history of AD or being APOE-ε4 carriers. 
ALFA+ participants underwent a more thorough characterization including 
MRI, Aβ and FDG PET scans, blood and CSF sampling and, extensive 
cognitive tests and lifestyle questionnaires, among others. Further, some of 
these tests will also be performed longitudinally to assess the evolution of 
the ALFA+ participants. A summary of their main baseline demographic 
characteristics is shown in Table 3. 

n = 381 

Age (years old), mean(SD) [range] 61.2 (4.7) [49.3 - 73.6] 

Women, n(%) 232 (60.9) 

Education (years), mean(SD) 13.4 (3.5) 

APOE-ε4 carriers, n(%) 201 (52.8) 

Family history of AD, n(%) 184 (48.3) 

Aβ positive (by CSF), n(%) 131 (34.4) 

Table 3:  Basic demographics of ALFA+ participants.  

 
In summary, the ALFA+ cohort provides a splendid opportunity to 
investigate the earliest pathophysiological events of AD. On one hand, 
participants have been deeply characterized, thus allowing a multi-modal 
and multi-focal research approach. On the other, ALFA+ participants are at 
increased risk of AD but they are still cognitively unimpaired, increasing the 
prevalence of preclinical AD.  
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HYPOTHESES 
AND OBJECTIVES  

� STATEMENT OF THE PROBLEM 

The research in AD has been progressively moving its attention towards 
earlier stages of the disease. This focus in initial phases has been fostered 
by the increasing development of in vivo biomarkers. Furthermore, the 
negative results in clinical trials, suggest that drugs seem to be 
administered too late. In this regard, some recent studies have proved drug 
capacity to remove Aβ plaques. However, the clinical value of this Aβ 
removal is still to be demonstrated, with current trials showing low or no 
efficacy at all. One of the hypotheses for this lack of change in the cognitive 
progression is that these treatments have been administered in advanced 
stages of the disease, when Aβ is no longer the driver of the pathological 
events. On the other hand, the rise of in vivo biomarkers for AD has allowed 
studying participants years, even decades, before they have any clinical 
symptom. Thus, providing more information about the events in the early 
Alzheimer's continuum, which may, in turn, help improving drug targets and 
inform the design of clinical trials. 

As has been presented, Aβ deposition in the brain is hypothesized to be 
the earliest, or one of the earliest, pathophysiological events in the 
Alzheimer's continuum. Thus, and given the increasing interest for initial AD 
stages, detection methods of early Aβ deposition are a clear need of the 
field. Some studies have proposed CSF Aβ as the best biomarker to detect 
the earliest signs of Aβ alterations. However, some other studies have also 
suggested that detection of low Aβ load using PET may have room for 
improvement. One of the proposals to improve this sensitivity was 
performing studies in participants with lower Aβ load, instead of in the 
typical clinical cohorts. 
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Apart from its detection, there are many other topics related to early Aβ 
deposition that deserve further attention. For instance, it is known that 
several factors impact the risk of developing AD. However the relationship 
between some of them and Aβ deposition is not fully understood, especially 
in the early Alzheimer's continuum. Investigating these relationships may 
improve our understanding of the biological mechanisms behind early 
pathogenic events.  

Finally, it is well established that Aβ deposition is associated with tau 
accumulation over time, which, in turn, promotes neurodegeneration and, 
ultimately, cognitive dysfunction. Nonetheless, many other 
pathophysiological mechanisms are altered during the disease, even in its 
earliest stages. The development of many novel biomarkers for these 
mechanisms has increased our understanding of some of them. However, 
the knowledge about their role in this disease as well as their relationship 
to the main hallmarks of AD is still limited. Filling this gap of knowledge will 
be of utmost importance to the whole AD research field, but in particular to 
future drug development. 

 

� HYPOTHESIS 

1. Lower than previously assumed thresholds of Aβ PET can specifically 
detect early Aβ deposition. 

2. Visual reading of Aβ PET scans, which is the only EMA- and FDA-
approved method to assess Aβ PET positivity, is able to detect early 
Aβ deposition. 

3. Established risk factors for Alzheimer's dementia, namely, older age, 
female sex and APOE-ε4 carriership, promote Aβ deposition in the 
brain for any given level of soluble Aβ dyshomeostais. 

4. Multiple pathophysiological mechanisms are linked to the earliest Aβ 
deposition in the brain. 
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� MAIN AND SPECIFIC OBJECTIVES 

The overarching goal of this PhD Thesis is: 

To investigate Aβ deposition in its earliest stages of the 
Alzheimer's continuum and its downstream effects. 

 
To this end, specific objectives are: 

1. To set sensitive thresholds for abnormal cerebral Aβ deposition using 
Aβ PET quantification. 

2. To assess the accuracy and sensitivity of the visual assessment of Aβ 
PET scans to detect early signs of cerebral Aβ deposition. 

3. To investigate differences between soluble Aβ dyshomeostasis and Aβ 
deposition related to established Alzheimer's dementia risk factors. 

4. To describe pathophysiological mechanisms downstream to early 
cerebral Aβ deposition using novel CSF biomarkers. 
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RESULTS 
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FIRST STUDY: Centiloid cut-off values for 
optimal agreement between PET and CSF 
core AD biomarkers 
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SECOND STUDY: Visual assessment of 
[18F]flutemetamol PET images can detect 
early amyloid pathology and grade its 
extent 
 
  



 
 

 
 

� 68  
  

 

  



 
 

 
 

 69 � 
  

 

  



 
 

 
 

� 70  
  

 

 

  



 
 

 
 

 71 � 
  

 

  



 
 

 
 

� 72  
  

 

 

  



 
 

 
 

 73 � 
  

 

  



 
 

 
 

� 74  
  

 

 

  



 
 

 
 

 75 � 
  

 

  



 
 

 
 

� 76  
  

 

 

  



 
 

 
 

 77 � 
  

 

  



 
 

 
 

� 78  
  

 

 

  



 
 

 
 

 79 � 
  

 

  



 
 

 
 

� 80  
  

 

 

  



 
 

 
 

 81 � 
  

 

  



 
 

 
 

� 82  
  

 

 

Pàgina blanc 
 
  



 
 

 
 

 83 � 
  

 

THIRD STUDY: Age, sex and APOE-ε4 
modify the balance between soluble and 
deposited β-amyloid in cognitively intact 
individuals: topographical patterns and 
replication across two independent 
cohorts 
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ABSTRACT  

Cerebral beta-amyloid (Aβ) accumulation is the earliest detectable 
pathophysiological event along the Alzheimer’s disease (AD) continuum, 
therefore an accurate quantification of incipient Aβ abnormality is of great 
importance to identify preclinical AD. Both cerebrospinal fluid (CSF) Aβ 
concentrations and Position Emission Tomography (PET) with specific tracers 
provide established biomarkers of Aβ pathology. Yet, they identify two different 
biological processes reflecting the clearance rate of soluble Aβ as opposed to the 
cerebral aggregation of insoluble Aβ fibrils. Studies have demonstrated high 
agreement between CSF and PET-based Aβ measurements on diagnostic and 
prognostic levels. However, an open question is whether risk factors known to 
increase AD prevalence may promote an imbalance between these biomarkers, 
leading to a higher cumulative Aβ cerebral aggregation for a given level of cleared 
Aβ in the CSF. Unveiling such interactions in cognitively unimpaired (CU) 
individuals shall provide novel insights into the biological pathways underlying Aβ 
aggregation in the brain and ultimately improve our knowledge on disease 
modelling. With this in mind, we assessed the impact of three major unmodifiable 
AD risk factors (age, APOE-ε4 and sex) on the association between soluble and 
deposited Aβ in a sample of 293 middle-aged CU individuals who underwent both 
lumbar puncture and PET imaging using the [18F]flutemetamol tracer. We looked 
for interactions between CSF Aβ42/40 concentrations and each of the assessed 
risk factors, in promoting Aβ PET uptake both in candidate regions of interest and 
in the whole brain. We found that, for any given level of CSF Aβ42/40, older age 
and female sex induced higher fibrillary plaque deposition in neocortical areas 
including the anterior, middle and posterior cingulate cortex. By contrast, the 
modulatory role of APOE-ε4 was uniquely prominent in areas known for being 
vulnerable to early tau deposition, such as the entorhinal cortex and the 
hippocampus bilaterally. Post hoc three-way interactions additionally proved 
evidence for a synergistic effect among the risk factors on the spatial topology of 
Aβ deposition as a function of CSF Aβ42/40 levels. Importantly, findings were 
replicated in an independent sample of CU individuals derived from the ADNI 
cohort. Our data clarify the mechanisms underlying the higher AD prevalence 
associated to those risk factors and suggest that APOE-ε4 in particular paves the 
way for subsequent tau spreading in the medial temporal lobe, thus favouring a 
spatial co-localization between Aβ and tau and increasing their synergistic 
interaction along the disease continuum. 
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INTRODUCTION 

Alzheimer’s disease (AD) is characterized by cerebral accumulation of 
misfolded amyloid-β (Aβ) and tau proteins along with progressive neuronal 
degeneration. AD has an insidious onset, with a protracted asymptomatic 
phase lasting about two decades prior to clinical manifestations (Sperling 
et al., 2011). According to recent pathophysiological models, Aβ pathology 
is the earliest event occurring along the Alzheimer’s continuum, which is 
later followed by tau aggregation and cerebral atrophy (Jack et al., 2016). 
Both cerebrospinal fluid (CSF) Aβ concentrations and Position Emission 
Tomography (PET) with specific tracers provide established biomarkers of 
Aβ pathology. Several previous studies have shown good concordance 
between these two surrogate markers of Aβ in their diagnostic and 
prognostic accuracy (Fagan et al., 2006; Landau et al., 2013; Grimmer et 
al., 2009; Mattsson et al., 2014; Palmqvist et al., 2015). More specifically, 
a negative relationship between CSF Aβ and Aβ PET has been reported 
both post-mortem (Strozyk et al., 2003; Tapiola et al., 2009; La Joie et al., 
2019) and in-vivo (Toledo et al., 2015; Schindler et al., 2018; Mattsson et 
al., 2015). They, however, measure two very different pools of Aβ, with CSF 
Aβ concentrations reflecting the production and clearance rates of soluble 
Aβ species from the brain, and PET detecting the cumulative load of 
deposited fibrillary plaques (Roberts et al., 2017; Cohen et al., 2019). It has 
been suggested that cumulative cerebral Aβ deposition observed in AD 
might stem from a dysregulation between the production and clearance of 
Aβ species, and that Aβ plaques may act as a “sink”, hindering the transport 
of soluble Aβ fragments from the brain to the CSF (Mawuenyega et al., 
2010; Blennow et al., 2012). In this respect, the study of factors affecting 
the balance between soluble and deposited Aβ may help identifying the 
underlying mechanisms promoting cerebral Aβ aggregation for a given level 
of CSF Aβ dysmetabolism. With this in mind, we investigated the impact of 
unmodifiable risk factors known to increase Alzheimer's dementia 
prevalence, such as APOE-ε4 genotype (Liu et al., 2013), older age 
(Launer, 2005) and female sex (Ferretti et al., 2018) on the relationship 
between CSF and Aβ PET markers. We hypothesized that distinct risk 
factors may exacerbate cerebral Aβ accumulation (assessed by AE PET) 
as a function of incipient Aβ dysmetabolism (assessed by CSF Aβ42/40 
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concentrations), promoting the formation of fibrillary plaques into specific 
topological patterns. We tested our hypotheses in regions of vulnerability to 
AD proteinopathy and further examined the whole-brain using a spatially 
unbiased voxel-wise approach on a monocentric cohort of middle-aged 
cognitively unimpaired (CU) participants (ALFA sample). Furthermore, we 
replicated all analyses in an independent sample of CU participants derived 
from the Alzheimer’s Disease Neuroimaging Initiative (ADNI).  

 

METHODS 

Study participants 

All participants in the discovery sample were volunteers of the ALFA 
(ALzheimer and FAmilies) study (Clinicaltrials.gov Identifier: 
NCT01835717), a longitudinal monocentric research platform aiming at the 
identification of pathophysiological alterations in preclinical AD. The ALFA 
cohort entangles 2,743 CU individuals, with a Clinical Dementia Rate score 
of 0, most of them being first-order descendants of AD patients (Molinuevo 
et al., 2016). None of the subjects had a neurologic or a psychiatric 
diagnosis. Within this research framework, the ALFA+ is a nested study that 
includes advanced imaging protocols, including magnetic resonance 
imaging (MRI) and PET acquisitions, along with cognitive, lifestyle factors 
as well as fluid biomarkers. The first 293 consecutive participants of the 
ALFA+ study with available CSF, Aβ PET, MRI and cognitive data were 
included in the present work. All the tests and image acquisitions were 
measured within less than a year time-difference.    

The replication sample included all CU ADNI participants 
(http://adni.loni.usc.edu/), with available Aβ CSF, [18F]florbetapir Aβ PET 
and MRI data acquired within less than one year, resulting in a sample of 
259 individuals. 

ADNI is a multi-site open access dataset designed to accelerate the 
discovery of biomarkers to identify and track AD pathology 

http://adni.loni.usc.edu/
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(adni.loni.usc.edu). The ADNI was launched in 2003 as a public-private 
partnership, led by Principal Investigator Michael W. Weiner, MD. The 
primary goal of ADNI has been to test whether serial magnetic resonance 
imaging (MRI), PET, other biological markers, and clinical and 
neuropsychological assessment can be combined to measure the 
progression of mild cognitive impairment (MCI) and early AD. For up-to-
date information, see www.adni-info.org. All ALFA participants provided 
written informed consent and the study was approved by the local ethics 
committee and conducted according to the principles expressed in the 
Declaration of Helsinki. Data collection and sharing in ADNI were approved 
by the Institutional Review Board of each participating institution, and 
written informed consent was obtained from all participants. 

 
APOE genotype 

For ALFA participants, total DNA was obtained from blood cellular fraction 
by proteinase K digestion followed by alcohol precipitation. For ADNI, DNA 
was extracted by Cogenics from a 3-mL aliquot of EDTA blood 
(adni.loni.usc.edu/data-samples/genetic-data). Both samples were 
genotyped for two single nucleotide polymorphisms (SNPs), rs429358 and 
rs7412, to define the APOE-ε2, ε3 and ε4 alleles. For both cohorts, subjects 
were classified as ε4 carriers (one or two alleles) or non-carriers. Twenty-
seven participants in the ALFA cohort being homozygotes for the ε4 allele 
were excluded from the present study as they were significantly younger 
than both non-carriers (p<0.001) and APOE-ε4 heterozygotes (p<0.001), 
leading to potential inhomogeneity in the association between CSF and Aβ 
PET measurements (Rodrigue et al., 2012).  

  

http://adni.loni.usc.edu/
file:///C:/Users/Raffaele/Documents/materiali_CSF_PET_paper/adni.loni.usc.edu/data-samples/genetic-data/
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CSF sampling and analysis 

For ALFA participants, CSF samples were obtained by lumbar puncture 
following standard procedures (Teunissen et al, 2014).  CSF was collected 
into a 15mL sterile polypropylene sterile tube (Sarstedt, Nümbrecht, 
Germany; cat. no. 62.554.502). CSF was aliquoted in volumes of 0.5mL 
into sterile polypropylene tubes (0.5mL Screw Cap Micro Tube Conical 
Bottom; Sarstedt, Nümbrecht, Germany; cat. no. 72.730.005), and 
immediately frozen at −80°C. Overall, the time between collection and 
freezing was less than 30 minutes. All the determinations were done in 
aliquots that had never been previously thawed. Aβ40 as well as Aβ42 
concentrations were determined with the NeuroToolKit (Roche Diagnostics 
International Ltd.) on cobas Elecsys e601 (Aβ42) and e411 (Aβ40) 
instruments at the Clinical Neurochemistry Laboratory, University of 
Gothenburg, Sweden. CSF collection and analyses for ADNI participants 
are described in the ADNI procedure manual 
(http://adni.loni.usc.edu/methods). Aβ40 and Aβ42 concentrations in ADNI 
were measured with 2D-UPLC-tandem mass-spectrometry at the 
University of Pennsylvania.To increase sensitivity, both in ALFA and ADNI 
the ratio between Aβ42 and Aβ40 was finally calculated (Lewczuk et al., 
2017).  

 
PET imaging acquisition procedures 

Imaging procedures from ALFA have been described previously (Salvadó 
et al., 2019). In brief, Aβ PET images were acquired 90 min post-injection 
using [18F]flutemetamol with 4 frames of 5 min each. A T1-weighted 3D-TFE 
sequence was acquired with a 3T Philips Ingenia CX scanner with the 
following sequence parameters: voxel size = 0.75 mm isotropic, field of view 
(FOV) = 240 x 240 x 180 mm3, flip angle = 8º, repetition time = 9.9 ms, echo 
time = 4.6 ms, TI = 900 ms.  

Details of ADNI imaging procedures can also been found in the website 
(http://adni.loni.usc.edu/methods/documents). In brief, [18F]florbetapir Aβ 
PET images were acquired in four frames of five minutes each, 50-70 
minutes post-injection. Finally, structural MRI data were acquired on 3T 

http://adni.loni.usc.edu/methods/
http://adni.loni.usc.edu/methods/documents/
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scanning platforms using T1-weighted sagittal 3-dimensional 
magnetization-prepared rapid-acquisition gradient echo sequences (MP-
RAGE).  

 
Image preprocessing 

For both cohorts, individual PET frames were co-registered to produce a 
mean image, which was subsequently spatially registered onto the 
respective structural MRI scan. Afterwards, the new segment function in 
SPM was employed to segment gray matter from MRI scans, which were 
normalized to the Montreal Neurological Institute (MNI) space, along with 
the PET images. We calculated the standardized uptake value ratio (SUVR) 
in MNI space using the whole cerebellum as reference region. Prior to 
statistical analysis images were smoothed with an 8-mm full width at half-
maximum (FWHM) Gaussian kernel.  

 
Regional Aβ-PET quantification 

SUVRs were extracted from a-priori defined regions of interest (ROI). We 
selected the cortical Centiloid composite ROI 
(http://www.gaain.org/centiloid-project) as Aβ-sensitive cerebral region 
(Klunk et al., 2015), which included the following bilateral brain areas: 
anterior and posterior cingulate cortex, angular gyrus, posterior middle 
temporal gyrus, middle temporal gyrus, middle frontal gyrus, superior 
frontal gyrus (pars orbitalis) and the anterior subdivision of the ventral 
striatum. As tau-vulnerable regions, we selected the Braak stages ROIs 
(Braak & Braak, 1991) defined according to the Desikan-Killiany atlas (DK 
atlas) in Schöll et al. (2016). Figure 1 shows both the Centiloid and Braak 
stages ROIs mapped onto the DK atlas. For visualization purposes, the 
Centiolid ROIs was parceled onto the DK atlas according to a best-match 
visual criterion. Supplementary Table 1 shows the full list of the DK atlas 
labels that were used for both composite ROIs. Supplementary figure 1 
shows a surface rendering of the Centilod composite ROI prior to atlas 
parcellation. 

http://www.gaain.org/centiloid-project
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Fig. 1 Regions of interest projected onto the Desikan-Killiany atlas. Representation of both 
cortical and subcortical structures included in the Centiloid and Braak stages ROIs. Polygon 
rendering is created with the “ggseg” package in R (https://github.com/LCBC-
UiO/ggseg/tree/master). 

 
Neuropsychological assessment 

Global cognitive functioning was assessed in both cohorts with the mini 
mental state examination test (MMSE) (Folstein et al., 1975).  

 

Statistical analyses 

Basic demographic information from both cohorts were compared using t-
test for continuous variables and Chi-squared test for categorical ones. 

We first looked for interactions between CSF Aβ42/40 concentrations and 
each of the three assessed AD risk factors (i.e., age, sex and APOE-ε4), in 
promoting cerebral Aβ deposition in regions that are selectively vulnerable 
to either Aβ (Centiloid composite ROI) or tau pathology (Braak stages 
ROIs). This first set of analyses was conducted with the SPSS software 
package (https://www.ibm.com/analytics/spss-statistics-software). Next, 
we conducted a spatially unbiased whole-brain analysis to detect 
interaction effects in distributed brain areas. This was achieved by 
performing a voxel-wise linear regression in SPM12 (Statistical Parametric 
Mapping, https://www.fil.ion.ucl.ac.uk/spm). For both the ROI and whole-
brain analyses, we set-up three different general linear models where Aβ 
PET was set as dependent variable, while CSF Aβ42/40, age, sex and 
APOE-ε4 status were modelled as predictors. Additionally, the interaction 

https://github.com/LCBC-UiO/ggseg/tree/master
https://github.com/LCBC-UiO/ggseg/tree/master
https://www.ibm.com/analytics/spss-statistics-software
https://www.fil.ion.ucl.ac.uk/spm/
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term involving CSF Aβ42/40 and any of the three AD risk factors was 
modelled as independent variable, as follows: 

Aβ PET = CSF Aβ + age + sex + APOE-ε4 + CSF Aβ ½ APOE-ε4 

Aβ PET = CSF Aβ + age + sex + APOE-ε4 + CSF Aβ ½ age 

Aβ PET = CSF Aβ + age + sex + APOE-ε4 + CSF Aβ ½ sex 

To avoid muticollinearity, continuous CSF Aβ42/40 values were centered to 
the group mean (Mumford et al., 2015). APOE-ε4 was treated as 
categorical binary variable (i.e., 0=non-carriers, 1=ε4-carriers). In SPM, we 
set parametric t-contrasts on the interaction terms, based on the hypothesis 
that each risk factor would exacerbate amyloid fibrillary deposition as 
function of CSF Aβ42/40 concentrations.  

Finally, to assess the combined effects of AD risk factors, we performed 
additional analyses testing three-way interactions involving CSF Aβ42/40 

and each pair of the tested risk factors. To this aim, we set up three different 
statistical models where the effects of CSF Aβ42/40 on Aβ PET were 
studied in combination with either APOE-ε4 and age, APOE-ε4 and sex, or 
age and sex.  

Aβ PET = CSF Aβ + age + sex + APOE-ε4 + CSF Aβ ½ APOE-ε4 ½ age 

Aβ PET = CSF Aβ + age + sex + APOE-ε4 + CSF Aβ ½ APOE-ε4 ½ sex 

Aβ PET = CSF Aβ + age + sex + APOE-ε4 + CSF Aβ ½ age ½ sex 

For the ROI analyses, results were considered significant if surviving a 
threshold of p<0.05 corrected for multiple testing using a False-Discovery 
Rate (FDR) approach. For the whole brain voxel-wise analysis, we set a 
threshold of p<0.001 and applied a cluster extent correction of 100 
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contiguous voxels (k > 100). All the above-mentioned statistical models 
were applied to the ADNI replication sample. Voxel-wise analyses in ADNI 
were masked with an inclusive mask derived from the analyses conducted 
in ALFA, which was generated at a liberal threshold of p<0.005 with a 
cluster extent of 100 voxels.  

 

RESULTS 

Sample characteristics 

Demographic characteristics of both cohorts can be found in Table 1.  
Compared to ALFA, ADNI participants were significantly older, more 
educated, and harboured a lower proportion of APOE-ε4 carriers. However, 
the two samples were homogeneous with respect to sex and global 
cognitive performance. As expected, in both cohorts CSF Aβ42/40 

concentrations were negatively related to Aβ PET uptake in widespread 
cortical areas, while age and APOE-ε4 were positively associated to cortical 
Aβ deposition (Supplementary Figure 2).  

 ALFA (n=293) ADNI (n=259) p-value 

Age, M(SD)* 61.03(4.25) 73.70(6.39) <0.001 

Education, M(SD)* 13.39(3.55) 16.02(2.64) <0.001 

Female sex, n(%) 183(62.4%) 141(54.4%) 0.06 

APOE-ε4, n(%) 143(48.8%) 72(27.8%) <0.001 

MMSE, M(SD)** 29.14(0.99) 29.07(1.13) 0.46 

 
Table 1 – Sample characteristics  
 
*expressed in years.  
 
**MMSE data for ALFA cohort were available for 235 study participants. 
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ROI analyses 

We assessed whether AD risk factors such as age, APOE-ε4 and female sex 
modulated the association between soluble and deposited Aβ in cerebral 
regions known for their vulnerability to either Aβ or tau pathology. Table 2 
shows the results of each statistical model run for the different risk factors in 
each of the tested ROIs; for each model, the F-statistic and p-value of the 
interaction term are presented. Within the Centiloid ROI, each of the 2-Way 
and 3-Way interactions were significant in the ALFA cohort, while in ADNI the 
interaction between CSF Aβ42/40 and sex did not survive statistical correction. 
In Braak I/II ROIs, only the 2-Way and 3-Way interactions involving APOE-ε4 
were significant in ALFA but not the remaining models, while in ADNI no 
significant interactions were found. In Braak III/IV ROIs, we observed similar 
results as for the Centiloid ROI, that is, all interaction models being significant 
in ALFA with two interactions not reaching statistical significance in ADNI, 
those between CSF Aβ42/40 and sex as well as CSF Aβ42/40 and APOE-ε4. 
Finally, in Braak V/VI, ALFA participants displayed all significant interactions 
except a statistical trend for CSF Aβ42/40 x APOE-ε4, while for ADNI 
participants only the two-way interaction involving sex did not reach statistical 
significance. Figure 2 shows group scatterplots highlighting the modulatory role 
of each risk factor on the association between soluble and deposited Aβ in 
those ROIs, for both cohorts. 

 

Whole brain analysis: two-way interactions 

We then examined the impact of each risk factor on the association between 
soluble and deposited Aβ on the whole brain level by conducting voxel-wise 
regressions.  In the ALFA cohort, we found that, for any given value of CSF 
Aβ42/40, APOE-ε4 carriers displayed a higher Aβ PET retention in the bilateral 
anterior hippocampus extending to the entorhinal cortex, also including the 
inferior temporal and angular gyrus bilaterally (Fig. 3a-3c). These results were 
replicated in the ADNI cohort, whereby the interaction between CSF Aβ42/40 
and APOE-ε4 was significant in a topographical pattern consistent with that of 
ALFA, and including the right middle and inferior temporal cortex, as well as 
the anterior cingulate cortex (ACC) and right angular gyrus (Fig. 3d-3f). 
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Fig. 2 APOE-ε4, age and sex modified the association between CSF Aβ42/40 concentrations and 
Aβ PET uptake quantified in regions of interest. A) Interactions assessed in the ALFA sample and 
B) in ADNI. SUVRs were residualized against the covariates of interest in each model (refer to the 
Statistical Analysis section). For visualization purposes, age continuous variable was broken down in 
three subgroups of younger, middle-aged, and older individuals, according to tercile ranking.  
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Fig. 3 APOE-ε4 significantly modified the spatial topography of A PET as function of CSF 
Aβ42/40. A-B) Surface and volume rendering in ALFA participants of the Aβ PET statistical t-map 
resulting from the interaction model. Data indicate that compared to non-carriers, APOE-ε4 carriers 
displayed higher SUVRs, for any given level of CSF Aβ42/40, in medial temporal regions including 
entorhinal cortex and hippocampus. C) Group scatterplots in ALFA participants showing the 
significant interaction between APOE-ε4 and CSF Aβ42/40 in driving Aβ PET SUVRs in the right and 
left hippocampus. D-E) Surface and volume rendering in ADNI participants, of Aβ PET statistical t-
map indicating that compared to non-carriers, APOE-ε4 carriers displayed higher SUVRs, for any 
given level of CSF Aβ42/40, in right inferior and middle temporal as well as right insula. F) Group 
scatterplots in ADNI participants showing the significant interaction between APOE-ε4 and CSF 
Aβ42/40 in driving Aβ PET SUVRs in the right inferior and middle temporal gyrus.  

 
Next, we found that age modulated the association between CSF Aβ42/40 
concentration and cortical Aβ deposition, with older individuals displaying 
greater SUVRs in bilateral superior frontal cortex, middle and inferior 
temporal areas as well as anterior and posterior cingulate cortex (PCC) 
(Fig. 4a-4b) in the ALFA cohort. Such a pattern of results was replicated in 
ADNI, with similar effects shown in older compared to younger individuals, 
even though the topological pattern was less widespread (Fig 4c-4d).  

Finally, a similar modulatory role was observed for sex, indicating higher 
SUVRs in posterior areas including the cuneus, the middle cingulate cortex 
and middle temporal gyrus, in females compared to males (Fig. 5a-5b) in 
the ALFA cohort. As for the previous interactions, this interaction was 
replicated in ADNI, even though the spatial topography was less distributed, 
including the cuneus bilaterally, as shown in Fig 5c-5d.  
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Fig. 4 Age significantly modified the association between of CSF Aβ42/40 and Aβ PET. A-B) 
In ALFA participants, older individuals displayed, for any given level of CSF Aβ42/40 concentration, 
a higher Aβ PET retention in distributed cerebral areas including inferior and superior temporal cortex 
as well as medial prefrontal and inferior parietal areas. C-D) Such an interaction was replicated in 
the ADNI cohort, although in a less distributed topological pattern. For visualization purposes, age 
continuous variable was broken down in three subgroups of younger, middle-aged, and older 
individuals, according to tercile ranking.  

 

Fig. 5 Sex significantly modified the association between CSF Aβ42/40 and Aβ PET. A-B) In 
ALFA participants, sex significantly modulated the association between CSF Aβ42/40 and Aβ PET 
uptake indicating higher SUVRs in females’ participants compared to males, in posterior medial 
regions including the precuneus and the cuneus. C-D) An overlapping cortical topology was found 
in ADNI participants indicating the same interaction effects as in ALFA. rITG=right inferior temporal 
gyrus; lITG=left inferior temporal gyrus; rPUT 
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Whole brain voxel-wise analysis on the synergistic effects of APOE-
ε4, age and sex 

In the ALFA cohort, we observed a significant three-way interaction 
involving CSF Aβ42/40, APOE-ε4, and age in lateral temporal regions, 
temporo-parietal junction, and PCC, indicating that the detrimental effects 
of APOE-ε4 in driving a higher Aβ PET uptake as function of CSF Aβ42/40 
concentrations, were stronger in older compared to younger individuals 
(Fig. 6a-6b). Similar patterns were significant in ADNI (Fig. 6c-6d). Next, we 
found a three-way interaction involving CSF Aβ42/40, age and sex, 
indicating that the modulatory role of age in prompting a higher Aβ PET 
uptake as function of CSF Aβ42/40 concentrations, were stronger in female 
compared to male individuals. This interaction mapped onto the 
orbitofrontal cortex, inferior parietal as well as anterior and posterior 
cingulate (Fig. 6e-6f). These findings, although less widespread, were 
replicated in ADNI participants as well (Fig. 6g-6h).  

Finally, we found a significant three-way interaction involving CSF Aβ42/40, 
APOE-ε4, and sex, indicating that the exacerbating effects of APOE-ε4 
were more prominent in women compared to men, in inferior temporal and 
orbitofrontal regions (Fig. 7a-7b). This interaction was however not 
replicated in ADNI.  
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Fig. 6 Three-way interactions in both cohorts. A-B) Surface rendering and bar plots indicating 
three-way interactions involving CSF Aβ42/40, APOE-ε4 and age on Aβ PET uptake in the ALFA 
cohort. YNC=young non-carriers; YC=young ε4-carriers; ONC=older non-carriers; rMTG=right 
middle temporal gyrus; lAG=left angular gyrus; rAG=right angular gyrus; rTP=right temporal pole. C-
D) Same as in A-B, in the ADNI cohort. rINS=right insula; rITG=right inferior temporal gyrus; lIPG=left 
inferior parietal gyrus; rSTG=right superior temporal gyrus; lOFC=orbitofrontal cortex. In B) and D), 
bars in the plot encode the interaction between one categorical (APOE-ε4) and two continuous (CSF 
Aβ42/40, age) variables. E-F) Surface rendering and bar plots indicating three-way interactions 
involving CSF Aβ42/40, age and sex on Aβ PET uptake in the ALFA cohort. YM=young males; 
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OM=older males; YF=young females; OF=older females; rOFC=right orbitofrontal cortex; lIPC=left 
inferior parietal cortex; rMOG=right medial orbital gyrus; rPCC=right posterior cingulate cortex; 
lIFG=left inferior frontal gyrus; G-H) Same as in E-F, in the ADNI cohort. rCUN=right cuneus; 
lOFC=left orbitofrontal cortex; rCAL=right calcarine; lIFG=left inferior frontal gyrus; lMTG=left middle 
temporal gyrus. In F) and H), bars in the plot encode the interaction between one categorical (sex) 
and two continuous (CSF Aβ42/40, age) variables. 

 
 

 

Fig. 7 Three-way interactions in the ALFA cohort.  A-B) Surface rendering and bar plots indicating 
three-way interactions involving CSF Aβ42/40, age and sex on Aβ PET uptake in the ALFA cohort. 
MNC=males non-carrier; MC=males ε4-carriers; FNC=females non-carrier; FC=females ε4-carriers; 
FG=right fusiform gyrus; lOFC=orbitofrontal cortex; rITG=right inferior temporal gyrus; lIPG=left 
inferior parietal gyrus; lITG=left inferior temporal gyrus. Bars in the plot encode the interaction 
between two categorical (APOE-ε4, sex) and one continuous (CSF Aβ42/40) variables.  

 

DISCUSSION 

The present work aimed to determine whether in CU individuals, 
unmodifiable AD risk factors modulate the association between soluble and 
deposited Aβ species quantified with CSF concentrations and PET imaging, 
respectively. Further, our goal was to determine which brain regions are 
susceptible for such differential associations. We found that APOE-ε4, older 
age and female sex, all interacted with CSF Aβ42/40 concentrations, 
resulting in a higher fibrillary plaque deposition for any given level of CSF 
Aβ42/40, with each risk factor mapping onto a specific topology. 
Importantly, we replicated these findings in an independent cohort that 
differed in the PET tracers used for Aβ imaging as well as in the average 
age and level of progression in the preclinical AD continuum, thus 
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reinforcing the robustness and generalizability of our results.  Our strategy 
of assessing the impact of risk factors on the association between two 
distinct surrogate markers of cleared and aggregated Aβ in CU individuals 
provide novel insights into the biological pathways underlying Aβ 
aggregation in the brain.  

First, we observed a significant interaction between CSF Aβ42/40 and 
APOE-ε4 in the Centiloid ROI as well as in Braak stages I/II and III/IV 
regions, in the ALFA cohort. In ADNI, this interaction was significant in the 
Centiloid ROI, as well as the Braak stages V/VI ROI. Whole-brain analyses 
conducted in the ALFA cohort confirmed that, compared to non-carriers, 
APOE-ε4 carriers displayed, for any given value of CSF Aβ42/40, a higher 
Aβ PET retention in a symmetric pattern covering medial temporal lobe 
(MTL) areas including the anterior hippocampus, parahippocampus, 
entorhinal cortex, inferior temporal as well as the bilateral inferior parietal 
regions. Similarly, in ADNI this interaction covered the right middle and 
inferior temporal cortex, as well as the anterior cingulate cortex and right 
angular gyrus. These areas do not typically display Aβ accumulation in the 
early stages of the disease, which rather involve neocortical areas and 
particularly prefrontal cortex, posterior cingulate, precuneus, and inferior 
parietal, as shown by in-vivo staging (Collij et al., 2020; Mattsson et al., 
2019; Grothe et al., 2017) and autopsy studies (Braak & Braak, 1991; Thal 
et al., 2002). Rather, the regions we found, particularly in the ALFA sample, 
display selective vulnerability to early tau deposition, as previously 
documented in patients along the Alzheimer’s continuum (Ossenkoppele et 
al., 2016; Schwarz et al., 2016; Cho et al., 2016) as well as in cognitively 
unimpaired individuals (Johnson et al., 2016; Schöll et al., 2016). Earlier 
studies provide evidence for a synergistic interaction between Aβ and tau 
in determining functional and structural abnormalities in cognitively intact 
individuals (Busche & Hyman, 2020; Pascoal et al., 2017; Desikan et al., 
2012; Fortea et al., 2014). According to a disease model of Aβ-induced tau 
hyperphosphorylation (Maia et al., 2013; Schelle et al., 2017), fibrillary Aβ 
initiates a pathophysiological cascade leading to tau misfolding that 
eventually propagates throughout the neocortex. Furthermore, one study 
reported that the interaction between Aβ and tau in driving a greater risk of 
developing AD, mapped onto inferior temporal and parietal regions, which 
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overlap with the regions we found (Pascoal et al., 2017). Hence, our results 
suggest that APOE-ε4, by affecting the association between soluble and 
deposited Aβ specifically in MTL areas, paves the way for the spread of tau 
in extra medial-temporal regions thus promoting later co-localization of Aβ 
and tau. Indeed, previous PET imaging studies have documented a higher 
tau deposition in APOE-ε4 carrier AD patients compared to non-carriers 
(Ossenkoppele et al., 2016; Therriault et al., 2020; Tiraboschi et al., 2004). 
The importance of this co-localization is highlighted by evidence that the 
presence of tau pathology beyond the mesial temporal lobe is facilitated by 
the presence of Aβ in these regions (Pontecorvo et al., 2017; Jones et al., 
2017; He et al., 2018; Vogel et al., 2020; Shimada et al., 2017). In turn, tau 
deposition in MTL regions drives subsequent neurodegeneration, brain 
atrophy and cognitive decline (La Joie et al., 2020; Bejanin et al, 2017). 
These regional effects were not detected for the interactions between CSF 
Aβ42/40 and age or sex, but post-hoc three-way interactions indicated that 
the effect of APOE-ε4 was significantly stronger for females and older 
participants. Our data support earlier evidence for a combined influence of 
age, sex and APOE-ε4 on the emergence of AD pathology (Mofrad et al., 
2020; Li et al., 2017; Lautner et al,. 2017; Glodzik-Sobanska et al., 2009), 
and AD prevalence (Riedel et al., 2016; Raber et al., 2004; Farrer et al, 
1997; Jarvik et al., 1995). Furthermore, our interaction effects may help to 
explain the faster disease progression (Mishra et al., 2018; Paranjpe et al., 
2019) as well as the stronger relationship between Aβ and cognitive decline 
(Mormino et al., 2014; Kantarci et al., 2012; Lim et al., 2015) in APOE-ε4 
carriers compared to non-carriers. It is worth noting that, when assessing 
the main effects of APOE-ε4 on Aβ PET we found, as expected, a 
widespread higher retention in ε4-carriers compared to non-carriers across 
regions consistent with those reported previously, namely prefrontal and 
midline cortical areas (Fig. S1) (Reiman et al., 2009; Toledo et al., 2019). 
However, as mentioned above, our interaction data between CSF Aβ42/40 
and APOE-ε4 revealed a cortical topology in different areas and precisely 
in MTL, tau-vulnerable, regions. Thus, our results imply that the ratio 
between cerebral deposited Aβ and its soluble counterpart may represent 
a novel biomarker putatively reflecting the imbalance between cleared and 
deposited Aβ in the brain, and may thus be more informative on the 
mechanisms of incipient Aβ pathology. Further longitudinal studies are 
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required to track the progression of regional Aβ PET uptake as function of 
CSF Aβ concentrations stratified by genetic risk, age and sex.  

It is important to note that the ALFA and ADNI cohorts had significantly 
different age (mean age ALFA: 61.03; mean age ADNI: 73.71) and levels 
of cerebral Aβ load (mean Centiloid in ALFA = 2.66; mean Centiloid in ADNI 
= 25.71), which can be regarded as a proxy for disease progression 
(Palmqvist et al., 2019).  Therefore, the comparison of the effect sizes 
across cohorts in progressive Braak stages ROIs may be indicative of the 
timing within the disease continuum when the effect of each of these AD 
risk factors may be more relevant in promoting the accumulation of Aβ in 
tau-vulnerable regions. In general, the sizes of effects of these AD risk 
factors in ADNI were progressively larger in Braak V/VI than in Braak III/IV, 
and nonsignificant in Braak I/II. In contrast, in ALFA, whose participants are 
supposed to be in earlier stages of the Alzheimer's continuum, the 
interaction effect between CSF Aβ and APOE-ε4 was mostly prominent in 
Braak I/II, followed by Braak III/IV. This pattern suggests that the effect of 
APOE-ε4 in promoting Aβ aggregation in entorhinal regions, which is 
thought to be a key event in the development of AD, may happen very early 
in the AD continuum. 

Next, we reported a modulatory effect for older age in driving a higher Aβ 
PET uptake as a function of CSF Aβ42/40. This interaction was significant 
in the Centiloid ROI, Braak stages III/IV and stages V/VI, in both cohorts. 
Whole brain analyses yielded significant effects into the posterior cingulate, 
precuneus, medial prefrontal cortex including the ACC, as well as superior 
frontal and middle temporal areas in the ALFA cohort. Consistent effects 
were found in the ADNI sample even though within a more restricted 
topology involving ACC, PCC and middle temporal areas. Such a reduced 
effect in ADNI compared to that in ALFA may be due to the different age 
range of the two samples (ALFA= 50-73; ADNI=56-94 years). In fact, earlier 
studies indicate that, the effects of aging on cortical Aβ deposition drop 
significantly in cognitively intact individuals older than 60 years of age (e.g., 
Rodrigue et al., 2012). Unlike the interaction findings involving APOE-ε4, 
the brain regions susceptible for the interaction between CSF Aβ42/40 and 
age display selective vulnerability to Aβ accumulation early in the disease 
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continuum (Collij et al., 2020; Mattsson et al., 2019; Braak & Braak, 1991; 
Thal et al., 2002). These regions overlap with the default-mode network, 
which is known for harboring Aβ in the initial stages of the disease, as well 
as in normal aging (Buckner et al., 2005, 2009; Palmqvist et al,. 2017). 
Interestingly, aging has been associated to a progressive disruption of the 
DMN, which in turn affects memory efficiency (Damoiseaux et al., 2008; 
Miller et al, 2008). Hence, our interaction data suggest that, as Aβ clearance 
rate begins to become deficient, older individuals harbor more fibrillary 
plaques within the DMN, which may exacerbate the effects of Aβ on 
cognitive performance. This hypothesis however goes beyond the scope of 
the present study.  

Finally, we reported that sex modulated the association between soluble 
and deposited Aβ in the Centiloid ROI, as well as Braak stages ROIs III/IV 
and V/VI in the ALFA cohort, while no significant two-way interactions 
involving sex were retrieved in the ADNI sample using an ROI approach. 
Whole brain analyses yielded a significant interaction in posterior medial 
regions such as the PCC and cuneus, as well as middle temporal areas in 
ALFA, while a less distributed effect was found in ADNI, involving the 
cuneus bilaterally. Women represent two-thirds of the cases of late-onset 
AD (Beam et al., 2018). Such a higher prevalence may be ascribed to 
several factors, including sex-related differences in neuroinflammation 
burden (Hall et al., 2013), higher proportion of major depressive disorders 
in women (Albert, 2015) and most importantly, estrogen depletion occurring 
in the perimenopause (Brinton et al., 2015). Reductions in estrogen levels 
in women during the fifth decade and beyond, may be responsible for 
deficits in the brain metabolism and vascular pathogenesis.  Compared to 
perimenopausal, post-menopausal women show more prominent brain 
hypometabolism, increased Aβ deposition and reduced gray matter 
volume, with these effects mapping onto posteromedial cortices (Mosconi 
et al., 2017), similarly to the brain areas that we have found in the interaction 
analysis. In addition, sex has been shown to modify the APOE-related 
increased risk of developing AD, with a higher proportion of MCI to AD 
converters in women than in men ε4-carriers (Altman et al., 2014). Our 
three-way interaction showing a greater deleterious effect of APOE-ε4 on 
Aβ deposition in women than in men suggest that Aβ-dependent 
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mechanisms may underlie those previous observations. More in general, 
our three-way interaction results indicate that cognitively intact older 
females harbouring APOE-ε4 may enter earlier in preclinical AD stage, thus 
calling for their inclusion in primary prevention strategies.  

In conclusion, we show that APOE-ε4, age and sex modify the relationship 
between soluble and deposited Aβ with each risk factor promoting a higher 
cerebral Aβ deposition as function of CSF Aβ42/40 concentrations in 
specific brain regions. The interaction between CSF Aβ and APOE-ε4 
mapped onto regions that do not typically accumulate Aβ in the early 
preclinical AD stages, but rather show selective vulnerability to tau 
aggregation and atrophy early in the disease. On the other hand, both age 
and sex interactions showed their effects on areas of initial Aβ deposition.  

These data provide novel insights into the factors mediating the balance 
between soluble and deposited Aβ and clarify the mechanisms underlying 
the higher AD prevalence associated to those risk factors. 
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FOURTH STUDY: Cerebral amyloid-β load 
is associated with neurodegeneration and 
gliosis: Mediation by p-tau and 
interactions with risk factors early in the 
Alzheimer's continuum 
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� SUMMARY OF RESULTS 

In this thesis we have presented four different studies all related to Aβ 
deposition in early stages of the Alzheimer's continuum and its downstream 
consequences. Our overall objective was related to further advance the 
characterization of Aβ PET alterations observable in these early stages of 
the disease. First, we looked at the capability of Aβ PET to detect the 
earliest signs of Aβ pathology both using quantification and visual 
assessment (studies 1 and 2, respectively). Second, we studied how AD 
risk factors affect cerebral amyloid aggregation by associating two different 
Aβ biomarkers (study 3). And, finally, in our last study, we investigated the 
associations between Aβ PET and CSF biomarkers of multiple downstream 
pathophysiological mechanisms. The roles in these associations of AD risk 
factors and indirect effects of other biomarkers were also studied.  

The main objective of our first study was to derive standard thresholds of 
Aβ PET to detect the earliest signs of Aβ pathology. To this aim, we 
capitalized on having CSF Aβ measurements in the same participants, and 
the well-established fact that CSF Aβ dyshomeostasis occurs earlier in the 
disease progression than cerebral Aβ accumulation. Two different cohorts 
were merged to study the whole AD spectrum, with a particular emphasis 
in subjects with low-intermediate Aβ load. Using this dataset, we maximized 
the agreement between Aβ PET global measures and dichotomized CSF 
biomarkers using previously established thresholds. This analysis gave two 
thresholds as a result: 12 Centiloids (CL) when comparing with 
dichotomized CSF Aβ and, around 30 CL when dichotomized CSF tau/Aβ 
ratios were used.  

Following these results, we wanted to elucidate whether visual assessment 
could also detect this early Aβ load. To do so, two cohorts that covered the 
whole Alzheimer's continuum with available [18F]flutemetamol PET scans 
were studied. Our results demonstrated that visual assessment performed 
by highly trained reader(s) led to high accuracy (κ≥0.88) in determining Aβ 
positivity compared to thresholds derived in the first study, which were 
significantly lower than previously derived cut-offs for positive visual reads. 
Moreover, when the quantification threshold was derived against visual 
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read assessment classification, we found a value, 17 CL, which was within 
the range of the two thresholds in the first work. Further, we also observed 
high agreement (89.3%) on assessing Aβ positivity when studying an 
independent sample with neuropathological information (n=28). 

In this second study the role of regional visual assessment was also 
investigated. First, we observed that the number of regions visually 
assessed as positive was associated with the global Aβ load measured with 
quantification (χ2=303.71, df=5, p<0.001). Further, comparing subjects with 
a particular region assessed as positive or negative, a significant difference 
in regional quantification was also proven (all p<0.001). These results were 
also confirmed in the neuropathological sample comparing the continuous 
measure of mCERADSOT between both groups (all p<0.01). Finally, the 
most common patterns of regional Aβ positivity were described. In 
summary, frontal or precuneus/posterior cingulate alone first and after in 
conjunction, were the first areas to be assessed as positive in our staging 
model (VR stages 1 and 2, respectively). Followed by a final stage in which 
these regions plus any other of the cortical and/or striatal areas were 
assessed as positive (VR stage 3). We also detected that the sagittal plane 
seemed to be optimal to assess the earliest regions. These results led us 
to propose this approach as a regional staging method to monitor the 
spread of Aβ pathology across the brain. Being entirely based on visual 
reading, this method would be suitable to be applied in clinical practice 
without the need of quantitative approaches. 

In the third study, the role of AD risk factors as modifiers of cerebral Aβ 
aggregation for a given level of Aβ dyhomeostasis was investigated. Using 
two independent cohorts of cognitively unimpaired participants, our study 
showed that older age, female sex and APOE-ε4 carriership increased the 
Aβ PET load, for any given level of CSF Aβ. Interestingly, the brain areas 
in which these risk factors facilitated Aβ aggregation were different. 
Particularly, older age and female sex, displayed increased Aβ load in 
areas such as precuneus and posterior cingulate, which are well-known 
areas of Aβ deposition. On the other hand, APOE-ε4 carriership showed 
increased Aβ deposition mainly in the medial temporal lobe which is a key 
region for early tau accumulation and neurodegeneration in AD. In all cases 
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these patterns were more widespread in the ALFA+ participants, which 
were also younger and had less Aβ in the brain, than in the ADNI 
participants, thus supporting that these effects might be more prominent in 
the early AD continuum. 

On the final study presented, we investigated Aβ-downstream effects in the 
early stages of the Alzheimer's continuum. Our results indicate that CSF 
biomarkers related to tau pathology, neurodegeneration and glial activation 
are positively associated with Aβ load measured with PET, even when 
measured in cognitively unimpaired participants. Further, our analyses 
indicated that some of these associations were also modified by AD risk 
factors. Specifically, we observed a tighten association between Aβ load 
and tau and synaptic dysfunction markers in older participants. A marker of 
microglial activation, sTREM2, also showed a trend to stiffen the 
association with Aβ load in older participants. Also, steeper increases in 
CSF NfL, neurodegeneration marker, and sTREM2 levels were detected in 
women for increasing Aβ load. No significant modifier effects were 
observed for APOE-ε4 carriership.  

On top of these, the main novelty in this study was discovering a direct 
association between Aβ load and NfL, a marker of neurodegeneration, 
independent of p-tau. On the other hand, associations between glial 
activation markers and Aβ load, they were all found to be fully mediated by 
CSF levels of p-tau and NfL.  

 

 

� PUBLICATIONS' REPORT 

Four manuscripts have been included in the preparation of this thesis, three 
of them have been already published in international scientific journals, and 
another one is currently under revision at the present time.  

The first study, entitled "Centiloid cut-off values for optimal agreement 
between PET and CSF core AD biomarkers", was published in the journal 
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Alzheimer's Research & Therapy (IF: 6.116, Q1) in 2019. The presenter of 
this thesis is the first author of this study, as she conceptualized the study; 
performed the main analyses; discussed the results and contributed to the 
writing and revision of the manuscript. This work has not been included in 
any other PhD thesis.  

The second study included is entitled: "Visual assessment of 
[18F]flutemetamol PET images can detect early amyloid pathology and 
grade its extent" and was published in the European Journal of Nuclear 
Medicine and Molecular Imaging (IF: 7.081, Q1) in 2021. This work was the 
result of a tight collaboration between our group and a Dutch research 
group in which data from both centers was used. The thesis presenter is a 
co-first author together with Lyduine E. Collij. The specific work of Gemma 
Salvadó in this study included the conceptualization of the project; analysis 
of the data, such as the quantification of all PET images included in this 
work, performance of statistical analyses; critical discussion and 
interpretation of the results and; revision of the manuscript. The other co-
first author, also played a main role in this work not only contributing with 
data from her center, but also working together in the conceptualization of 
the study; analysis of the data, such as performing the visual analysis of all 
PET images, as well as many statistical analyses; critical discussion of the 
results and writing of the manuscript. This work has also been included in 
the PhD thesis of Lyduine E. Collij.  

The third study is entitled: "Age, sex and APOE-ε4 modify the balance 
between soluble and deposited β-amyloid in cognitively intact individuals: 
topographical patterns and replication across two independent cohorts" and 
is currently under review. This study also came as a tight collaboration, in 
this case within our center, between the thesis presenter and Dr. 
Cacciaglia. In this case, the work of Gemma Salvadó consisted on 
contributing to the conceptualization of the project; performing analysis of 
the data, such as the preprocessing of all the images, as well as conducting 
a vast part of the statistical analyses; critical discussion of the results and 
its interpretation and; finally, the revision of the manuscript. This work has 
not been included in any other PhD thesis.  
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Finally, the last study, entitled "Cerebral amyloid-β load is associated with 
neurodegeneration and gliosis: Mediation by p-tau and interactions with risk 
factors early in the Alzheimer's continuum", was published in the journal 
Alzheimer's & Dementia (IF: 17.127, Q1) in 2021. The presenter of this 
thesis is the first author of this study as she conducted the main tasks of 
this study including: the conceptualization of the study; performance of the 
analyses; discussion of the results and writing of the manuscript. This work 
has not been included in any other PhD thesis.  

 

Yours sincerely, 

  
Dr. Juan Domingo Gispert López Dr. José Luis Molinuevo Guix 

  

 
Dra. Roser Sala Llonch 
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DISCUSSION 

Alterations in amyloid-β (Aβ) are thought to be the earliest, or one of the 
earliest, detectable feature of Alzheimer’s disease (AD). Aβ PET allows the 
identification of Aβ in the brain, even in cognitively unimpaired individuals. 
Throughout this thesis, we have used Aβ PET to address three main 
objectives: first, to detect the earliest signs of pathological cerebral Aβ 
deposition; second, to assess how the main non-modifiable risk factors for 
Alzheimer's dementia affect the amount and pattern of Aβ deposition and, 
finally, to characterize pathophysiological pathways triggered by early Aβ 
deposition. In this chapter we will jointly discuss the results that we have 
presented in previous chapters and in the context of current literature of the 
field.  

 

� THE ALFA COHORT 

To contextualize the results of this thesis, we have first to introduce the 
cohort of participants used to perform this thesis' research. The reason for 
this is that the particularities of the ALFA cohort have been key to address 
the objectives of this thesis, especially focused on the earliest stages of the 
Alzheimer's continuum. This particular emphasis on early phases of AD 
makes our work unique of its kind. 

The ALFA cohort was assembled to investigate the pathophysiological 
events that occur at the early stages of the Alzheimer's continuum 
(Molinuevo et al., 2016). To be able to detect these early stages of the 
disease, participants were selected to be (late) middle-aged cognitively 
unimpaired participants, most of which were offspring of AD patients. 
Further, in the nested ALFA+ subsample, which was used in all our studies, 
participants were preferentially selected to be APOE-ε4 carriers and have 
a positive family history of AD. These characteristics increased the 
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proportion of participants in the preclinical stage of the Alzheimer's 
continuum (Sperling et al., 2011b).  

With the advantage of this dataset available, the main focus of this thesis 
was to study the earliest stages of the Alzheimer's continuum and, in 
particular, those events related to the first signs of cerebral Aβ deposition. 
Most of the studies in the literature involve clinical samples of AD patients 
and controls. Whilst this approach allows the detection of the main features 
of the disease, it is not adequate to detect the earliest alterations. 
Nonetheless, the early stages of the Alzheimer's continuum have gained 
more attention in recent years as they are thought to be a window of 
opportunity for intervention (Sperling et al., 2014b). Similar approaches 
have been followed in other cohort studies like the Adult children Study by 
the Washington University in Sant Louis (Coats and Morris, 2005), the 
Winsconsin Registry for Alzheimer’s Prevention (Sager et al., 2005), the 
Biomarkers for Older Controls at Risk for Alzheimer's Disease study at 
Johns Hopkins (Levy et al., 2004), the Baltimore Longitudinal Study of 
Aging, Prevention (Shock et al., 1984), and the Australian Blood, Imaging, 
and Lifestyle study (Ellis et al., 2009). Finally, it also allows the study of the 
whole continuum if participants are followed longitudinally, as is the case of 
ALFA+ participants. In summary, the use of the ALFA+ cohort was crucial 
for the development of the studies presented. 

 

� DEFINITION OF Aβ PET POSITIVITY  

To study the natural history of Aβ deposition or the effect of 
pharmacological interventions on Aβ load, quantification is fundamental. 
However, many factors significantly affect PET-derived measures of Aβ 
burden, like the tracer used to obtain the images, how the regions of interest 
(ROIs) are drawn or the pre-processing pipeline used to quantify them. To 
improve the comparability of the estimates of Aβ PET burden, the Centiloid 
project was designed and the Centiloid scale (CL) was proposed as a tool 
for direct comparison of Aβ load across centers (Klunk et al., 2015). In our 
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studies, the CL method was adopted and allowed us to either validate our 
results in independent samples or to pool quantitative Aβ measurements 
from different sources to extend our findings in the ALFA cohort to the full 
spectrum of AD. In addition, reporting our results in CL units, being these 
absolute, facilitates their comparability to the rest of the literature. 

 
PET quantification 

Our first study was specifically designed to detect these first signs of Aβ 
deposition in the brain and, ultimately, classify subjects as Aβ positive or 
negative. To this aim, we operationalized an Aβ PET threshold that 
maximized the agreement with dichotomized cerebrospinal fluid (CSF) 
values. The idea behind this strategy was to approximate, as much as 
possible, the classification that would have been obtained if we had used 
CSF Aβ, which is supposed to be the earliest marker of Aβ alterations in 
AD (Bateman et al., 2012b, Jack et al., 2013b; Palmqvist et al., 2016).  

Another remarkable characteristic of our study that also helped to detect 
early signs of cerebral Aβ was the sample that was studied. As previously 
stated, our study included a large number of participants with low-
intermediate Aβ load, which allowed having a good representation of the 
range in which the most sensitive thresholds were expected. However, we 
considered that it was necessary to cover the whole AD spectrum to avoid 
stability problems and also, to confirm our results in more typical cases. To 
this aim, we also added an extra clinical cohort -ADNI - that included 
participants with higher Aβ pathology. As shown in the sensitivity analyses, 
the exclusion of these subjects could lead to much lower thresholds, which 
may be more related to noise than to an actual signal. In conclusion, the 
derivation of Aβ thresholds is sensitive to the studied samples  (Jack et al., 
2017).  

These two characteristics of the study allowed us to derive a low and, in 
turn, specific threshold at 12 CL. Even though this threshold could seem 
too low, this value is supported by two other recent studies that were 
published during the development of this thesis. During the preparation of 
our first manuscript, La Joie and colleagues presented a threshold of 12.2 
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CL derived against neuropathology (La Joie et al., 2019). In particular, this 
value corresponded to the boundary of CERAD moderate-to-frequent 
neuritic plaques, advocating for a sensitive although robust threshold. In 
line with this, a more recent study also using neuropathological measures 
adopted a threshold of 10 CL to discard the existence of neuritic plaques 
(Amadoru et al., 2020). Therefore, both studies corroborated our finding 
using completely different methodological approaches. A third study using 
neuropathology data also proposed a threshold of 24.1 CL but it was not 
strictly derived against it and, also, used a more limited number of cases, 
which supports the idea that the population selected for these type of 
studies is key (Navitsky et al., 2018). Also, a very recent study suggested 
just a slightly higher threshold (15-18.5 CL) to be the lowest threshold to 
have clinical relevance as to be related to future Aβ accumulation and 
cognitive decline (Farrell et al., 2021). And, another reported 13.5 CL, very 
close to our 12 CL, as the cut-off to differentiate Aβ negative subjects from 
subjects with early Aβ deposition (Bullich et al., 2020). 

Recent studies have derived Centiloid thresholds with other objectives. 
Remarkably, two studies used longitudinal data to derive a threshold with 
significant prognostic value. In one of these studies, the authors indicated 
that the probability to progress from cognitively unimpaired to mild cognitive 
decline (MCI) or dementia in five years increased from 5% to 12% if 
baseline Aβ PET was above 26 CL (van der Kall et al., 2020). And another 
similar study also estimated that the Centiloid value that optimally predicted 
the progression to dementia in six years, yielding also a threshold of 26 CL 
(Hanseeuw et al., 2020). These thresholds are in remarkable agreement 
with the one derived in our study against dichotomized tau/Aβ ratios (25-30 
CL). The aim of this calculation in our study was to derive a more specific 
threshold that would be related to established pathology. But in views of its 
accordance with these two more recent studies, it suggests the 
appropriateness of the use of our second threshold (25-30 CL) with 
prognostic objectives.  
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PET visual assessment 

Visual assessment is the other typical method to assess an Aβ PET scan. 
It is more often used in the clinical setting and it is the only EMA- and FDA-
approved method to classify a scan as positive or negative. As it was 
operationalized to detect moderate-to-frequent plaques using the CERAD 
classification, it has been usually considered to be less reliable to early 
signs of Aβ deposition (La Joie et al., 2019). Furthermore, the few studies 
that had previously compared visual assessment with Centiloid 
quantification had proposed high thresholds of positivity (from 25 CL up to 
40 CL) (Leuzy et al., 2016; Rowe et al., 2017; La Joie et al., 2019; Amadoru 
et al., 2020; Hanseeuw et al., 2020), which also discouraged the use of 
visual read for the assessment of early Aβ pathology.  

However, and due to the characteristics of the previously published studies, 
we suspected that the sensitivity of visual assessment could be higher than 
what was originally thought. As we hypothesized, the capability to detect 
early signs of Aβ deposition with this method was demonstrated in our 
second study. This was firstly validated by the CL threshold matching a 
positive visual read in our study (17 CL). And further confirmed by the 
results of our additional analysis against neuropathology, which suggested 
that visual assessment, performed by highly trained readers, could capture 
the presence of sparse- to-moderate neuritic plaques. Noteworthy, this 
quantification threshold was between the range (15-18.5 CL) proposed for 
a very recent study to be the lowest to predict future cognitive decline 
(Farrell et al., 2021). Altogether, advocating for the use of visual 
assessment also in the early stages of AD.  

Two main properties may have favoured the detection of lower Aβ burden 
by visual assessment in our study. First, the selection of participants, which 
included a considerable number of participants with low-intermediate Aβ 
load and, second, the experience of our readers. This first characteristic is 
in contrast with previous studies that only included few subjects in this 
range (La Joie et al., 2019; Amadoru et al., 2020; Hanseeuw et al., 2020). 
Particularly, only six participants were included in one of these studies in 
the range of 12-24 CL (La Joie et al., 2019). Important to note, the majority 
of these cases (72%) were assessed as visually positive, although not for 
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all readers. This is in agreement with our results, suggesting that low Aβ 
load can be detected by visual assessment. However, it also suggests that 
some readers, maybe those less used to review these early cases which 
are more frequent in population studies than in clinical samples, may fail at 
detecting the subtle signs of Aβ pathology. Another strength of our study is 
that the three readers of our study had previously reviewed a large number 
of Aβ [18F]flutemetamol PET scans, including a large number of dubious 
cases. This characteristic may have also fostered the detection of earlier 
signs of Aβ in our study. 

 

� CHARACTERIZATION OF REGIONAL Aβ 
DEPOSITION 

Until this point, we have only discussed Aβ positivity as a global measure. 
However, multiple studies, including one with the involvement of our group 
(Collij et al., 2020), have demonstrated advantages of classifying 
participants in ordinal categories -or stages- based on regional information 
from Aβ PET scans (Fantoni et al., 2020). Among others, these studies 
showed associations with CSF biomarkers, neuropathological Aβ markers, 
and also predicted cognitive decline, supporting its use over 
dichotomization of global Aβ load for some research applications (Grothe 
et al., 2017; Hanseeuw et al., 2018; Mattsson et al., 2019; Collij et al., 2020; 
Jelistratova et al., 2020; Teipel et al., 2020).  

 
Staging model 

Besides, all the studies mentioned above used regional quantification to 
address this goal. Thus, no study had used regional information derived 
from regional visual assessment, although it is performed as per guidelines 
description, relegating regional analyses to the research setting only. To 
address this issue, in our second study we aimed to disentangle whether 
regional visual assessment could give more granular information about Aβ 
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load than global dichotomization. All our analyses supported the value of 
regional assessment, as we showed associations with both global and 
regional Aβ load measured with quantification. And it was also confirmed in 
the neuropathological cases. Thus, suggesting that regional visual 
assessment could serve to grade the Aβ extent and, therefore, give a more 
comprehensive grading of Aβ deposition in the brain. As far as we know, 
the utility of regional visual assessment was not previously investigated 
although it is routinely performed in the clinics. In addition, a very recent 
paper, contemporaneous with ours, suggested that the number of regions 
visually assessed as positive may have an impact on future cognitive 
decline (Kim et al., 2021). Therefore, our recommendation to use this 
resource would provide extra information, useful for prognostics, without 
requiring extra effort from readers. 

Finally, also in the second study, we described regional patterns of Aβ 
positivity. Observing which regions were more usually assessed as positive 
allowed us to describe a progression on regional positivity similar to what 
was previously done with the quantitative staging methods. Our staging 
model, based on visual assessment, may be of utility for the clinical setting 
as it gives an idea comparable to quantification depending on the pattern 
observed in the Aβ PET scan. Further, it may also be of utility for readers 
less used to dubious cases as we propose to focus on particular areas to 
detect the earliest signs of pathology (e.g. precuneus/posterior cingulate 
and orbitofrontal cortex in the sagittal plane). It is important to note, though, 
that only cross-sectional data was involved in this project. Therefore, the 
validity of this method for prognostics needs to be tested in longitudinal 
studies. This is planned to be investigated with the longitudinal data of the 
ALFA+ study in the context of the Amyloid Imaging to Prevent Alzheimer's 
Disease (AMYPAD) Consortium (Lopes Alves et al., 2020). 

 
Different patterns of Aβ deposition 

The relevance of regional Aβ information is also highlighted by the results 
of our third study, in which we compared the global CSF Aβ levels with 
regional Aβ PET load. Multiple studies had previously investigated the 
associations between CSF Aβ and Aβ PET (Palmqvist et al., 2014, 2015, 
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2016; Toledo et al., 2015). In broad strokes, the main objective of many of 
these studies was to assess the agreement between both methods to 
detect Aβ pathology. However, none had previously investigated how these 
associations could inform us about differences in regional patterns of Aβ 
deposition, for similar CSF Aβ levels, associated with Alzheimer's dementia 
risk factors. This was a key novelty in the approach of our study.  

Our hypothesis of increased Aβ deposition with increased AD risk was 
confirmed for all three risk factors: older age, female sex and carriership of 
the APOE-ε4 genotype. However, the pattern of higher deposition was not 
homogeneous for all AD risk factors investigated. These differences 
between AD-risk factors advocate for different biological mechanisms 
behind this increased Aβ deposition, which would have been unnoticed 
without the regional information.  

On one hand, older age and female sex demonstrated to be associated with 
higher Aβ deposition in areas known for their early Aβ accumulation, such 
as precuneus, anterior and posterior cingulate or the orbitofrontal lobe 
(Palmqvist et al., 2017). This result suggests an additive effect of these 
Alzheimer's dementia risk factors on Aβ deposition.  

On the other hand, a completely different behaviour was observed for 
APOE-ε4 carriers. In our study, APOE-ε4 carriers had higher Aβ deposition 
in brain areas that do not primarily accumulate amyloid, but are vulnerable 
to early tau deposition (Braak and Braak, 1991). This specific localisation 
points out a possible explanation of the interplay between Aβ, the APOE-
ε4 allele and tau (Therriault et al., 2020b). In particular, we hypothesize that 
the increased Aβ deposition on these early tau accumulation regions may 
pave the way for tau to spread across the brain. Previous neuropathological 
studies have suggested that the increased levels of tau in APOE-ε4 carriers 
are only due to their higher levels of Aβ pathology (Mungas et al., 2014; 
Serrano-Pozo et al., 2015). And recent in vivo studies have shown that the 
Aβ-independent effect of this allele on tau can be only observed in these 
early regions (Therriault et al., 2020a; Salvadó et al., 2021). Further, tau 
propagation seems to be accelerated in areas with elevated Aβ load (Vogel 
et al., 2020). Taking all these findings together, it seems reasonable to think 
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that tau tangles in the medial temporal lobe (MTL), may be more easily 
spread through the neocortex in APOE-ε4 carriers due to their higher 
amount of deposited Aβ on the MTL. However, this is a new hypothesis 
and, therefore, should be further confirmed with tau PET information and in 
a longitudinal settings.  

Finally, it is also important to note that, again, the selection of participants 
in this study was key for our objective. Including participants with higher Aβ 
load may have blurred the analysis, as Aβ is known to reach a plateau in 
more advanced stages of the disease (Jack et al., 2013b) thus making it 
harder to detect these early effects. With this line of thinking, in this study, 
we used the ALFA+ cohort for the main results and cognitively unimpaired 
participants of ADNI for confirmatory analysis. Although similar results were 
observed in both cohorts, the regions showing significant interactions were 
less spread in the latter. Multiple factors may explain this discrepancy, such 
as the use of different PET tracer, different scanners or different CSF Aβ 
markers. However, it is also conceivable that the earlier stage of ALFA+ 
participants have allowed us to better capture these effects than in more 
advanced subjects in the ADNI cohort. Noteworthy, although both samples 
were selected to be cognitively unimpaired, they have significant 
differences in terms of age, APOE-ε4 carriership and, most importantly, in 
Aβ load, with more elevated values in the ADNI cohort. 

 

� DOWNSTREAM Aβ MECHANISMS 

Aβ has a central role in the progression of AD pathophysiology as it is 
considered to be the earliest detectable hallmark of the disease, which 
might spark the pathological cascade that characterizes AD. In particular, 
Aβ has been suggested as a trigger of tau pathology, which, in turn, seems 
to drive synapse dysfunction and neurodegeneration (Jack et al., 2013a). 
However, multiple additional pathophysiological mechanisms, such as 
neuroinflammation, have been reported to be altered with the emergence 
of Aβ and tau and have been proposed to play an important role in this 
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cascade of events (Heneka et al., 2015; Arranz and De Strooper, 2019). 
The very recent development of biomarkers for several of these 
mechanisms has fostered the research to understand their role in the 
Alzheimer's continuum, with the main aim of developing novel drug 
candidates against AD (Zetterberg and Bendlin, 2020).  

Our objective in our last study was, not only to investigate the associations 
between some of these novel biomarkers and cerebral Aβ load, but also to 
discover mediation effects among them. Further, we also aimed at exploring 
whether some of the associations between Aβ load and the other 
biomarkers were modified by Alzheimer's dementia risk factors, as could be 
hypothesised based on the results of Study 3. Two coetaneous studies 
looked at associations between some similar biomarkers and Aβ pathology 
-either measured in CSF or PET-, but two important differences have to be 
noted (Bos et al., 2019, Palmqvist et al., 2019a). Firstly, only direct 
associations were investigated in these two studies, hampering a deeper 
interpretation of the biological relationships between Aβ and the other 
biomarkers. Secondly, our study included only cognitively unimpaired 
participants enriched for AD risk factors whereas previous studies included 
participants of the whole spectrum. Although the latter permits a more 
general view of the behaviour of these biomarkers across the Alzheimer's 
continuum, our framework allowed us to perform a more focused analysis 
in the earliest stages of the disease. Knowledge about pathophysiological 
mechanisms in these early phases will be of utmost importance for 
designing future clinical trials (Sperling et al., 2014a). 

The strong relationship between Aβ and tau is well established in the 
literature (Jack et al., 2013a, Alcolea et al., 2015a, Palmqvist et al., 2019a). 
In our study, we also found this association even in the earliest stages of 
the Alzheimer's continuum, thus corroborating previous results of our group 
using CSF Aβ (Milà-Alomà et al., 2020a). One novelty in this study was the 
finding that this association strengthened in older subjects. Although this 
has not been reported before, multiple factors could explain this behaviour. 
First, older participants are more prone to have concomitant morbidities, 
which may reduce their brain resilience to Aβ and facilitate tau production 
and/or spreading. On the other hand, some mechanisms reduce cerebral 
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Aβ deposition or its detrimental effects, such as glial activation, might be 
impaired at older ages. This, in turn, may also facilitate the increase of tau 
pathology for similar levels of Aβ load. 

Regarding neurodegeneration, it is well-established that has a tight 
association with tau but poor with Aβ (Iaccarino et al., 2018; La Joie et al., 
2020). In our population, however, we did find a significant direct (i.e. 
independent of p-tau) association between Aβ load and CSF NfL, which is 
a marker of neurodegeneration. In light of the previous literature, our 
findings suggest that such an Aβ-driven mechanism directly associated with 
neurodegeneration occurs in the earliest stages of the Alzheimer's 
continuum, whereas, neurodegeneration may be driven by tau in later 
stages of the disease, in which previous studies were focused. Our results 
support the role for tau pathology as the main, but not only, mediator of the 
relationship between Aβ and neurodegeneration. This was an important 
novelty of our study that deserves further validation with a similar 
population. A major potential implication of this finding is that removal of Aβ 
deposited in the brain in its earliest stages might prevent future 
neurodegeneration, either directly or by preventing tau pathology. 

Also in regards of the association between Aβ and neurodegeneration, our 
study revealed an interaction effect with sex. Thus, indicating that for higher 
Aβ load, the Aβ-derived neurodegeneration was higher in women. Previous 
studies have reported higher hypometabolism and atrophy in women, 
especially in APOE-ε4 carriers (Holland et al., 2013; Sampedro et al., 
2015), but little data exist on its relationship with Aβ. On top of that, the sex-
interaction in our study showed only a trend to significance after accounting 
for CSF p-tau levels, suggesting that this effect may be partly mediated by 
their also higher tau pathology. This would be in line with previous findings 
by Buckley et al. that showed that higher global Aβ load was associated 
with higher ERC tau burden in women (Buckley et al., 2019b). Further, other 
studies have also associated this higher Aβ load with higher cognitive 
decline in women (Buckley et al., 2018), suggested to be related with their 
higher tau in the medial temporal lobe (Buckley et al., 2020). Given the tight 
relationship between neurodegeneration and cognitive function, our results 
seem to be in line with previous literature. Due to the borderline significance 
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of this result, though, we suspect that Aβ may have also a direct higher 
effect on neurodegeneration in women, independent of tau. However, no 
previous study has shown this tau-independent effect and, therefore, 
further research is needed to confirm it.  

Interesting relationships were also observed between CSF glial activation 
markers and Aβ load. First, increased Aβ load was associated with higher 
levels of markers of both micro- and astroglia. These associations with Aβ 
PET burden confirmed what our group previously found using CSF Aβ in 
the same population, although only in the Aβ positive group (Milà-Alomà et 
al., 2020a). Our findings suggest an early involvement of glial activity in the 
progression of the Alzheimer's continuum, once Aβ plaques are deposited 
into the brain. Recent studies, almost contemporary to our project, also 
observed elevated levels of CSF glial markers with increased Aβ pathology 
(Bos et al., 2019, Palmqvist et al., 2019a). But these two studies reported 
these findings in older and later in the disease stage population. 
Furthermore, they only presented one astroglial marker, CSF YKL-40, 
whereas in our case we were able to replicate this result and to describe 
significant relationships with two other glial markers: sTREM2 and GFAP, 
a microglial and astroglial activity marker, respectively. It is important to 
note, though, that these markers may be involved in very various biological 
pathways with different -even opposed- effects in the brain (Heneka et al., 
2015; Webers et al., 2020). Further, glial activation may promote 
antagonistic effects in different moments of the disease, with an initial 
beneficial effect but with a detrimental effect at later stages due to their 
promotion of chronic inflammation. Therefore, their role in this specific stage 
of the disease is unknown, as well as their contribution to participants' 
clinical progression. For this reason, it is of utmost importance to further 
investigate the natural history of the dynamics of these glial markers and 
their relation to subjects' clinical evolution in the Alzheimer's continuum in 
longitudinal settings.  

One important novelty of our study was to investigate possible mediators of 
the associations between Aβ and glial markers. Through this approach, we 
were able to reveal, for the first time, that these previously observed 
associations could be fully accounted for by an indirect association with 
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CSF p-tau levels. Therefore, it can be hypothesized that p-tau, and not Aβ, 
is driving the glial response. Previous studies with sTREM2 already pointed 
at this direction showing elevated levels of this marker only after the first 
signs of tau pathology (Suárez-Calvet et al., 2016, 2019). In our study, 
astroglial activity (i.e. GFAP and YKL-40) markers showed a similar, 
although not identical, relationship to sTREM2. 

Regarding interactions with risk factors for Alzheimer's dementia, our study 
revealed that the coupling between Aβ load and sTREM2 was tighter in 
women. Of note, this effect was independent of tau pathology. Sex 
differences in glial activation have never been reported before in humans, 
although one study with transgenic mice also found increased 
neuroinflammation in females (Yang et al., 2018). Also, important sex-
differences in microglial structure and function have been described in 
mouse brains (Guneykaya et al., 2018). Although it has to be noted that the 
differences between these studies and ours are non-trivial, they both 
pinpoint the necessity to further investigate glial activation differences by 
sex as they may play an important role in the different risk of developing AD 
observed between sexes and, maybe, also constitute a useful way forward 
for precision medicine against AD (Ferretti et al., 2018, 2020). Noteworthy, 
is still unknown whether these differences may cause beneficial or 
detrimental responses, which also warrants further research in this topic.   

Finally, only ALFA+ participants were included in our last study. This was 
due to the novelty of the CSF biomarkers studied, which prevented us to 
replicate it with other publicly available cohorts. Although associations 
between CSF biomarkers of some of the pathophysiological mechanisms 
were also published during the execution of our study (Bos et al., 2019, 
Palmqvist et al., 2019a), our analysis allowed us to investigate in detail 
these relationships in the earliest stages of the disease. Our results 
advocate for associations between Aβ and neurodegeneration, synaptic 
dysfunction and glial activation, even with a low cerebral Aβ load. Thus, 
emphasizing the presence in the earliest stages of the AD continuum of 
these pathophysiological events that have been previously described in 
clinical stages of AD. Further research will be necessary to unravel the 
beneficial or detrimental effects of these mechanisms in the course of the 
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disease. To this aim, the longitudinal follow-up of these participants, which 
is already planned, will be of utmost importance.  

In summary, the research that has been performed in the context of this 
PhD thesis has rendered important results concerning the detection of early 
Aβ alterations, the relevance of the regional spread of Aβ deposition in the 
brain and, the study of pathophysiological pathways altered related to Aβ. 
As to the early detection of Aβ pathology, the research here included has 
contributed to recent developments that have shown that relatively low 
Centiloid values, much lower than what was previously thought, may be 
specifically associated with Aβ abnormalities and be detected by visual 
assessment. In relation to the exploitation of the regional information in Aβ 
scans, we have proposed a staging method based on the visual 
assessment of brain regions, and its potential to predict clinical progression 
is currently being evaluated. Besides, we have revealed the differential 
effect of APOE-ε4, as compared to the other main risk factors for 
Alzheimer's dementia, to foster Aβ deposition in key areas for the spread 
of tau pathology in early AD, which may have important consequences for 
future neurodegeneration and cognitive decline. Finally, the analysis of 
associations among different pathophysiological alterations has also 
rendered results suggesting the existence of independent Aβ-driven and 
tau-driven mechanisms of neurodegeneration. The most important 
implication of this result is that removal of early Aβ deposition from the brain 
may have synergistic effects on future cognitive decline by preventing both 
direct and indirect mechanisms associated with neurodegeneration. On the 
other hand, p-tau, alone or in combination with neurodegeneration, fully 
accounted for the observed association between Aβ deposition and glial 
response. 
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CONCLUSIONS 

1. Global Aβ PET quantification can detect early signs of Aβ deposition 
with high accuracy through significantly lower quantitative cut-offs than 
previously thought. 

 
2. Visual assessment of Aβ PET can detect early Aβ pathology and grade 

its extent using regional information. 
 

3. Older age, female sex and APOE-ε4 carriership promote early Aβ 
deposition in different regions of the brain for the same levels of Aβ 
dyshomeostasis. The first two risk factors increment Aβ deposition in 
areas of early Aβ accumulation, whereas APOE-ε4 carriership was 
associated with the spread of Aβ to areas vulnerable to early tau 
pathology, thus potentially promoting its propagation in the brain. 

 

4. Aβ deposition has a tau-independent effect on neurodegeneration and 
a tau-dependent effect on neuroinflammation in the earliest stages of 
the Alzheimer's continuum.   
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2. Collij LE*, Salvadó G*, et al. Visual assessment of [18F]flutemetamol 
PET images can detect early amyloid pathology and grade its extent, 
Eur J Nucl Med Mol Imaging, 2021 

3. Cacciaglia R*, Salvadó G*, et al. Age, sex and APOE-ε4 modify the 
balance between soluble and deposited amyloid-β in cognitively intact 
individuals: topographical patterns and replication across two 
independent cohorts, submitted 
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APPENDIX: 
RESUM EN CATALÀ 

� INTRODUCCIÓ 

La malaltia d'Alzheimer és un trastorn neurodegeneratiu caracteritzat 
per l'acumulació de plaques de beta amiloide (Aβ) i cabdells 
neurofibril· lars de tau en el cervell (Scheltens et al., 2016). Es creu que 
l'acumulació d'aquestes dues proteïnes comporta mort neuronal, que 
acaba conduint a neurodegeneració i, conseqüentment, a la disfunció 
cognitiva. Aquestes dues proteïnes poden ser mesurades en estudis de 
neuropatologia, que fins fa relativament pocs anys era la única manera 
de diagnosticar definitivament la malaltia d'Alzheimer. Tanmateix, en les 
últims anys s'han desenvolupat biomarcadors in vivo per ambdues 
proteïnes, de manera que aquest diagnòstic es pot portar a terme abans 
de la mort (Jagust, 2018; Zetterberg and Blennow, 2021). Aquest ha 
sigut un desenvolupament clau en camp de l'Alzheimer ja que una gran 
proporció de casos classificats degut als símptomes cognitius com 
demència deguda provablement a l'Alzheimer mostraven signes d'altres 
patologies en el moment de l'estudi patològic (Beach et al., 2012). Per 
altra banda, i potser inclús més important, l'ús de biomarcadors ha 
beneficiat el diagnosis precoç (Frisoni et al., 2017), ja que el dipòsit 
d'aquestes dues proteïnes pot començar fins a una vintena d'anys 
abans de l'aparició de qualsevol símptoma clínic (Jack et al., 2013a).  

Gràcies a l'aparició de biomarcadors in vivo, el camp de recerca en 
Alzheimer ha anat movent progressivament el seu interès cap a estadis 
més inicials de la malaltia. Actualment, la malaltia d'Alzheimer ja no es 
conceptualitza només en l'estadi de demència, sinó més com a un 
continu. Aquest continu està dividit en tres estadis principals: el 
preclínic, en el que hi ha patologia Alzheimer en el cervell però cap tipus 
de símptoma cognitiu; el deteriorament cognitiu lleu degut a Alzheimer, 
en el qual hi ha símptomes cognitius però no afecten a les activitats del 
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dia a dia; i, finalment, la demència d'Alzheimer, en la que els símptomes 
cognitius ja afecten a aquestes activitats del dia a dia (Jack et al., 
2013a). En els últims anys l'estadi preclínic ha rebut més i més atenció 
ja que representa una finestra d'actuació per a provar noves 
intervencions preventives (Sperling et al., 2014a). Tot i això, s'ha de 
tenir en compte que aquest estadi no és fàcil de diagnosticar, ja que no 
té cap símptoma clínic, només canvis patològics inicials. Per a fer -ho, 
doncs, els biomarcadors in vivo són claus.  

Actualment, hi ha un cert consens sobre l'ordre en què els principals 
biomarcadors utilitzats en l'estudi de l'Alzheimer comencen a tenir 
nivells anormals en el transcurs la malaltia (Jack et al., 2013a). Els dos 
primers biomarcadors en esdevenir anormals estan relacionats amb la 
mesura de l'amiloide-β (Aβ), primer mesurat en el líquid cefalorraquidi 
(LCR) i poc després, mesurat amb l'ús de la tomografia per emissió de 
positrons (PET) (Palmqvist et al., 2016). Aquests van seguits pels 
biomarcadors encarregats de mesurar els nivells d'acumulació de la 
proteïna tau que poden mesurar-se també en el LCR o amb PET. I 
després, per biomarcadors de neurodegeneració que tradicionalment es 
valorava amb una ressonància magnètica (RM) o un PET de 
fluorodeoxiglucosa (FDG), tot i que en els últims anys han aparegut 
marcadors en LCR i sang com els neurofilaments lleugers (NfL). 
Finalment, l'últim biomarcador en esdevenir anormal és la cognició, que 
marca la transició cap a l'estadi de deteriorament cognitiu lleu. 
Tanmateix, és important tenir en compte que hi ha moltes altres vies 
patofisiològiques alterades durant el continu de la malaltia d'Alzheimer 
que no estan incloses en aquest marc conceptual. Un exemple 
important és la neuroinflamació, que ha mostrat alteracions inclús en 
estadis inicials de la malaltia (Suárez-Calvet et al., 2016; Suárez‐Calvet 
et al., 2016). En els últims anys, l'aparició de nous biomarcadors per 
algunes d'aquestes vies metabòliques han mostrat la seva utilitat en el 
camp de la recerca de la malaltia d'Alzheimer (Molinuevo et al., 2018a; 
Milà-Alomà et al., 2019; Zetterberg and Bendlin, 2020). Però encara hi 
ha moltes incògnites sobre el seu comportament, sobretot en etapes 
incipients del continu de l'Alzheimer. És important fer notar, que un 
millor coneixement sobre aquestes vies no només ens proporciona un 
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coneixement més detallat de la malaltia, sinó que a més, pot donar peu 
al desenvolupament de nous tractaments que tinguin altres blancs 
d'actuació que no siguin ni la proteïna Aβ ni la tau.  

En relació a la tècnica de PET d'Aβ, hi ha dues maneres d'avaluar -la: 
visualment o utilitzant mètodes automàtics de quantificació. En 
l'avaluació visual, que és l'únic mètode aprovat per la Food and Drug 
Administration (FDA) i la European Medicines Agency (EMA), els 
participants són únicament classificats com Aβ positius o Aβ negatius, 
sense tenir en compte la informació regional. La quantificació, per altra 
banda, pot proporcionar informació més refinada i detallada, ja que 
permet una mesura continua i regional de la càrrega d'Aβ, cosa que pot 
ser útil per a detectar els primers signes de la seva acumulació. 
Tanmateix, la quantificació de PET d'Aβ té altres limitacions. La més 
important és la comparabilitat, cosa que complica la transferència 
directa de coneixement entre estudis. Aquesta es complica quan entren 
en joc diferent traçadors, escàners i/o protocols d'adquisició i 
processament de la imatge. Per sobreposar-se a aquest problemes, es 
va desenvolupar el projecte Centiloid (Klunk et al., 2015). L'escala 
Centiloid és similar a l'escala Centígrada en el sentit que té dos punts 
d'ancoratge a 0 i a 100, que en l'escala Centiloid corresponen a la 
càrrega mitjana d'Aβ d'un grup de subjectes joves sans, i a la d'un grup 
de subjectes amb demència d'Alzheimer, respectivament. D'aquesta 
manera, uns valors baixos de Centiloid (CL) representen una baixa o 
nul·la càrrega d'Aβ, mentre que valors alts de CL impliquen una càrrega 
alta de la proteïna en forma de placa en el cervell.  

Un altre mètode per mesurar els nivells de patologia Aβ és mesurar -ho 
utilitzant LCR. Estudis previs comparant la classificació dicotòmica 
entre aquest biomarcador i el PET d'Aβ han demostrat una alta 
comparabilitat (Landau et al., 2013; Palmqvist et al., 2014, 2015). 
Tanmateix, ambdós biomarcadors presenten importants diferències 
entre ells. Primerament, és conegut que el LCR i el PET mesuren 
diferents tipus d'Aβ (Roberts et al., 2017); en el cas del LCR mesura el 
desequilibri entre la producció i l'eliminació d'Aβ, mentre que els 
traçadors PET només s'uneixen a les plaques denses d'Aβ i tenen poca 
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afinitat per les plaques difuses o l'Aβ soluble (Rowe and Villemagne, 
2013). Un altra diferència important entre ambdós biomarcadors és el 
seu rang dinàmic. Per una banda, el LCR presenta un rang ampli en els 
baixos nivells de patologia Aβ mentre que en el PET aquest rang és 
curt. El contrari passa amb els nivells alt de patologia, en el LCR 
s'observa un plateau mentre que el PET presenta un gran rang dinàmic 
en aquests nivells. Aquestes característiques resulten en uns nivells 
anormals primer en el LCR que en les imatges PET (Palmqvist et al., 
2016), cosa que suggereix que el LCR semblaria més apropiat per una 
mesura incipient i sensible d'Aβ. No obstant, també hi ha estudis 
suggerint que els llindars de positivitat utilitzats en PET poden ser 
massa alts, i que trobar-ne de nous més baixos podria ajudar a detectar 
indicis més inicials i/o subtils d’amiloïdosis (Villeneuve et al., 2015). 

En aquesta tesis doctoral ens hem centrat a investigar els canvis més 
incipients en el continu de la malaltia d'Alzheimer associats a la 
patologia d'Aβ i les seves conseqüències derivades. Amb aquest 
objectiu global, primer hem utilitzat el PET d'Aβ per a millorar la detecció 
inicial de patologia amiloide, utilitzant la quantificació i l'avaluació visual. 
Després, hem investigat si algunes característiques biològiques, com 
són diferents factors de risc per la demència d'Alzheimer, poden 
augmentar l'acumulació d'Aβ en forma de plaques per a nivells similars 
d'Aβ en LCR. Finalment, hem investigat diversos mecanismes 
patofisiològics derivats de l'acumulació incipient d'Aβ observant les 
associacions entre la càrrega d'Aβ i diferents biomarcadors novells en 
LCR.  
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� OBJECTIUS 

L'objectiu global d'aquesta Tesis doctoral és: 

Investigar el dipòsit d'Aβ en les fases inicials del continu de la 
malaltia d'Alzheimer i els seus efectes derivats. 

Amb aquest propòsit, els objectius específics són:  

1. Establir llindars sensibles al dipòsit anormal d'Aβ utilitzant la 
quantificació d'imatges PET d'Aβ. 

2. Determinar la precisió i la sensibilitat de l'avaluació visual de PETs d'Aβ 
per detectar signes inicials de dipòsit cerebral d'Aβ. 

3. Investigar les diferències entre la dishomeostàsis d'Aβ soluble i el 
dipòsit d'Aβ en relació amb factors de risc establerts per a la demència 
d'Alzheimer. 

4. Descriure els mecanismes patofisiològics derivats del dipòsit inicial 
d'Aβ en el cervell utilitzant biomarcadors novells en LCR. 

 

 

� RESULTATS I DISCUSSIÓ 

El treball presentat en aquesta tesis es focalitza en el dipòsit d'Aβ en etapes 
incipients del continu de la malaltia d'Alzheimer i els seus efectes derivats. 
Per a fer-ho, s'han inclòs quatre treballs dels que presentem a continuació 
els resultats i la seva interpretació. 

El nostre primer objectiu era el de millorar la detecció d'Aβ incipient utilitzant 
la quantificació de PETs d'Aβ. Amb aquesta meta, hem derivat diferents 
llindars de positivitat comparant les mesures contínues de PET d'Aβ amb els 
valors dicotomitzats de biomarcadors d'Alzheimer en LCR, utilitzant llindars 
en LCR prèviament validats (Hansson et al., 2018; Schindler et al., 2018). 
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Amb aquest anàlisis, vam trobar dos llindars de Centiloid diferents que poden 
servir com a frontera de dos estadis diferent de patologia amiloide: un a 12 
CL, que marca la transició entre l'absència de patologia i l'existència d'una 
patologia subtil; i un altre a 30 CL  indicant la presència establerta de 
patologia. Aquests llindars es corresponen amb el que es va trobar en dos 
estudis neuropatològics contemporanis al nostre estudi (Joie et al., 2018; 
Amadoru et al., 2020). El llindar més baix es correspon, en el nostre estudi, 
al què maximitza l'exactitud de classificació comparant amb les mesures 
dicotomitzades d'Aβ en el LCR. Per altra banda, el llindar superior, que 
pretenia ser més específic, va ser derivat contra mesures dicotomitzades del 
ràtio tau/Aβ, que són més apropiades per descriure el conjunt de tot el 
continu de la malaltia d'Alzheimer. És important d'emfatitzar que en aquest 
treball es van incloure participants que cobrien tot el rang del continu de la 
malaltia d'Alzheimer, assegurant d'incloure participants en els estadis més 
incipients de la malaltia. D'aquesta manera, vam maximitzar el nombre de 
subjectes en el que anomenem àrea gris (càrrega baixa-intermitja d'Aβ), el 
que va permetre derivar llindars molt sensibles per la detecció incipient de la 
patologia Aβ.   

Perseguint un objectiu similar, el segon treball presentat volia investigar si el 
PET d'Aβ era capaç de detectar patologia incipient d'Aβ, però en aquest cas 
utilitzant l'avaluació visual. És important de destacar que, tot i que la 
quantificació és el mètode més emprat en recerca, l'avaluació visual és 
encara l'únic mètode acceptat per les agències del medicament (FDA i EMA) 
per classificar un individu com Aβ positiu o Aβ negatiu en la clínica. D'aquesta 
manera, i donat el creixent interès per a detectar els primers signes de 
patologia amiloide per assaigs clínics, és de vital importància avaluar la 
sensitivitat d'aquesta mesura, i millorar-la si és possible. Els nostres resultats 
suggereixen que l'avaluació visual feta per experts altament entrenats pot 
detectar els primers signes de patologia amiloide amb una exactitud similar 
a la quantificació. Per ser més específics, l'avaluació visual va demostrar una 
alta exactitud en classificar subjectes quan es va comparar amb els llindars 
derivats en l'estudi previ. I quan es va derivar un llindar quantitatiu utilitzant 
l'avaluació visual com a referència, es va trobar un valor, 17 CL, que es troba 
comprès entre els altres dos llindars.  
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A destacar, els nostres resultats van ser corroborats en una petita mostra 
independent de subjectes amb informació neuropatològica, que és el gold 
standard per avaluar patologia amiloide. En concret, l'avaluació visual va 
concordar amb la classificació neuropatològica en el 89% de casos (25/28). 
I en els tres casos que no van coincidir es va tractar de falsos positius, que 
tot i ser classificats com a negatius en l'estudi neuropatològic mostraven un 
nivell elevat de patologia (Mirra et al., 1991; Ikonomovic et al., 2016). 
Suggerint, així, que l'avaluació visual podia detectar nivells dispersos-
moderats de patologia. Així, tots els nostres resultats indiquen que 
l'avaluació visual pot detectar càrrega incipient de patologia amiloide. 

Una altra novetat important del nostre estudi va ser l'avaluació visual a nivell 
regional. Els nostres anàlisis van demostrar que el nombre de regions 
classificades com a positives en l'avaluació visual estava associada amb la 
càrrega total d'amiloide quantificada amb l'escala Centiloid. Tot i que aquest 
pot ser un resultat fins a un cert punt previsible, aquesta troballa recolza l'ús 
de l'avaluació visual regional ja que permet qualificar l'extensió d'Aβ en el 
cervell. Aquesta eina podria ser de molta utilitat per estadiar subjectes i 
rastrejar la progressió de la malaltia. Tanmateix, aquesta hipòtesis hauria de 
ser corroborada en un estudi longitudinal. És també destacable, que la 
classificació regional visual també mostrava associacions amb la 
quantificació regional, tant en les imatges PET com en la valoració 
neuropatològica. Finalment, i de manera més inesperada, vam descobrir uns 
patrons regionals de positivitat molt específics. Vam observar que només 
s’observaven un conjunt limitat de combinacions de regions avaluades com 
a positives, de manera que vam proposar un model d'estadiatge. En 
particular, els patrons observats majoritàriament eren: les regions frontals o 
precuni/cingulat posterior en solitari (estadi 1) o en combinació (estadi 2); i 
finalment, aquestes dues regions conjuntament amb qualsevol altra de les 
regions corticals o l'estriat (estadi 3). Aquests estadis mostraven una 
correlació significativa amb la quantificació global. Conjuntament, aquestes 
troballes reforcen la hipòtesis del valor pronòstic de l'avaluació visual 
regional i clarifiquen els patrons regionals de positivitats esperables en la 
clínica. 
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En el següent estudi vàrem investigar si factors de risc establerts per a la 
demència d'Alzheimer podien augmentar el dipòsit d'Aβ en el cervell per a 
nivells similar d' Aβ en el LCR. En ell vam observar que tres dels majors 
factors de risc per aquesta malaltia -edat avançada, sexe femení i ser 
portador d'un al·lel APOE-ε4- estaven associats amb un increment de 
càrrega d'Aβ, mesurada en imatges PET, pels mateixos nivells d'Aβ en el 
LCR; recolzant la idea que contribueixen d'aquesta manera a augmentar 
l'acumulació d'Aβ en forma de plaques. A destacar, les àrees en les que 
aquestes diferències apareixen són diferents depenent del factor de risc 
estudiat. En particular, ser portador d'un al·lel APOE-ε4 maximitza la càrrega 
d'Aβ dipositada en regions no típicament afectades per l'Aβ en les etapes 
incipients, sinó en àrees en les que apareix inicialment la proteïna tau (Braak 
and Braak, 1991; Schöll et al., 2016). Això ens induí a pensar que aquest 
al·lel pot facilitar l'expansió d'aquesta proteïna fora del còrtex entorinal 
gràcies, precisament, a l'augment d'Aβ en aquesta localització, augmentant 
així la interacció sinergètica entre Aβ i tau (Mungas et al., 2014). Això, unit a 
l'augment de càrrega global d'Aβ ja àmpliament conegut, pot ser una de les 
raons per l'augment en el risc de la malaltia d'Alzheimer per als portadors 
d'aquest al·lel. Per altra banda, l'edat avançada mostrà un augment del 
dipòsit d'Aβ en àrees relacionades amb l'inici d'acumulació d'aquesta 
proteïna com el cingulat posterior o el precuni (Palmqvist et al., 2017). Unes 
regions similars són les que també presentaven una càrrega incrementada 
d'Aβ en les dones, tot i que menys extenses. Considerant tots els nostres 
resultats de manera general, el nostre estudi revelà possibles vies 
biològiques per les quals els factors les característiques estudiades 
augmenten diferencialment el risc de desenvolupar la malaltia d'Alzheimer.  

En l'últim estudi presentat, l'objectiu era entendre les relacions entre l'Aβ 
dipositat i múltiples vies patofisiològiques secundàries en la malaltia 
d'Alzheimer en els estadis inicials de la malaltia, utilitzant biomarcadors 
novells en LCR. La importància d'aquest tipus d'estudis resideix en el fet 
d'intentar desxifrar quins canvis ocorren en els moments inicials de la 
malaltia; cosa que pot ser útil per a poder dissenyar futurs estudis clínics. Es 
poden extreure múltiples conclusions del nostre últim treball. El primer que 
vam trobar van ser associacions entre l'Aβ dipositat i biomarcadors en LCR 
de patologia tau, disfunció sinàptica, neurodegeneració i inflamació. Aquesta 
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troballa estén a individus més joves i sense  símptomes cognitius els 
resultats prèviament reportats en dos estudis contemporanis al nostre (Bos 
et al., 2019, Palmqvist et al., 2019a). A més, també mostràvem associacions 
amb certs biomarcadors de neuroinflamació -GFAP i sTREM2- que no 
havien sigut descrits abans. Aquests resultats emfatitzen la importància de 
la neuroinflamació ens estadis inicials del continu de la malaltia d'Alzheimer 
i demostren que hi ha moltes alteracions biològiques en el cervell abans que 
aparegui qualsevol símptoma cognitiu. 

En uns anàlisis addicionals vam investigar amb més profunditat les relacions 
entre el dipòsit d'Aβ i els mecanismes patofisiològics derivats. Estudiant les 
relacions entre patologia Aβ, tau i neurodegeneració, vam observar que 
l'associació entre Aβ i el marcador de neurodegeneració estava parcialment 
derivada per la patologia tau. Tanmateix, el més interessant és que hi ha una 
part de la associació entre Aβ i neurodegeneració que no depenia de tau. La 
literatura prèvia suggereix una relació més estreta entre neurodegeneració i 
patologia tau que amb Aβ; tanmateix, la majoria d'aquests estudis estan 
centrats en etapes més tardanes de la malaltia (Iaccarino et al., 2018; La 
Joie et al., 2020). La nostra hipòtesis és que hi ha una relació directe entre 
Aβ i neurodegeneració en etapes inicials del continu, però aquesta és 
sobrepassada per la relació entre tau i neurodegeneració en etapes més 
avançades. Pel que fa a les relacions entre inflamació i patologia Aβ, els 
nostres resultats apuntaven a que aquestes depenien totalment de la 
patologia tau. Aquest resultat està en línia amb la hipòtesis, prèviament 
publicada, que els nivells de marcadors de glia van en paral·lel d'aquells 
relacionats amb la patologia tau (Suárez-Calvet et al., 2016, 2019; 
Rauchmann et al., 2019). 

Finalment, en aquest últim treball també ens vam interessar pel paper 
modulador de certs factors de risc de la malaltia d'Alzheimer en les relacions 
entre els diferents biomarcadors. Amb aquest anàlisi vam observar que les 
relacions entre sTREM2, un marcador d'activitat de micròglia, i Aβ eren més 
importants en dones que en homes. NfL, un biomarcador de 
neurodegeneració, mostrava una relació similar. Aquest últim fet pot 
contribuir a explicar el major risc de desenvolupar la malaltia per part de les 
dones, independentment de la càrrega de tau (Fisher et al., 2018). Aquest 
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fet també està en conjunció amb previs estudis que mostren que les dones 
amb patologia Aβ presenten un major declini cognitiu que els homes 
(Buckley et al., 2018), donada la íntima relació entre neurodegeneració i 
cognició (Nelson et al., 2012). Per altra banda, el fet de si el major augment 
d'activitat microglial en dones amb càrrega d'Aβ és un efecte protector o 
perjudicial encara és desconegut i mereix una investigació més profunda. 

Pel que fa a interaccions amb l'edat, vam observar un major nivell de 
patologia tau per a  càrregues incrementals d'Aβ en individus d'avançada 
edat. Això suggereix que, un cop comença a acumular-se l'Aβ, les persones 
d'edat avançada semblen ser més susceptibles a la patologia tau. Tot i ser 
la primera vegada que es descriu aquest tipus de relació, hi ha algunes 
explicacions plausibles per aquest fet. Primer, és possible que altres co-
patologies, més probables en gent d'edat avançada, facin el cervell més 
susceptible a la patologia tau un cop ja hi hagi Aβ. Segon, també és possible 
que altres mecanismes biològics, com ara la neuroinflamació, vagin 
disminuint la seva capacitat protectores en edats més avançades. 
Tanmateix, cal més recerca per replicar aquests resultats i confirmar les 
nostres hipòtesis.  

En conclusió, el nostre treball contribueix a expandir el nostre coneixement 
sobre el dipòsit incipient d'Aβ en el cervell i els seus efectes derivats. Per ser 
més precisos, primer preteníem millorar la detecció incipient d'Aβ utilitzant la 
imatge PET. Per fer-ho, primer hem derivat llindars, significativament 
inferiors als prèviament publicats, utilitzant la quantificació de les imatges en 
una escala estàndard, fàcilment traduïbles a altres traçadors i mètodes de 
processament. Segon, hem demostrat que l'avaluació visual, pràctica 
habitual en la clínica, pot detectar el dipòsit incipient d'Aβ i, més important, 
qualificar la seva extensió. La informació regional, que ja es recull en el marc 
clínic, ha demostrat proveir informació extra que pot relacionar-se amb la 
càrrega d'Aβ mesurada amb la quantificació. També hem pogut observar 
que tres factors de risc per desenvolupar la malaltia d'Alzheimer -avançada 
edat, sexe femení i l'al·lel APOE-ε4- augmenten el dipòsit d'Aβ en forma de 
placa. Això apunta cap a un possible mecanisme biològic pel qual aquest 
factors podrien augmentar el risc de desenvolupar la malaltia Alzheimer. I, 
finalment, en l'últim estudi hem demostrat que la càrrega d'Aβ està associada 
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amb múltiples vies patofisiològiques, fins i tot en nivells baixos de patologia 
amiloide. Com a conclusió final, podem dir que les imatges PET d'Aβ  són 
una eina molt valuosa per la detecció incipient de la patologia amiloide i ens 
permeten entendre una mica millor els fenòmens inicials que ocorren en la 
etapa preclínica de la malaltia d'Alzheimer.  

 

 
� CONCLUSIONS 

1. La quantificació global del PET d' Aβ pot detectar els primers signes de 
dipòsit d'Aβ amb una gran precisió utilitzant llindars quantitatius 
significativament menors dels prèviament utilitzats. 
 

2. L’avaluació visual dels PETs d'Aβ pot detectar els primers signes de 
patologia Aβ i quantificar la seva extensió utilitzant informació regional. 
 

3. Les condicions d'edat avançada, sexe femení o ser portador d'almenys 
un al·lel APOE-ε4 promou el dipòsit incipient d'Aβ en diferents regions 
del cervell per nivells similar de deshomeòstasi d'Aβ. En el cas de les 
dues primeres condicions, l'increment de dipòsit d'Aβ es produeix en 
àrees d'acumulació inicial d'Aβ; mentre que en cas de ser portador d'un 
al·lel APOE-ε4 està associat amb l'extensió de l'Aβ en regions 
vulnerables a la patologia tau incipient i, per tant, pot contribuir a 
l'extensió de l'última pel cervell. 
 

4. El dipòsit d'Aβ té un efecte independent de tau sobre la 
neurodegeneració i un efecte totalment dependent de tau sobre la 
neuroinflamació en les primeres fases del continu de l'Alzheimer.  
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